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Abstract

Taste stimuli can induce a variety of physiological reactions depending on the quality and/or

hedonics (overall pleasure) of tastants, for which objective methods have long been desired.

In this study, we used artificial intelligence (AI) technology to analyze facial expressions with

the aim of assessing its utility as an objective method for the evaluation of food and bever-

age hedonics compared with conventional subjective (perceived) evaluation methods. The

face of each participant (10 females; age range, 21–22 years) was photographed using a

smartphone camera a few seconds after drinking 10 different solutions containing five basic

tastes with different hedonic tones. Each image was then uploaded to an AI application to

achieve outcomes for eight emotions (surprise, happiness, fear, neutral, disgust, sadness,

anger, and embarrassment), with scores ranging from 0 to 100. For perceived evaluations,

each participant also rated the hedonics of each solution from –10 (extremely unpleasant) to

+10 (extremely pleasant). Based on these, we then conducted a multiple linear regression

analysis to obtain a formula to predict perceived hedonic ratings. The applicability of the for-

mula was examined by combining the emotion scores with another 11 taste solutions

obtained from another 12 participants of both genders (age range, 22–59 years). The pre-

dicted hedonic ratings showed good correlation and concordance with the perceived ratings.

To our knowledge, this is the first study to demonstrate a model that enables the prediction

of hedonic ratings based on emotional facial expressions to food and beverage stimuli.

Introduction

Taste is one of the most important sensations for determining the pleasantness and acceptabil-

ity of food and beverages. The taste components of food and beverages generally consist of dif-

ferent combinations of six basic tastes with distinct qualities: sweet, salty, sour, bitter, umami,

and fatty [1, 2]. These components also elicit different hedonics, ranging from extremely pleas-

ant (by sweet stimuli) to extremely unpleasant (by bitter stimuli). Therefore, the pleasantness

and acceptability of food and beverages may be closely correlated with taste, in addition to the
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importance of odor and/or texture. Conventional self-report questionnaires and sensory tests

using a visual analog scale are common and useful for evaluating the hedonics of food, bever-

ages, and taste. However, scores tend to vary depending on the personal opinions of judges,

previous experiences, and factors such as internal and external conditions [3, 4]. Therefore,

efficient objective methods have long been desired for the hedonic evaluation of food and

beverages.

For this purpose, various physiological reactions evoked by taste stimuli depending on the

quality and/or hedonic tone have been more or less used for the objective evaluation of food

and beverage hedonics (e.g., positive vs. negative; palatable vs. aversive; pleasant vs. unpleasant;

acceptable vs. rejective). For example, taste effects can be observed in autonomic nerve activity

such as salivary secretion [5, 6], heart rate [7, 8], and facial blood flow [9, 10], hormonal

changes such as insulin [11] and cortisol secretion [12], motor reactions such as facial expres-

sions [13–17] and bodily reactivity [17], and brain activity [18–21]. A recent study from our

lab revealed that pleasant and unpleasant edibles tended to elicit decreased and increased oxy-

hemoglobin (oxyHb) levels, respectively, within the ventral part of the anterior prefrontal cor-

tex, suggesting that monitoring of oxyHb in this region may prove useful for the objective

evaluation of food and beverage hedonics [21]. Although this technique could be efficiently

utilized, it is available only for those who can use such sophisticated equipment to measure

oxyHb in the cerebral blood vessels. The purpose of this study was to develop a more conve-

nient and accurate objective method to evaluate the hedonics of food and beverages in practi-

cal situations.

Also in this study, from among the possible approaches for the objective evaluation of the

hedonics of taste, we targeted facial expressions because these can be easily and practically

monitored without the need to use any particular equipment or devices for bioelectric mea-

surements or humoral analyses. Moreover, previous studies have suggested that facial expres-

sions reflect the hedonic aspects of taste. For example, in his pioneering studies [13–16],

Steiner revealed that facial expressions to taste stimuli were expressed dominantly by hedonic

tone as opposed to the qualitative aspects of taste. Since such facial expression patterns could

be observed in not only normal subjects, including neonates, but also in abnormal subjects,

including anencephalic and hydroanencephalic neonates, he termed taste-induced facial

expressions a “gustofacial reflex” not requiring previous experience. In both humans and ani-

mals, orofacial and bodily responses are induced by taste stimuli, i.e., taste-induced motor

reactions have been used as a taste reactivity test to monitor the hedonics of taste stimuli in

animals [16, 17]. Although such taste-elicited motor reactions are useful, video analyses of

movements are very time-consuming because to verify and count the frequency of occurrence

of characteristic motion features belonging to positive or negative hedonics, trained research-

ers have to carry out frame-by-frame observation [15, 17, 22].

Therefore, in this study, we aimed to analyze facial expressions with the aid of artificial

intelligence (AI) technology to examine whether facial expressions can be used as a method for

rating food and beverage hedonics. Essentially, the same approach has recently been assessed

by several researchers in different fields of food research [3, 4, 22–28]. Most researchers have

used an automated facial expression recognition system (computer software with built-in

information about changes in human facial expressions to different emotions) such as FaceR-

eader (Noldus Information Technology, Wageningen, The Netherlands) to analyze facial

expressions in response to various food and beverage stimuli under different experimental

conditions using basic expressions of human emotions, such as happiness, anger, sadness, and

disgust.

However, the utilization of facial emotions is very limited. Previous studies [3, 4, 7, 22, 24,

27] have simply compared the score of each emotional component individually with explicit
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self-reported hedonic ratings for food and beverages. Facial expressions are induced in a spon-

taneous manner by unconscious mechanisms, whereas explicit self-reported hedonic ratings

are subjective and easily biased by many influencing factors; therefore, we would like to

expand the role of facial expressions from just one of the objective indicators of the hedonics

of food and beverages to a method that can enable accurate ratings between extremely unpleas-

ant and extremely pleasant (e.g., –10 vs. +10, respectively), comparable to the subjective self-

reported hedonic ratings. For this purpose, taking advantage of an AI tool that analyzes and

classifies facial expressions into several basic emotions, we devised a regression equation by

combining the score of each emotion evoked by five basic taste stimuli with wide hedonic

valence ranging from extremely unpleasant to extremely pleasant. Using this equation, we can

predict hedonic ratings (between –10 and +10) for new taste substances. Our hypothesis is that

the obtained formula can be a standard tool that enables the accurate prediction of hedonic

ratings for any food or beverage in every person. We examine the applicability of the formula

using the emotion scores to another taste solutions obtained from other participants of both

genders in different age groups. If such a tool could be developed, it might be expected to be

utilized, for example, as a convenient sensory test to compare taste hedonics among various

products, as a consumer affective test for new food products before their introduction, and as

a tool for those who have difficulty expressing subjective ratings.

Since this study is a new and first step in predicting hedonic ratings from facial expressions,

the hypothesis is only tested for several commercially available beverages and five basic taste

solutions in a limited number of persons of both genders and in different age groups. Food

was not used in this study as a test sample to avoid disturbing facial expressions, which may

generally occur during the chewing and eating of solid food.

Materials and methods

Participants

A total of 22 nonsmoking participants were recruited from among the students and staffs of

Kio University in Nara, Japan. Based on the responses to a questionnaire conducted before the

experiment, we judged that all participants were free of sensory, eating, neurological, and psy-

chiatric disorders, and none were using any medications that would interfere with taste. All

participants were instructed to refrain from eating or drinking from 1 hour before the start of

the experiment. After providing an explanation of the purpose and safety of the experimental

protocol, written, informed consent was obtained from all participants. This study was

approved by the Kio University ethics committee (No. H27-15), and all experiments were con-

ducted in accordance with the principles set forth in the Declaration of Helsinki.

Experiment 1

A cohort of 10 healthy female volunteers (age range, 21–22 years) were recruited from among

students at Kio University to participant in an experiment to examine the utility of AI for the

analysis of facial expressions and establish a formula to predict hedonic ratings. One session of

the experiment was operated by three persons: two researchers in our lab as experimenters

and one participant. The experimenters prepared taste solutions with water (distilled water,

DW) that consisted of nine kinds of five conventional basic tastes with different concentra-

tions: 2.5%, 5%, 10% and 20% sucrose; 0.5% and 2% monosodium glutamate [MSG]; 1% citric

acid; 5% sodium chloride [NaCl]; and 0.02% quinine hydrochloride [QHCl]. One experi-

menter (the “deliverer”) put 10 mL of taste solution or DW in a small paper cup and placed it

on a table just in front of the participant, who was sitting in a quiet room. The deliverer asked

the participant show facial expressions freely but not intentionally, and to make a brief
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comment about the quality and/or palatability of the stimulus soon after recognition (e.g.,

“this taste is sweet and very good”). The participant poured the 10 mL of liquid into her

mouth, held it for about 1 second, and then swallowed. After the participant drank the liquid

and rinsed her mouth well with DW, the deliverer placed another cup on the table, and the

task was repeated. The inter-stimulus interval was at least 2 minutes. Each of the 10 stimuli

(one DW and nine taste solutions) was delivered randomly. The participant was also asked to

evaluate the overall hedonic rating of the stimulus on a scale from –10 (extremely unpleasant)

to +10 (extremely pleasant), with 0 being neutral, before the start of the next tasting.

Another experimenter (the “recorder”) sat near the participant, gave the signal to start

drinking, and recorded a video focusing on the face of the participant from the start of drink-

ing to about 10 seconds after swallowing using a smartphone camera (iPhone; Apple Inc.

Cupertino, CA). The camera was set 2 m in front of the participant, who was asked to look

directly at the camera and remove the cup immediately after swallowing to avoid covering her

mouth. This experimenter then saved the participant’s comments and self-reported hedonic

rating for the stimulus in a personal computer. After the task, the deliverer informed the

recorder about the order and names of the delivered stimuli. This task was then repeated for

the remaining nine participants.

After the experiment, a frame (or a single image) from within a few seconds before or after

the participant’s comment in the video replay was selected by the two experimenters. This

image was then loaded into a freely available AI application (Kao-shindan, Japanese for “face

diagnosis”; API version 1.7, developed by MONOPOLEAPPS K.K. in 2018; https://apps.apple.

com/jp/app/id1267719377) installed on the smartphone for the analysis of facial expressions.

After uploading the image, the AI application classified the facial expression for eight different

emotions (surprise, happiness, fear, neutral, disgust, sadness, anger, and embarrassment), with

scores ranging from 0 (no visible emotion) to 100 (emotion is fully present) for each. This pro-

cedure is similar to that used in Microsoft Face API (https://azure.microsoft.com/en-us/

services/cognitive-services/face/), which analyzes emotions in images. The recorder then saved

the scores for each of the eight different emotions classified by the AI for each stimulus in the

computer.

In the next step, a multiple linear regression analysis was performed to predict hedonic rat-

ings based on the eight emotions (predictors). The calculation was based on the scores of the

eight emotions obtained to 10 stimuli in 10 persons and the participants’ perceived (self-

reported) hedonic ratings for each stimulus.

Experiment 2

Another cohort of 12 participants (6 males, 6 females; age range, 22–59 years) from among

Kio University students and staff was recruited for a second experiment, the purpose of which

was to examine and confirm the applicability of the formula obtained in Experiment 1 for pre-

dicting hedonic ratings. None of the participants in Experiment 2 had participated in Experi-

ment 1. Except for the DW, 10 stimuli used in Experiment 2—i.e., 15% glucose, 1% NaCl, 50%

lemon juice (Pokka Lemon 100; Pokka Sapporo Food & Beverage, Ltd., Tokyo, Japan), 0.003%

sucrose octaacetate as bitter taste, 0.5% inosine monophosphate as umami taste, 1.5% instant

coffee (Nescafe Gold Blend; Nestle Japan S.A., Kobe, Japan), miso soup (Tokujyo; Takeya-

Miso Co., Ltd., Suwa, Japan), 1% bonito soup stock (Hon-dashi; Ajinomoto Co., Inc., Tokyo,

Japan), catechin jasmine tea (Ito-En, Ltd., Tokyo, Japan), and apple juice (Dole Japan, Inc.,

Tokyo, Japan)—were different from those used in Experiment 1. NaCl was also used, but the

concentration was different from that used in Experiment 1.
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Liquid intake, picture taking, AI face analysis, and the rating of perceived hedonics were

the same as those used in Experiment 1. AI outputs for the emotions of facial expressions in

response to these stimuli were put in the corresponding emotions in the formula used in

Experiment 1 to obtain predicted (or calculated) hedonic ratings. The relationships between

the predicted and perceived hedonic ratings were then examined and compared.

Data analysis

In Experiment 1, the boxplot analysis of the scores for the eight emotions associated with each

of the 10 stimuli in 10 participants was conducted, and the median and interquartile range

with minimum and maximum scores were obtained. To examine the similarity of hedonics

among taste stimuli, Spearman’s correlation coefficients were calculated between pairs of sti-

muli based on the scores of eight emotions in 10 participants. A multiple linear regression

analysis was then conducted based on the scores for the eight emotions (predictors) obtained

to 10 stimuli in 10 participants and the participants’ perceived hedonic ratings for each stimu-

lus. The possible existence of multicollinearity, which occurs when predictors provide redun-

dant information because of a high correlation with each other, was examined by calculating

the correlation coefficients among pairs of eight emotions. When a statistically significant pos-

itive correlation was detected between any pair of emotions, that pair was combined, and the

mean score was used. In Experiment 2, relationships between the predicted and perceived

hedonic ratings were examined and compared using Pearson’s and Spearman’s correlation

coefficients, intraclass correlation coefficients, Friedman test, and Wilcoxon signed-rank test.

Before correlation analyses, data were checked if they showed normal distribution or not by

Shapiro-Wilk’s test. All statistical analyses were performed using IBM SPSS Statistics (ver. 25).

P values< 0.05 were considered statistically significant.

Results

The scores for eight emotions from the AI outputs associated with facial expressions induced

after the presentation of taste stimuli varied among the participants. Fig 1 shows the hedonic

pattern profiles across eight different emotions in response to 10 taste stimuli in 10 partici-

pants. Fig 2 shows the boxplot analysis of the scores for the eight emotions shown in Fig 1. The

median and interquartile range with minimum and maximum scores are illustrated for the

emotions evoked by the 10 stimuli. The mean perceived hedonic rating ± standard error for

each stimulus in 10 participants is also indicated in each graph. The profiles of scores for the

eight emotions suggested that higher concentrations (20% and 10%) of sucrose showed a

strong happiness component, whereas the sadness component was the largest for 1% citric

acid, 5% NaCl, and 0.02% QHCl; the neutral component was the largest for the remaining

stimuli.

Fig 3 shows the calculated correlation coefficients among profiles of emotional scores for 10

stimuli. We used Spearman’s analysis because scores did not show normal distribution in

some of the stimuli. Statistically significant correlations were detected in three groups. The

first group consisted of 20%, 10% and 5% sucrose (Fig 2A to 2C, respectively) with highly posi-

tive perceived hedonic ratings. The second group consisted of 2.5% sucrose, 2% MSG and

water (Fig 2D to 2F, respectively) with slightly positive or neutral ratings. The third group con-

sisted of 0.5% MSG, 1% citric acid, 5% NaCl, and 0.02% QHCl (Fig 2G to 2J, respectively) with

negative hedonic ratings.

A multiple linear regression analysis was performed to predict hedonic ratings based on the

scores for the eight emotions obtained in Experiment 1. Before the analysis, multicollinearity

was ensured by examining the correlation coefficients among the eight emotions. The only
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statistically significant (P< 0.01) correlation was for the pair of “surprise” and “fear”, so we

combined the two emotions into the predictor of “surprise/fear”. As a result, we obtained the

following regression formula [F(7, 92) = 12.641, P< 0.000 with an adjusted R2 of 0.451]:

Hedonic rating = 0.024 × surprise/fear + 0.138 × happiness + 0.097 × neutral + 0.055 × dis-

gust + 0.021 × sadness + 0.031 × anger– 0.584 × embarrassment– 8.943

where “surprise/fear” denotes the mean score of surprise and fear. We found that “happi-

ness” was a significant (P = 0.015) predictor of hedonic ratings, while “surprise/fear”

(P = 0.057), “neutral” (P = 0.087), and “embarrassment” (P = 0.086) were marginally signifi-

cant predictors.

The validity of this formula was examined by applying the obtained emotion scores to

another set of taste stimuli in another group of participants who had not been associated with

Fig 1. Profiles of hedonic patterns across eight different emotions based on Artificial Intelligence (AI) analysis of

facial expressions in response to 10 stimuli in 10 participants. Profiles are depicted in different colors for the 10

participants. The emotions are arbitrarily arranged from left to right in the order of surprise (Su), happiness (H), fear

(F), neutral (N), disgust (D), sadness (Sa), anger (A), and embarrassment (E).

https://doi.org/10.1371/journal.pone.0250928.g001
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the formula in Experiment 1. First, we applied a group analysis, i.e., the correlation analysis

was performed between the mean predicted and perceived ratings to taste stimuli in 12 partici-

pants. We used Pearson’s correlation analysis since we found that the data for the calculated

and perceived data showed a normal distribution (Kolmogorov-Smirnov’s test). The correla-

tion coefficient was 0.974 (P< 0.001) as shown in Fig 4. Since Pearson’s correlation analysis

does not directly show the degree of coincidence between predicted and perceived ratings, we

used an analysis of the intraclass correlation coefficient (ICC) to assess the consistency, or con-

formity, of the two ratings. We found that the ICC(2,1) was 0.907 (P< 0.001), indicating that

both ratings were in good concordance.

Fig 2. Box and whisker plot analysis of scores for eight different emotions evoked by 10 stimuli. The median and

interquartile range with minimum and maximum scores are based on the emotional scores of the 10 participants

shown in Fig 1. Small circles in each panel indicate outliers. Graphs are arranged from the most pleasant to the most

unpleasant stimulus from A to J, respectively, as shown by the mean ± standard error perceived hedonic rating in each

graph. Other descriptions are the same as those in Fig 1.

https://doi.org/10.1371/journal.pone.0250928.g002
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How the estimated ratings are correlated with the perceived ratings in each person is very

important to examine for practical use of the present method in the field of the sensory evalua-

tion of food and beverages. We calculated Spearman correlation coefficients for each partici-

pant since the data did not show a normal distribution in some participants. The predicted (or

calculated) hedonic ratings were statistically significantly correlated with perceived hedonic

ratings in 11 of the 12 females and males with varying ages (Fig 5). One participant, a 40-year

Fig 3. Spearman’s correlation coefficient matrix of the hedonic profiles for 10 stimuli. Correlations were calculated between

pairs of stimuli based on the mean scores of eight emotions shown in Fig 1. The taste stimuli were arranged in the order of the

most positive to most negative perceived hedonic ratings from left to right and from top to bottom. Coefficients shaded are

statistically highly significant (P< 0.01).

https://doi.org/10.1371/journal.pone.0250928.g003

Fig 4. Scatterplots between mean predicted (objective) and perceived (subjective) hedonic ratings in response to

11 stimuli in 12 participants (group analysis). The mean calculated hedonic ratings are shown in the ordinates and

the perceived hedonic ratings in the abscissas. The Pearson’s correlation coefficient between the two ratings was very

highly significant (P< 0.001).

https://doi.org/10.1371/journal.pone.0250928.g004
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old male, did not show significant correlation as shown in Fig 5K (correlation coeffi-

cient = 0.545, P = 0.076).

In addition to these correlation analyses, we examined the concordance of the predicted

and perceived ratings for each taste stimulus in a group of 12 participants. We show box and

whisker plots in Fig 6 for the two ratings in an arbitrary order from the most unpleasant to the

most pleasant stimuli. The difference of medians between the estimated and calculated ratings

for each taste stimulus could be an indicator as to whether both ratings agree well. When cal-

culated, the mean difference of medians for all 11 stimuli was 0.966, which corresponds to

4.83% of the total length of the sensory scale (20: from –10 to +10), suggesting good agreement

between the two ratings. Statistical analysis for the groups of predicted and perceived ratings

showed a significant inter-stimulus difference (Friedman test, P< 0.001), but no difference

between predicted and perceived ratings (Friedman test, P = 0.763). However, a significant

Fig 5. Scatterplots between predicted and perceived hedonic ratings in response to 11 stimuli in 12 participants

(single case analysis). Six females (f), depicted in red, are shown in A to F, and six males (m), depicted in blue, are

shown in G to L, from younger to older, with ages shown in parentheses. The calculated hedonic ratings are shown in

the ordinates and the perceived hedonic ratings in the abscissas. The regression formula, Spearman’s correlation

coefficient (r), and coefficient of determination (r2) are shown in each graph. P< 0.001 for A, C, E, I and J; P< 0.01

for B, D, F, G, H and L; and P> 0.05 for K.

https://doi.org/10.1371/journal.pone.0250928.g005
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difference was detected between the two ratings for very palatable apple juice and very aversive

sucrose octaacetate (SOA) (Wilcoxon signed-rank test, P< 0.01). Such a difference between

the two ratings for SOA and apple juice may have been due to the limitation of the predicted

ratings on reaching the maximum hedonic ratings, such as –10 or +10.

Discussion

The major findings of the present study can be summarized as follows. First, we were able to

classify five basic tastes into the three categories of hedonically positive, neutral, or negative

based on AI analysis of facial expressions in single images. Second, we established a formula

that could predict hedonic ratings using multiple linear regression analysis based on emotional

facial expressions in response to basic taste stimuli in female students. Third, when we input

scores for emotional facial expressions in response to different tastants in different participants

of both genders with different ages in this formula, we found a good correlation and concor-

dance between predicted (or calculated) and perceived (or subjective) hedonic ratings. To our

Fig 6. Box and whisker plot analysis of predicted and perceived ratings for 11 stimuli. The median and interquartile range with minimum and maximum scores are

based on the hedonic scores of the 12 participants. Small circles in each panel indicate outliers. Graphs are arbitrarily arranged from the most unpleasant to the most

pleasant stimulus from left to right. Juice, apple juice; Miso, miso soup; Glu, 15% glucose; Coffee1.5% instant coffee; Soup, 1% bonito soup stock; Tea, catechin jasmine tea;

Water, distilled water; IMP, 0.5% inosine monophosphate; NaCl, 1% sodium chloride; Lemon, 50% lemon juice; SOA, 0.003% sucrose octaacetate.

https://doi.org/10.1371/journal.pone.0250928.g006
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knowledge, this is the first study to demonstrate that a single image of a person’s face can easily

predict on a quantitative scale the degree to which that person is enjoying food and beverages.

Our finding that facial expressions are related to hedonic aspects of taste is essentially the

same as that of the human “gustofacial reflex” reported by Steiner [13–16] and “taste reactivity”

in rats by Grill and Norgren [17]. According to those studies, although some characteristic

motion features of the face (or motion components of facial reactions) occur depending on the

quality of the taste, more dominant facial expressions represent a hedonic distinction between

whether stimuli are acceptable or aversive. Acceptable stimuli are pleasant, palatable and nutri-

tive, whereas aversive stimuli convey warning messages in the form of discomfort, harm, and

urgency, which are the fundamental bases of food selection and taste function among consum-

ers. To reach a scientific conclusion, Grill and Norgren [17] had to exert time-consuming

efforts to observe the frequency of facial motion features using slow-motion or frame-by-

frame video playback.

Recently, however, researchers [3, 4, 7, 22–28] have used much more convenient and accu-

rate automated facial expression recognition systems, including sophisticated artificial net-

work systems such as FaceReader or iMotions software (iMotions, Inc., Copenhagen,

Denmark), which can classify facial expressions into the following basic universal human emo-

tions suggested by Ekman and Friesen [29], with intensity ranging from 0 to 1: happy, sad,

angry, surprised, scared, disgusted, and neutral. Analyses of these emotions are utilized effec-

tively in various experimental situations in food research, e.g., a time course of changes in each

emotion after tasting breakfast drinks [7], a comparison between implicit (spontaneous) and

explicit (intentional) facial expressions after tasting different juices [22], a comparison between

before and after sensory-specific satiety [24], a correlation between hedonic liking and facial

expressions [27], a comparison of facial expressions in response to different tastes between per-

sons with and without depressive disorders [4], and differences in responses to various food

stimuli between Asians and Western populations [3, 26]. Most of these previous studies indi-

cate the score of each emotional component or the valence that indicates whether the person’s

emotional status is positive or negative by calculating the score of happiness minus that of neg-

ative emotions such as sadness, anger, fear, and disgust [4].

In the present study, we used a freely available AI application for reading facial expressions

(Kao-shindan API, version 1.7). This application can classify facial expressions into eight dif-

ferent emotions with intensity scores ranging from 0 to100 for each based on a single image

within 10 seconds. This software is similar to Microsoft Face API, which also analyzes emo-

tions in a single image. Even with the use of such a simple method, we could obtain the charac-

teristic profile of emotional facial expressions to each of the basic taste stimuli with different

concentrations for sucrose and MSG (see Figs 1 and 2).

Concerning the use of such facial emotions, most previous studies have correlated the score

of each emotional component separately with the hedonic valence of food and beverages, as

listed above. However, since we were interested in the use of facial expressions as a practical

tool for the objective evaluation of the overall hedonics of food and beverages, we hypothesized

that we could predict hedonic ratings through a comprehensive treatment of all the emotions

together. For this purpose, we developed a formula capable of predicting hedonic ratings. Spe-

cifically, multiple linear regression analysis was conducted based on perceived hedonic ratings

and eight emotional facial expressions (predictors) in response to 10 stimuli, including five

basic tastes, and water in 10 female students aged 21–22 years. The validity of the formula was

ascertained by applying the emotion scores obtained to another set of stimuli, including basic

taste solutions, and commercially available beverages in another 12 participants of both gen-

ders (age range, 22–59 years). We used some statistical procedures to compare the estimated

and perceived hedonic ratings in terms of correlation and concordance in individuals as well
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as in groups. Our results, although the number of participants was small, showed that the pre-

dicted hedonic ratings correlated and agreed well with perceived hedonic ratings toward other

tastes, including commercially available beverages (see Figs 4–6), which appears to support the

above-mentioned hypothesis and suggests that our formula can be used effectively as an objec-

tive evaluation tool regardless of gender or age. However, a significant difference was detected

between the two ratings for very aversive sucrose octaacetate (SOA) and very palatable apple

juice. Such a difference between the two ratings for SOA and apple juice may have been due to

the limitation of the predicted ratings on reaching the maximum hedonic ratings, such as –10

or +10. In our next study, we plan to use a smaller hedonic scale ranging from –5 to +5.

In this study, only one male (age, 40 years) of 12 participants did not show a good correla-

tion between predicted and perceived hedonic ratings. Although his perceived hedonic ratings

varied well among different taste stimuli, he showed relatively fewer facial expressions in

response to nearly all. One possible reason for this is that he had a beard, which might have

diminished the accuracy of the facial analysis. Another possible reason is volitional control of

facial expressions. Concerning the gustofacial reflex, Steiner [14] indicated that younger chil-

dren are unable to suppress well taste-elicited facial responses, suggesting that the gradual mat-

uration of this inhibitory process may control this reflex by means of volition of cortico-

pontine connections. Facial expressions are similar to breathing in the sense that automatic or

reflex occurrences by brain stem structures can be influenced by volitional control from higher

brain centers [30]. A larger study population is needed to determine the rate of appearance of

such persons who are apt to depress emotions, e.g., through facial expressions, as seen in the

present study.

The regression formula was obtained from a limited number of female students using basic

tastes. This might be the reason for the relatively low adjusted R2 value (0.451), and for the

finding that only “happiness” was a significant predictor of hedonic ratings. A larger study

population including both genders and a larger range of ages, along with a wider range of taste

stimuli from commercially available foods and beverages therefore needs to be examined. The

AI application used in this study for the analysis of facial expressions is available only in Japan.

An unexpected result was that this AI application displayed sadness exclusively rather than dis-

gust emotions for facial expressions induced by aversive taste stimuli, such as 5% NaCl, 0.01%

citric acid, and 0.02% QHCl; this may be dependent on the AI application. Meanwhile, the

present results that happiness and sadness appeared dominantly, and that fear and surprise

were correlated, may be related to a recent study by Wang et al. [31] reporting that confusion

occurred between fear and surprise as well as between disgust and anger, whereas happiness

and sadness were unique, on an emotion recognition test. Facial emotions and scores would

be classified differently with different accuracies by a different algorithm, such as FaceReader,

iMotions, or Microsoft Face API [32]. This is the most important question to be clarified, and

we are now planning to use other AI applications in our next study to examine possible differ-

ences. If the same AI is used throughout the experiments, essentially no problem would occur,

as in the present study.

Regardless of these limitations, to our knowledge, this is the first study to demonstrate that

hedonic ratings can be well predicted by a formula derived from multiple regression analysis

of facial expressions obtained using AI software. Another important point is that this proce-

dure is quite easy and the outcomes from the AI application are given very rapidly after

uploading a single image. This technique could be expected to be utilized in different situa-

tions, such as consumer surveys and new product evaluations, and would be particularly

important for those who cannot speak or communicate with others, such as neonates, weaning

and/or newly weaned infants, and older persons suffering from dementia.

PLOS ONE Facial expressions and hedonic ratings

PLOS ONE | https://doi.org/10.1371/journal.pone.0250928 May 4, 2021 12 / 15

https://doi.org/10.1371/journal.pone.0250928


Supporting information

S1 Table. Raw data for Fig 1.

(XLSX)

S2 Table. Raw data for Figs 4 and 5.

(XLSX)

Acknowledgments

We wish to thank all the participants, as well as Professor Mitsugu Fukumori at Kio University

for assistance with the statistical analysis and Ms. Anna Kato and Ms. Ayaka Nishikawa for

their technical assistance during the experiments.

Author Contributions

Conceptualization: Takashi Yamamoto.

Data curation: Takashi Yamamoto.

Formal analysis: Takashi Yamamoto.

Funding acquisition: Takashi Yamamoto.

Investigation: Takashi Yamamoto, Haruno Mizuta.

Methodology: Takashi Yamamoto, Haruno Mizuta, Kayoko Ueji.

Project administration: Takashi Yamamoto.

Resources: Takashi Yamamoto, Haruno Mizuta, Kayoko Ueji.

Supervision: Takashi Yamamoto.

Validation: Takashi Yamamoto.

Visualization: Takashi Yamamoto, Haruno Mizuta.

Writing – original draft: Takashi Yamamoto.

Writing – review & editing: Takashi Yamamoto, Haruno Mizuta, Kayoko Ueji.

References
1. Kikut-Ligaj D, Trzcielinska-Lorych J. How taste works: cells, receptors and gustatory perception. Cell

Mol Biol Lett. 2015; 20: 699–716. https://doi.org/10.1515/cmble-2015-0042 PMID: 26447485

2. Running CA, Craig BA, Mattes RD. Oleogustus: the unique taste of fat. Chem Senses. 2015; 40: 507–

516. https://doi.org/10.1093/chemse/bjv036 PMID: 26142421

3. Torrico DD, Fuentes S, Gonzalez Viejo C, Ashman H, Dunshea FR. Cross-cultural effects of food prod-

uct familiarity on sensory acceptability and non-invasive physiological responses of consumers. Food

Res Int. 2019; 115: 439–450. https://doi.org/10.1016/j.foodres.2018.10.054 PMID: 30599962

4. Bartkiene E, Steibliene V, Adomaitiene V, Juodeikiene G, Cernauskas D, Lele V, et al. Factors affecting

consumer food preferences: food taste and depression-based evoked emotional expressions with the

use of face reading technology. Biomed Res Int. 2019:2097415. https://doi.org/10.1155/2019/2097415

PMID: 31119155

5. Ericson S. The variability of the human parotid flow rate on stimulation with citric acid, with special refer-

ence to taste. Archs Oral Biol. 1971; 16: 9–19.

6. Kawamura Y, Yamamoto T. Studies on neural mechanisms of the gustatory-salivary reflex in rabbits. J

Physiol. 1978; 285: 35–47. https://doi.org/10.1113/jphysiol.1978.sp012555 PMID: 745092

7. de Wijk R A, He W, Mensink MG, Verhoeven RH, de Graaf C. ANS responses and facial expressions

differentiate between the taste of commercial breakfast drinks. PLOS ONE. 2014 Apr 8; 9(4):e93823.

https://doi.org/10.1371/journal.pone.0093823 PMID: 24714107

PLOS ONE Facial expressions and hedonic ratings

PLOS ONE | https://doi.org/10.1371/journal.pone.0250928 May 4, 2021 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250928.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250928.s002
https://doi.org/10.1515/cmble-2015-0042
http://www.ncbi.nlm.nih.gov/pubmed/26447485
https://doi.org/10.1093/chemse/bjv036
http://www.ncbi.nlm.nih.gov/pubmed/26142421
https://doi.org/10.1016/j.foodres.2018.10.054
http://www.ncbi.nlm.nih.gov/pubmed/30599962
https://doi.org/10.1155/2019/2097415
http://www.ncbi.nlm.nih.gov/pubmed/31119155
https://doi.org/10.1113/jphysiol.1978.sp012555
http://www.ncbi.nlm.nih.gov/pubmed/745092
https://doi.org/10.1371/journal.pone.0093823
http://www.ncbi.nlm.nih.gov/pubmed/24714107
https://doi.org/10.1371/journal.pone.0250928


8. Verastegui-Tena L, Schulte-Holierhoek A, van Trijp H, Piqueras-Fiszman B. Beyond expectations: The

responses of the autonomic nervous system to visual food cues. Physiol Behav. 2017; 179: 478–486.

https://doi.org/10.1016/j.physbeh.2017.07.025 PMID: 28736213

9. Kashima H, Hayashi N, Basic taste stimuli elicit unique responses in facial skin blood flow. PLOS ONE.

2011; 6(12):e28236. https://doi.org/10.1371/journal.pone.0028236 PMID: 22145032

10. Kashima H, Hamada Y, Hayashi N. Palatability of tastes is associated with facial circulatory responses.

Chem Senses 2014; 39: 243–248. https://doi.org/10.1093/chemse/bjt074 PMID: 24391145

11. Glendinning JI, Stano S, Holter M, Azenkot T, Goldman O, Margolskee RF, et al. Sugar-induced

cephalic-phase insulin release is mediated by a T1r2+T1r3-independent taste transduction pathway in

mice. Am J Physiol Regul Integr Comp Physiol. 2015; 309: R552–560. https://doi.org/10.1152/ajpregu.

00056.2015 PMID: 26157055

12. Hasegawa Y, Tachibana Y, Ono T, Kishimoto H. Flavour-enhanced cortisol release during gum chew-

ing. PLOS ONE. 2017 Apr 5; 12(4):e0173475. https://doi.org/10.1371/journal.pone.0173475 PMID:

28379983

13. Steiner JE. The gustofacial response: Observation on normal and anencephalic newborn infants. In:

Bosma JF, editor. Symposium on oral sensation and perception-IV. Bethesda: NIH-DHEW; 1973, pp.

254–278.

14. Steiner JE. Biological responses to taste and odor stimuli. In: Kawamura Y, Dubner R, editors. Oral-

facial sensory and motor functions. Tokyo: Quintessence Publishing; 1981, pp. 331–345.

15. Steiner JE. What the neonate can tell us about umami. In: Kawamura Y, Kare MR, editors. Umami, a

basic taste. New York: Marcel Dekker; 1987, pp. 97–124.

16. Steiner JE, Glaser D, Hawilo ME, Berridge KC. Comparative expression of hedonic impact: affective

reactions to taste by human infants and other primates. Neurosci Biobehav Rev. 2001; 25: 53–74.

https://doi.org/10.1016/s0149-7634(00)00051-8 PMID: 11166078

17. Grill HJ, Norgren R. The taste reactivity test. 1. Mimetic responses to gustatory stimuli in neurologically

normal rats. Brain Res. 1978; 143: 263–279. https://doi.org/10.1016/0006-8993(78)90568-1 PMID:

630409

18. Small DM, Zatorre RJ, Dagher A, Evans AC, Jones-Gotman M. Changes in brain activity related to eat-

ing chocolate: from pleasure to aversion. Brain J Neurol. 2001; 124: 1720–1733. https://doi.org/10.

1093/brain/124.9.1720 PMID: 11522575

19. Kringelbach ML. The human orbitofrontal cortex: linking reward to hedonic experience. Nat Rev Neu-

rosci. 2005; 6: 691–702. https://doi.org/10.1038/nrn1747 PMID: 16136173

20. van den Bosch I, Dalenberg JR, Renken R, van Langeveld AW, Smeets PA, Griffioen-Roose S, et al.

To like or not to like: neural substrates of subjective flavor preferences. Behav Brain Res. 2014; 269:

128–137. https://doi.org/10.1016/j.bbr.2014.04.010 PMID: 24742863

21. Minematsu Y, Ueji K, Yamamoto T. Activity of frontal pole cortex reflecting hedonic tone of food and

drink: fNIRS study in humans. Sci Rep. 2018 Nov 1; 8(1):16197. https://doi.org/10.1038/s41598-018-

34690-3 PMID: 30385816

22. 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. https://doi.org/10.1016/j.

foodres.2014.06.003 PMID: 30011719

23. Ayres C, Ferreira CF, Bernardi JR, Marcelino TB, Hirakata VN, Silva CHD, et al. A method for the

assessment of facial hedonic reactions in newborns. J Pediatr (Rio J). 2017; 93: 253–259. https://doi.

org/10.1016/j.jped.2016.06.011 PMID: 27886807

24. He W, Boesveldt S, Delplanque S, de Graaf C, de Wijk RA. Sensory-specific satiety: Added insights

from autonomic nervous system responses and facial expressions. Physiol Behav. 2017; 170: 12–18.

https://doi.org/10.1016/j.physbeh.2016.12.012 PMID: 27988247

25. Samant SS, Chapko MJ, Seo H-S. Predicting consumer liking and preference based on emotional

responses and sensory perception: A study with basic taste solutions. Food Res Int. 2017; 100: 325–

334. https://doi.org/10.1016/j.foodres.2017.07.021 PMID: 28873694

26. Zhi R, Cao L, Cao G. Asians’ facial responsiveness to basic tastes by automated facial expression anal-

ysis system. J Food Sci. 2017; 82: 794–806. https://doi.org/10.1111/1750-3841.13611 PMID:

28140464

27. Zhi R, Wan J, Zhang D, Li W. Correlation between hedonic liking and facial expression measurement

using dynamic affective response representation. Food Res Int. 2018; 108: 237–245. https://doi.org/10.

1016/j.foodres.2018.03.042 PMID: 29735053

28. Kaneko D, Hogervorst M, Toet A, van Erp JBF, Kallen V, Brouwer AM. Explicit and implicit responses to

tasting drinks associated with different tasting experiences. Sensors (Basel). 2019 Oct 11;19(20). pii:

E4397. https://doi.org/10.3390/s19204397 PMID: 31614504

PLOS ONE Facial expressions and hedonic ratings

PLOS ONE | https://doi.org/10.1371/journal.pone.0250928 May 4, 2021 14 / 15

https://doi.org/10.1016/j.physbeh.2017.07.025
http://www.ncbi.nlm.nih.gov/pubmed/28736213
https://doi.org/10.1371/journal.pone.0028236
http://www.ncbi.nlm.nih.gov/pubmed/22145032
https://doi.org/10.1093/chemse/bjt074
http://www.ncbi.nlm.nih.gov/pubmed/24391145
https://doi.org/10.1152/ajpregu.00056.2015
https://doi.org/10.1152/ajpregu.00056.2015
http://www.ncbi.nlm.nih.gov/pubmed/26157055
https://doi.org/10.1371/journal.pone.0173475
http://www.ncbi.nlm.nih.gov/pubmed/28379983
https://doi.org/10.1016/s0149-7634%2800%2900051-8
http://www.ncbi.nlm.nih.gov/pubmed/11166078
https://doi.org/10.1016/0006-8993%2878%2990568-1
http://www.ncbi.nlm.nih.gov/pubmed/630409
https://doi.org/10.1093/brain/124.9.1720
https://doi.org/10.1093/brain/124.9.1720
http://www.ncbi.nlm.nih.gov/pubmed/11522575
https://doi.org/10.1038/nrn1747
http://www.ncbi.nlm.nih.gov/pubmed/16136173
https://doi.org/10.1016/j.bbr.2014.04.010
http://www.ncbi.nlm.nih.gov/pubmed/24742863
https://doi.org/10.1038/s41598-018-34690-3
https://doi.org/10.1038/s41598-018-34690-3
http://www.ncbi.nlm.nih.gov/pubmed/30385816
https://doi.org/10.1016/j.foodres.2014.06.003
https://doi.org/10.1016/j.foodres.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/30011719
https://doi.org/10.1016/j.jped.2016.06.011
https://doi.org/10.1016/j.jped.2016.06.011
http://www.ncbi.nlm.nih.gov/pubmed/27886807
https://doi.org/10.1016/j.physbeh.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/27988247
https://doi.org/10.1016/j.foodres.2017.07.021
http://www.ncbi.nlm.nih.gov/pubmed/28873694
https://doi.org/10.1111/1750-3841.13611
http://www.ncbi.nlm.nih.gov/pubmed/28140464
https://doi.org/10.1016/j.foodres.2018.03.042
https://doi.org/10.1016/j.foodres.2018.03.042
http://www.ncbi.nlm.nih.gov/pubmed/29735053
https://doi.org/10.3390/s19204397
http://www.ncbi.nlm.nih.gov/pubmed/31614504
https://doi.org/10.1371/journal.pone.0250928


29. Ekman P, Friesen WV. Constants across cultures in the face and emotion. J Personal Soc Psychol.

1971; 17: 124–129.

30. Herrero JL, Khuvis S, Yeagle E, Cerf M, Mehta AD. Breathing above the brain stem: volitional control

and attentional modulation in humans. J Neurophysiol. 2018; 119: 145–159. https://doi.org/10.1152/jn.

00551.2017 PMID: 28954895

31. Wang Y, Zhu Z, Chen B, Fang F. Perceptual learning and recognition confusion reveal the underlying

relationships among the six basic emotions. Cogn Emot. 2019; 33: 754–767. https://doi.org/10.1080/

02699931.2018.1491831 PMID: 29962270
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