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Relationship between body mass 
index and masticatory factors 
evaluated with a wearable device
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Numerous studies have evaluated the relationship between eating behavior and obesity, however 
few studies have objectively assessed eating behavior. Additionally, the association of masticatory 
behaviors with masticatory performance remains unclear. This study aimed to verify the relationship 
between masticatory performance and behavior measured by a wearable masticatory counter, and 
BMI. 365 healthy adults participated. Mastication behaviors, i.e. number of chews and bites, chewing 
rate, and chewing time, were measured using wearable masticatory counter while consuming 
one rice ball (100 g). Masticatory performance was evaluated using testing gummy jelly. Lifestyle 
habits including exercise, walking, and breakfast, were surveyed by questionnaire. The correlation 
coefficients between masticatory behaviors and performance and BMI were analyzed. Furthermore, 
multiple regression analysis was performed. The number of chews showed positive correlation with 
chewing rate, number of bites and chewing time, but no correlation with masticatory performance. 
BMI had weak but significant negative correlation with number of chews, bites, chewing time, and 
masticatory performance, but had no correlation with chewing rate. Multiple regression analysis 
revealed that BMI was associated with sex, age, number of chews, bites, masticatory performance, 
and walking speed. In conclusion, masticatory behavior and performance were not interrelated, but 
both were independently associated with BMI weakly.

In recent years, the global population of individuals with obesity has continued to increase due to changes in 
eating habits, diversification of diets such as fast food, and lack of exercise1,2. Obesity is not just overweight, 
and it is a condition involving excessive accumulation of body fat, which has been reported to affect various 
systemic diseases such as diabetes, dyslipidemia, hypertension, and cardiovascular disease3–6. Previous studies 
have identified the involvement of other factors, including lack of exercise, smoking, excessive drinking, exces-
sive stress, eating alone, occupation, parents’ education, short sleep duration, and lack of breakfast7–11. Many 
studies using subjective data have also examined the relationship between eating behavior and obesity, reporting 
that eating behaviors such as “eating quickly” and “lower chewing frequency” lead to obesity. In one study of a 
large adult Japanese population, Otsuka et al.12 investigated the association between eating quickly and BMI at 
the time of the survey, and changes in BMI from that at 20 years of age. They reported that participants who ate 
quickly had higher BMI and a greater BMI increase since 20 years of age. In addition, Fukuda et al.13 examined 
the relationship between the number of chews and weight gain of more than 10 kg since the age of 20 years in 
middle-aged adults, and reported that participants with a lower chewing frequency were at a 9.1-times higher 
risk of weight gain.

However, many of these previous studies were based on subjective data from self-administered questionnaires, 
or objective data measured in unusual abnormal situations, such as experiments using large jaw movement 
measurement devices14, electromyograms15, and video recordings of meals 16. Because no reports have objectively 
measured mastication in usual meal situations, it remains unclear which mastication factors (e.g., the number 
of chews and the chewing rate) are related to BMI.

Sharp Co. (Sakai, Japan) developed a small ear-hung masticatory counter device, called Bitescan, for measur-
ing masticatory behavior in usual situations17. This wearable masticatory counter is designed to assess objective 
masticatory behavior just by putting on the ear. We had confirmed the validity of this mastication counter17.
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Some previous studies reported that a decrease in masticatory performance, which indicates the quality of 
mastication, is a risk factor for lifestyle-related diseases, such as metabolic syndrome18–20. Kikui et al.18 reported 
that individuals with low masticatory performance had a 1.46-times higher risk of developing metabolic syn-
drome than the group with high masticatory performance. Other studies19,20 investigating the relationship 
between masticatory performance and diet reported that masticatory performance was closely related to the 
type of meal an individual usually ate. Regarding the relationship between the hardness of foods and energy 
intake, Bolhuis et al.21 reported that energy intake was increased when a soft meal was eaten, compared with a 
hard meal. Therefore, since masticatory performance contributes to energy intake, it may be an important factor 
in the relationship between mastication and obesity.

Based on these back grounds, we hypothesized that the mastication behavior measured objectively had 
the relationship between BMI. Furthermore, clarifying the relationship between masticatory performance and 
masticatory behavior would be important for understanding the relationship between obesity and mastication. 
The current study aimed to verify the relationship between masticatory performance and behaviors when a 
specified amount of food was ingested, and to verify the association between BMI and masticatory behaviors 
and performance.

Materials and methods
Participants.  This study was designed as an exploratory study to investigate the relationship between BMI 
and mastication. 365 healthy adults (203 men and 162 women, average age 36.6 ± 12.1 years) participated in 
this study. Inclusion criteria were used to select healthy adult volunteers aged 20 to 70 years who understood 
the purpose of the study. We excluded participants who had eating disorders, dysphagia, subjective or objective 
abnormalities in temporomandibular joint/stomatognathic function, dental pain, periodontal problems, those 
who were undergoing dental treatment or orthodontic treatment, and those taking medication for diabetes 
or hyperlipidemia. After the study purpose was explained, all participants provided written informed consent. 
This study was approved by the Institutional Review Board of Niigata University (approval number 2017-0230). 
All procedures performed in this study were in accordance with the ethical standards of the institutional and 
national guideline committee and with the 1964 Helsinki declaration and its later amendments or comparable 
ethical standards.

Measurement items
Masticatory behavior.  Masticatory behavior was measured using Bitescan (Fig.  1, Sharp Co., Sakai, 
Japan)17. This wearable device has an infrared distance sensor and scans morphological changes in the skin 
surface on the posterior side of the right pinna by mastication at 20 Hz. Three different ear-hook sizes (S, M, L) 
were prepared, so we could adjust the device and use the ear-hook best suited to each participant’s pinna. Before 
measurement, we fitted the device to ensure that the sensor was correctly located on the back of participants’ 
pinna. The device was connected to a smartphone (SHM05, Sharp Co., Sakai, Japan) via Bluetooth and data were 
collected with a smartphone application.

After the appropriately sized Bitescan ear-hook was selected, participants were asked to consume one rice 
ball (100 g, seaweed-rolled rice balls, Marusan, Higashi-Osaka, Japan) freely with no specific instructions except: 
“Please eat one rice ball as usual”. Rice balls, formed by cooked rice and wrapped in seaweed, are familiar to 
Japanese people, and are typically eaten by hand rather than using chopsticks, spoons, or forks.

Data were analyzed using a smartphone application and dedicated software. In this study, masticatory behav-
ior was measured as the number of chews, chewing rate, number of bites, and total chewing time. The number 
of chews was defined as the total number of mastication cycles in tasks, and the chewing rate was defined as the 

Figure 1.   The masticatory counter (Bitescan).
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number of chews per minute calculated by dividing by the total chewing time. The number of bites was defined 
as the sum of uptake actions performed until the test food was completely eaten. Total chewing time was defined 
as the sum of the time from the uptake of food to swallowing. The time before uptake or between swallowing 
and re-uptake was not included in the total chewing time.

Masticatory performance.  Masticatory performance was measured using a test gummy jelly (20 × 20 
× 10 mm, 5.5 g, UHA Mikakuto Co., Ltd., Osaka, Japan) and an image analysis application for masticatory 
performance measurement22. This method was used for evaluating masticatory performance by calculating the 
surface area of the comminuted gummy jelly and reported the validity and reliability23–28. Participants were 
asked to chew the gummy jelly 30 times without swallowing, then expectorate the comminuted pieces onto 
gauze. Collected specimens were then washed with tap water to prevent further dissolution and transferred into 
a box containing 30 ml of water to prevent overlap of the particles. The box was a polystyrene case (inner dimen-
sions 140 mm × 95 mm × 36 mm, Daiso, Higashihiroshima, Japan) with black markers (7 mm x 7 mm, distance 
between markers-width: 88 mm, length 133 mm) at the four corners. Digital images of the box containing the 
comminuted pieces were carefully taken including the four markers using a smartphone camera with an analysis 
application. The application estimated the surface area increase from the RGB information of the specimen and 
calculated that value as the masticatory performance.

Anthropometric measurement.  Height was measured with a height meter (seca213, seca, Chiba, Japan). 
BMI was calculated by the body composition analyzer (RD-503, Tanita, Tokyo, Japan). For body composition 
measurement, participants were instructed to wear clothing that was as light as possible, and we subtracted an 
estimated clothing weight of 1.0 kg.

Self‑administered questionnaire.  Participants answered a self-administered questionnaire: “Do you 
exercise regularly for 30 minutes or more?”, “Do you walk faster than other people of the same sex/generation?”, 
“Do you usually have breakfast every day?". The three questions were answered “Yes” or “No”. The question “How 
many hours do you sleep on average?” was answered in 0.5-h units.

To assess participants’ food intake habits, the brief-type self-administered diet history questionnaire (BDHQ, 
Gender Medical Research, Tokyo, Japan) 29,30 was administered. The BDHQ is a dietary questionnaire developed 
for Japanese people, enabling estimation of the intake of various nutrients and foods, and the validity of this 
questionnaire was reported29,31. From the results, the amount of total energy intake, the amount of energy intake 
of carbohydrates, the amount of energy intake of fat, and the adjusted total dietary fiber amount (/4186kJ [1000 
kcal]) were calculated.

Statistical analysis
After examining normality, the average for each measurement item was calculated and comparison between sexes 
was performed using student’s t-tests. Univariate analysis was performed using Pearson’s correlation coefficients 
to clarify the relationship between masticatory behaviors and performance, the relationship between masticatory 
behaviors and energy intake, and the relationship between BMI and measurement items (except the questionnaire 
results). Additionally, participants were divided into two groups based on the questionnaire results (“exercise 
regularly?”, “walking faster?”, “eating breakfast?”). The mean BMI in each group was calculated, and masticatory 
behaviors were compared between the two groups using student’s t-tests.

The complex associations of masticatory behaviors, masticatory performance, lifestyle, nutritional status, and 
BMI were analyzed using multiple regression analysis (stepwise procedure). The dependent variable was BMI, and 
the explanatory variables were sex, age, the number of chews, number of bites, chewing rate, total chewing time, 
masticatory performance, questionnaire results, energy intake, carbohydrate intake, lipid intake, and adjusted 
total amount of dietary fiber. Furthermore, the multiple regression analysis by sex group was also performed.

In this study, we determined the sample size for multivariate analysis for each gender. The explanatory vari-
ables in the multivariate analysis model we set were 14. According to Green’s report32, it was calculated that 50 
+ 8 * 14 = 162 was required as the sample size for both men and women.

Statistical analyses were conducted using SPSS (Ver. 24.0, for Windows) (SPSS Inc., Chicago, IL, USA). The 
significance level was set at p = 0.05.

Results
Comparison of BMI and mastication between sexes (Table 1).  The mean BMI was 22.5 ± 3.4 (kg/
m2), range was 13.2–37.1. According to WHO criteria, 21 (5.8%) was classified as underweight, 274 (75.1%) as 
normal, 56 (15.3%) as overweight, and 14 (3.8%) as obesity.

The BMI was significantly lower in women than in men (p < 0.001). The average of the number of chews, 
number of bites, chewing rate, total chewing time, and masticatory performance in all subjects were 212.9 ± 103.3 
(chews), 10.5 ± 6.4 (bites), 78.3 ± 13.3 (chews/min), 162.4 ± 74.0 (s), and 5076.0 ± 1308.7 (mm2), respectively.

The number of chews (p < 0.001), number of bites (p < 0.001), and total chewing time (p < 0.001) were signifi-
cantly smaller in women, but there were no significant differences in chewing rate (p = 0.115) and mastication 
performance (p = 0.149) between men and women.

There was no significant difference in sleep duration between men and women (p = 0.076). The total energy 
intake (p < 0.001), lipid energy intake (p < 0.001), and carbohydrate energy intake (p < 0.001) were significantly 
higher in men than in women, but the dietary fiber intake (p < 0.001) was higher in women than in men.
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Relationship between masticatory behavior and performance (Table 2).  The number of chews 
was significantly positively correlated with the number of bites (r = 0.484), chewing rate (r = 0.367), and total 
chewing time (r = 0.919), However, none of parameters of masticatory behaviors were associated with mastica-
tory performance (Table 2).

Relationship between mastication and nutrition (Table  2).  There was no significant correlation 
between total energy intake and number of chews (r = −0.085), and masticatory performance (r = 0.055). Total 
energy intake had a significant weak negative correlation with the number of bites (r = −0.179), and total chew-
ing time (r = −0.159). In addition, there was significant weak positive correlation between total energy intake 
and chewing rate (r = 0.169).

Lipid energy intake had a significant weak negative correlation with number of bites (r = −0.117), and a 
significant weak positive correlation with chewing rate (r = 0.148).

Carbohydrate energy intake had significant weak negative correlations with number of bites (r = −0.159) 
and total chewing time (r = −0.158), and a significant weak positive correlation with chewing rate (r = 0.145).

Dietary fiber intake had a significant weak positive correlation with number of chews (r = 0.208) and total 
chewing time (r = 0.188) (Table 2).

Relationship with BMI between mastication and nutrition (Table 2), and comparison based on 
the questionnaire (Table 3).  BMI had a significant weak positive correlation with age (r = 0.250).

Additionally, BMI had significant weak negative correlations with number of chews (r = −0.297), number of 
bites (r = −0.252), total chewing time (r = −0.296), and masticatory performance (r = −0.150). However, there 
was no significant correlation with chewing rate (r = −0.031).

Regarding energy intake, BMI had significant weak positive correlations with total energy intake (r = 0.137), 
and carbohydrate energy intake (r = 0.137), and a weak negative correlation with dietary fiber intake (r = −0.127). 
There was no significant correlation between BMI and lipid energy intake (r = 0.043) (Table 2).

Table 1.   Characteristics of participants. Student’s t test (comparison between men and women participants). 
The values in the table indicate mean ± standard deviation.

All (n = 365) Men (n = 203) Women (n = 162) p value

Age (y) 36.6 ± 12.1 37.8 ± 11.6 35.0 ± 12.5 0.025

BMI (kg/m2) 22.5 ± 3.4 23.4 ± 3.3 21.4 ± 3.2  < 0.001

Number of chews (chews) 212.9 ± 103.3 174.4 ± 75.1 261.2 ± 113.2  < 0.001

Number of bites (bites) 10.5 ± 6.4 9.0 ± 5.4 12.5 ± 7.0  < 0.001

Chewing rate (chews/min) 78.3 ± 13.3 79.3 ± 13.4 77.1 ± 13.2 0.115

Total chewing time (sec) 162.4 ± 74.0 131.4 ± 51.0 201.1 ± 79.9  < 0.001

Masticatory performance (mm2) 5076.0 ± 1308.7 5164.4 ± 1253.2 4965.2 ± 1371.0 0.149

Sleep duration (h) 6.2 ± 0.9 6.1 ± 0.8 6.3 ± 0.9 0.076

Total energy intake (kJ/day) 7689.7 ± 2414.5 8424.7 ± 2452.2 6769.2 ± 2025.6  < 0.001

Fat energy intake (kJ/day) 2056.2 ± 729.2 2177.6 ± 727.5 1903.8 ± 704.1  < 0.001

Carbohydrate energy intake (kJ/day) 4032.0 ± 1424.9 4456.4 ± 1499.8 3499.5 ± 1121.0  < 0.001

Dietary fiber intake (g/4186 kJ) 6.2 ± 2.0 5.8 ± 1.7 6.6 ± 2.1  < 0.001

Table 2.   Correlation of objective data. Pearson coefficients : **p < 0.01, *p < 0.05.

BMI Number of chews Number of bites Chewing rate Total chewing time
Masticatory 
performance

BMI − 0.297** − 0.252** − 0.031 − 0.296** − 0.150**

Age 0.250** − 0.024 − 0.091 0.143** − 0.064 − 0.162**

Number of chews − 0.297** 0.484** 0.367** 0.919** 0.041

Number of bites − 0.252** 0.484** 0.597** 0.597** − 0.001

Chewing rate − 0.031 0.367** − 0.085 0.050 0.094

Total chewing time − 0.296** 0.919** 0.597** 0.050 0.031

Masticatory perfor-
mance − 0.150** 0.041 − 0.001 0.094 0.031

Total energy 0.137** − 0.085 − 0.179** 0.169** − 0.159** 0.055

Fat energy 0.043 − 0.021 − 0.117* 0.148** − 0.077 0.090

Carbonhydrate 
energy 0.137** − 0.091 − 0.159** 0.145** − 0.158** 0.030

Dietary fiber intake − 0.127* 0.208** 0.031 0.087 0.188** 0.040
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Comparison of the two groups based on questionnaire results revealed that the walking faster group had lower 
BMI than the slower group in women, with no significant differences in other items (Table 3).

Multiple regression analysis for BMI and mastication (Tables 4 and 5).  Multiple regression analy-
sis revealed that BMI was negatively associated with sex, number of chews, number of bites, masticatory per-
formance, and walking speed, and was positively associated with age. Thus, older age, being men, fewer chews, 
fewer bites, lower masticatory performance, and slow walking speed were associated with higher BMI (Table 4).

According to the results by sex, older age and fewer chews were associated with higher BMI in men, and 
slower walking speed was associated with BMI in women (Table 5).

There was no multicollinearity in these models.

Table 3.   Comparison between groups based on questionnaire. Student’s t test (comparison of BMI between 
Yes or No). The values in the table indicate mean ± standard deviation.

Yes No

p valuen BMI n BMI

All

Exercise regularly 101 (27.7%) 22.9 ± 3.4 264 (72.3%) 22.4 ± 3.4 0.164

Walking faster 194 (53.2%) 22.4 ± 3.2 171 (46.8%) 22.7 ± 3.6 0.131

Eating breakfast? 292 (80.0%) 22.6 ± 3.3 73 (20.0%) 22.3 ± 3.8 0.142

Men

Exercise regularly 62 (30.5%) 23.7 ± 3.6 141 (69.5%) 23.3 ± 3.1 0.382

Walking faster 116 (57.1%) 23.4 ± 3.2 87 (42.9%) 23.4 ± 3.4 0.910

Eating breakfast 159 (78.3%) 23.4 ± 3.2 44 (21.7%) 23.4 ± 3.6 0.860

Women

Exercise regularly 39 (24.1%) 21.6 ± 2.4 123 (75.9%) 21.3 ± 3.4 0.569

Walking faster 78 (48.1%) 20.8 ± 2.6 84 (51.9%) 21.8 ± 3.5 0.038

Eating breakfast 133 (82.1%) 21.5 ± 3.0 29 (17.9%) 20.7 ± 3.5 0.285

Table 4.   All participants—Multiple regression analysis for BMI. Explanatory variables: Sex, Age, Number of 
chews, Number of bites, Chewing rate, Total chewing time, Masticatory performance, Total energy intake, Fat 
energy intake, Carbonhydrate energy intake, Dietary fiber intake, Sleep duration, Exercise, Walking, Breakfast. 
Stepwise procedure: p < 0.05, Adjusted R2 = 0.194.

Explanatory variable

Unstandardized coefficients
95% Confidence 
interval for B

B SD β t p value Lower Upper

(Constant) 24.080 0.971 24.806  < 0.001 22.171 25.989

Sex − 1.354 0.360 − 0.199 − 3.765 0.001 − 2.062 − 0.647

Age 0.057 0.014 0.202 4.163  < 0.001 0.030 0.083

Number of chews − 0.005 0.002 − 0.155 − 2.689 0.007 − 0.009 − 0.001

Masticatory performance 0.000 0.000 − 0.125 − 2.597 0.010 − 0.001 0.000

Walking faster 0.678 0.322 0.100 2.102 0.036 0.044 1.312

Number of bites − 0.059 0.029 − 0.112 − 2.062 0.040 − 0.116 − 0.003

Table 5.   Grouped by sex—Multiple regression analysis for BMI. Explanatory variables: Age, Number of 
chews, Number of bites, Chewing rate, Total Chewing time, Masticatory performance, Total energy intake, Fat 
energy intake, Carbonhydrate energy intake, Dietary fiber intake, Sleep duration, Exercise, Walking, Breakfast. 
Men : Stepwise procedure: p < 0.05, Adjusted R2 = 0.068. Women : Stepwise procedure: p < 0.05, Adjusted 
R2 = 0.137.

Explanatory variable

Unstandardized coefficients
95% Confidence 
Interval for B

B SD β t p value Lower Upper

Men

(Constant) 23.103 0.920 25.102  < 0.001 21.288 24.918

Number of chews − 0.009 0.003 − 0.211 − 3.110 0.002 − 0.015 − 0.003

Age 0.051 0.019 0.180 2.653 0.009 0.013 0.089

Women

(Constant) 19.598 0.911 21.522  < 0.001 17.799 21.397

Age 0.077 0.019 0.304 4.134  < 0.001 0.040 0.114

Number of chews − 0.006 0.002 − 0.200 − 2.718 0.007 − 0.010 − 0.002

Walking faster 1.061 0.465 0.168 2.279 0.024 0.141 1.980
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Discussion
In the current study, we subdivided mastication into components such as masticatory behaviors and performance, 
and examined the relationship between masticatory behaviors and performance. The results revealed that mas-
ticatory behaviors and performance had no associations or interactions with each other. Furthermore, it was 
revealed that the elements of mastication (behavior and performance) were independently associated with BMI 
weakly, even when various factors were taken into consideration. As expected, the current method revealed the 
relationship between mastication and BMI in more detail compared with conventional subjective evaluation, 
with several methodological advantages.

Most previous studies measuring masticatory behavior and jaw movement objectively utilized special equip-
ment, such as attaching electromyographic electrodes to measure the masseter and temporal muscle activity15, 
attaching sensors or magnets to the mandibular anterior tooth to measure jaw movement14, and using video 
recordings of a meal scene to track jaw movements16. These methods can accurately measure masticatory move-
ment, but involve situations that differ from usual daily eating behavior and they were sometimes wired devices. 
Bitescan can measure masticatory behavior when attached to the ear without restraint, and can conduct meas-
urement without disturbing usual eating behavior. Although many previous studies of masticatory behavior 
have examined around 10 participants due to measurement limitations15, we were able to examine 365 healthy 
adults because of the lightweight and convenient characteristics of Bitescan device. In our previous study, the 
accuracy of Bitescan for masticatory behaviors was found to be equivalent to that of a conventional jaw move-
ment measuring device, and measurement with Bitescan was predicted to be useful for elucidating mastication17.

The rate of obesity in Japanese was higher in males (according to The National Health and Nutrition Survey 
in Japan33), and in fact, even in this study, males had a significantly higher BMI. Therefore, we analyzed mas-
ticatory behavior and investigated factors related to BMI by sex. The number of chews, number of bites, and 
total chewing time were significantly larger in women than in men, consistent with findings reported by Park 
et al.34. The finding of no significant difference between men and women in chewing rate was also consistent 
with Tamura et al.’s findings35.

Masticatory performance had no significant associations with the number of chews, number of bites, chewing 
rate, or total chewing time. We initially expected that people with low masticatory performance would exhibit 
decreased food biting, crushing, and mixing ability in the process of bolus formation, and that masticatory 
behavior would be modulated to compensate for decreased function. However, our results did not indicate that 
compensatory modulation occurred. This lack of correlation between the number of chews and masticatory 
performance might have occurred because the participants in this study were healthy adults in their 20s and 
50s. Additionally, most participants did not have compromised dentition. The mean number of residual teeth of 
participants was 28.1 ± 2.3 (median 28) and they had sufficient occlusal support. The exclusion criteria we set 
excluded participants with oral hypofunction. Therefore, it was unlikely that masticatory ability would decline 
due to aging or missing teeth. In addition, we did not include the number of remaining teeth and the number 
of occlusal supports as factors. If older participants and/or individuals whose masticatory performance was 
significantly reduced due to tooth loss were included, a correlation between the number of chews and mastica-
tory performance might be present, and compensatory modulation might occur. To the best of our knowledge, 
masticatory behavior and performance are both important factors in mastication, but no previous studies have 
investigated their association. The results of the current study extend current knowledge of the relationship 
between masticatory behavior and performance.

We investigated the effects of lifestyle factors related to obesity, which have been reported in many studies7–11, 
but only walking speed was significant in the multivariate analysis. Associations between BMI and overweight 
status, walking speed, and regular exercise have been reported in older people36,37, and exercise therapy for 
patients with diabetes and/or metabolic syndrome has been shown to be effective38. The multiple regression 
analysis results that faster walking speed, compared with the same age group in women, was associated with 
lower BMI could have been caused by an increase in basal exercise and an improvement in basal metabolism.

Cappuccio et al.39 reported that adults with short sleep duration of less than 5 h were significantly more likely 
to become obese than those with longer sleep duration. Short sleep duration is associated with decreased leptin 
secretion, which stimulates the satiety center produced by adipocytes, and increases secretion of ghrelin, which 
is produced in the stomach and promotes eating40. It has been reported that ghrelin not only enhances eating, but 
also improves eating speed and appetite for oily foods41. In our study, the overall average sleep duration was 6.2 
± 0.9 h, and few subjects had short sleep duration. In future studies, if the sample size is increased and divided 
into obese and non-obese groups, similar results to Cappuccio’s would be expected39.

Our results revealed that BMI was weakly but significantly negatively associated with the number of chews, 
number of bites, and masticatory performance. An increase in the number of chews generally increases the 
plasma concentration of gastrointestinal hormones such as insulin, GLP-1 (Glucagon-like peptide), ghrelin, and 
CCK (Cholecystokinin), and leads to an improvement in fullness, suppression of postprandial blood glucose, 
and enhancement of digestive ability42–44. In addition, an association was reported between an increased number 
of chews and reduced food intake and energy intake45. A large number of bites with the prescribed amount of 
food, as in this study, indicates that the amount of intake per bite was small. Sun et al.46 reported that reducing 
the amount of intake per bite reduced the number of chews per bite, but the number of bites also increased; thus, 
the total number of chews increased and blood glucose levels rose slowly. Ingesting food in smaller amounts 
would be expected to indirectly lead to an increased number of chews, more hormone secretion, and a feeling 
of fullness. Thus, weight gain is suppressed by not ingesting more food than necessary; hence, BMI values may 
be lower. Based on our results, the masticatory behaviors associated to low BMI were consistent with a previous 
report comparing the masticatory behaviors of obese and underweight people47.
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Although some previous studies reported that “eating quickly” leads to obesity12, other studies reported no 
association48. The inconsistency in results may be due to ambiguity in the definition of “eating quickly”. In the 
current study, the masticatory behaviors associated with BMI were the number of chews, number of bites, and 
total chewing time; chewing rate showed no association. Accordingly, the findings suggested that the eating 
behavior as “eating quickly” which the number of bites was small (a large amount ingested in each bite) and a 
small number of chews per food weight indicated short total chewing time.

Some previous studies reported that particles of the pre-swallowing bolus are larger in obese and underweight 
individuals compared with healthy individuals, and that reduced masticatory performance might shift the eating 
preference to soft foods rich in carbohydrates and fats49,50. Because most participants in our study were healthy 
adults without tooth loss, a preference for soft food because of difficulty chewing was unlikely. The current 
findings revealed no association between masticatory performance and energy intake of carbohydrates and 
lipids. N’gom et al.51 reported that, when mastication was inadequate, food was excreted whole, and indigestion 
occurred. Farrell52 reported that beef tallow and rice were easily digested without chewing, whereas fibrous veg-
etables and roasted meat were not. Easily absorbed foods such as fat and carbohydrates are absorbed well, even 
with low masticatory performance, but some nutrients, such as vitamins and dietary fiber, are excreted from the 
body because of indigestion. These phenomena may be related to high BMI values in people with reduced masti-
catory performance. To clarify the relationship between masticatory performance and BMI in healthy adults with 
few tooth defects, the relationships between the properties of the bolus, nutrient absorption, and gastrointestinal 
hormones, which are considered to be affected by masticatory performance, should be examined in the future.

The energy intake calculated by the BDHQ was negatively correlated with the number of bites and total chew-
ing time, but was not related to the number of chews. In this study, in which the prescribed amount of a 100 g rice 
ball was ingested, no association was found between daily energy intake and the number of chews, because the 
same of amount of food was ingested. The finding that the number of bites was small and the total chewing time 
was short suggests that the usual amount of each bite was large, in accord with the multiple regression analysis. 
If the number of chews per amount of food intake was measured, the relationship between energy intake and 
the number of chews might be clarified.

Because dietary fiber intake was positively correlated with the number of chews and total chewing time, but 
unrelated to the number of bites, the results indicated that people who consumed more dietary fiber performed 
specific behaviors, such as frequent chewing taking more time. It is possible that individuals who regularly prefer 
to consume high-fiber foods were already accustomed to behavioral patterns that did not involve “eating quickly”.

In our study, both the lifestyle and the energy intake data were based on self-administered questionnaires. 
Since these questionnaires had not been verified, these subjective data may have decreased the accuracy of the 
analysis. Increasing accuracy by measuring actual walking speed, surveying intensity of regular exercise and 
breakfast skipping rate may enable detailed investigation of the strength of these relationships. Dietary intake is 
an important factor in obesity and eating behavior. In our study, the energy intake by BDHQ and each nutrient 
could be significantly but considerably weakly correlated with BMI. BDHQ53,54 and other dietary history survey55 
forms reported the possibility of underreporting or overreporting. Especially in BDHQ, there was a report that 
a high degree of obesity was likely to be underreported53,54. However, considering the burden on participants, it 
might be difficult to record the contents of daily meals one by one. Future studies could verify the relationship 
between mastication and actual daily intake by diet report and/or monitoring daily meals using Bitescan device, 
which can add a meal image recognition and, instead of BDHQ. As a basic study, we prepared rice balls (100 g), 
so that food intake was easy to regulate, and conducted an experiment. Rice balls are familiar to Japanese people, 
and are typically eaten by hand rather than using chopsticks, spoons, or forks. Therefore, the bite amount is easily 
adjusted, possibly affecting the size of bites. Eating utensils may affect bite size.

Despite these limitations, the current study is the first to report that masticatory behavior and performance 
are independently associated with BMI weakly. The results revealed that low BMI was associated with a small 
amount of intake (a large number of bites), a large number of chews, and higher masticatory performance. 
Although this was a cross-sectional study, for future studies to clarify the longitudinal relationship between 
masticatory behavior and BMI, it will be necessary to examine masticatory behavior change using an intervention 
test. Because our device uses a smartphone application and is relatively small in size, we predict that it could be 
easily incorporated into daily life to change eating behavior. In addition, to improve masticatory performance, 
appropriate dental treatment and training could be performed to increase occlusal force. In future, we plan to 
investigate the prevention and improvement of obesity by changing mastication.

Conclusions
Masticatory behavior and performance were not correlated. However, the number of chews, number of bites, 
and masticatory performance had weak association with BMI independently.

Received: 24 August 2021; Accepted: 1 March 2022

References
	 1.	 Yoshiike, N. et al. Twenty-year changes in the prevalence of overweight in Japanese adults: The National Nutrition Survey 1976–95. 

Obes. Rev. 3, 183–190 (2002).
	 2.	 Funatogawa, I., Funatogawa, T., Nakao, M., Karita, K. & Yano, E. Changes in body mass index by birth cohort in Japanese adults: 

Results from the National Nutrition Survey of Japan 1956–2005. Int. J. Epidemiol. 38, 83–92 (2009).
	 3.	 Asia Pacific Cohort Studies, C. et al. Body mass index and risk of diabetes mellitus in the Asia-Pacific region. Asia Pac. J. Clin. 

Nutr. 15, 127–133 (2006).



8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:4117  | https://doi.org/10.1038/s41598-022-08084-5

www.nature.com/scientificreports/

	 4.	 Lamon-Fava, S., Wilson, P. W. & Schaefer, E. J. Impact of body mass index on coronary heart disease risk factors in men and 
women. The Framingham Offspring Study. Arterioscler Thromb. Vasc Biol 16, 1509–1515 (1996).

	 5.	 Tsujimoto, T. et al. Impact of obesity on incident hypertension independent of weight gain among nonhypertensive Japanese: The 
Ibaraki Prefectural Health Study (IPHS). J. Hypertens. 30, 1122–1128 (2012).

	 6.	 Chei, C. L., Iso, H., Yamagishi, K., Inoue, M. & Tsugane, S. Body mass index and weight change since 20 years of age and risk of 
coronary heart disease among Japanese: The Japan Public Health Center-Based Study. Int. J. Obes. (Lond.) 32, 144–151 (2008).

	 7.	 Chiolero, A., Jacot-Sadowski, I., Faeh, D., Paccaud, F. & Cornuz, J. Association of cigarettes smoked daily with obesity in a general 
adult population. Obesity (Silver Spring) 15, 1311–1318 (2007).

	 8.	 Toyoshima, H. et al. Effect of the interaction between mental stress and eating pattern on body mass index gain in healthy Japanese 
male workers. J. Epidemiol. 19, 88–93 (2009).

	 9.	 Rah, W., So, J., Park, E. C., Lee, S. A. & Jang, S. I. Association between family dinner and BMI in adults: Data from the 2013 to 
2015 Korean National Health and Nutrition Examination Survey. Public Health Nutr. 22, 681–688 (2019).

	10.	 Nishitani, N., Sakakibara, H. & Akiyama, I. Characteristics of short sleeping time and eating behaviors related to obesity. Obes. 
Res. Clin. Pract. 6, e91–e174 (2012).

	11.	 Horikawa, C. et al. Skipping breakfast and prevalence of overweight and obesity in Asian and Pacific regions: A meta-analysis. 
Prev. Med. 53, 260–267 (2011).

	12.	 Otsuka, R. et al. Eating fast leads to obesity: Findings based on self-administered questionnaires among middle-aged Japanese 
men and women. J. Epidemiol. 16, 117–124 (2006).

	13.	 Fukuda, H. et al. Chewing number is related to incremental increases in body weight from 20 years of age in Japanese middle-aged 
adults. Gerodontology 30, 214–219 (2013).

	14.	 Kobayashi, Y., Shiga, H., Arakawa, I., Yokoyama, M. & Nakajima, K. Masticatory path pattern during mastication of chewing gum 
with regard to gender difference. J. Prosthodont. Res. 53, 11–14 (2009).

	15.	 Yamasaki, Y. et al. Objective assessment of actual chewing side by measurement of bilateral masseter muscle electromyography. 
Arch. Oral Biol. 60, 1756–1762 (2015).

	16.	 Ioakimidis, I. et al. Description of chewing and food intake over the course of a meal. Physiol. Behav. 104, 761–769 (2011).
	17.	 Hori, K. et al. Reliability of a novel wearable device to measure chewing frequency. J. Prosthodont. Res. 65, 340 (2021).
	18.	 Kikui, M. et al. Relationship between metabolic syndrome and objective masticatory performance in a Japanese general population: 

The Suita study. J. Dent. 56, 53–57 (2017).
	19.	 Shiga, H., Ishikawa, A., Nakajima, K. & Tanaka, A. Relationship between masticatory performance using a gummy jelly and food 

intake ability in Japanese complete denture wearers. Odontology 103, 356–359 (2015).
	20.	 Kawashima Bori, F. et al. The relationship between masticatory performance and intakes of foods and nutrients in Japanese male 

workers: A cross-sectional study. J. Oral. Rehabil. 47, 1142–1149 (2020).
	21.	 Bolhuis, D. P. et al. Slow food: Sustained impact of harder foods on the reduction in energy intake over the course of the day. PLoS 

ONE 9, e93370 (2014).
	22.	 Salazar, S. et al. Masticatory performance analysis using photographic image of gummy jelly. J. Prosthodont. Res. 64, 48–54 (2020).
	23.	 Okiyama, S., Ikebe, K. & Nokubi, T. Association between masticatory performance and maximal occlusal force in young men. J. 

Oral Rehabil. 30, 278–282 (2003).
	24.	 Nokubi, T. et al. Measuring masticatory performance using a new device and beta-carotene in test gummy jelly. J. Oral Rehabil. 

37, 820–826 (2010).
	25.	 Nokubi, T. et al. Validity and reliability of a visual scoring method for masticatory ability using test gummy jelly. Gerodontology 

30, 76–82 (2013).
	26.	 Ikebe, K., Morii, K., Matsuda, K., Hazeyama, T. & Nokubi, T. Reproducibility and accuracy in measuring masticatory performance 

using test gummy jelly. Prosthodont Res. Pract. 4, 9–15 (2005).
	27.	 Murakami, K. et al. Compatibility of two types of gummy jelly tests for detecting decreased masticatory function. Gerodontology 

39, 10 (2021).
	28.	 Goncalves, T. et al. Consensus on the terminologies and methodologies for masticatory assessment. J. Oral Rehabil. 48, 745–761 

(2021).
	29.	 Kobayashi, S. et al. Both comprehensive and brief self-administered diet history questionnaires satisfactorily rank nutrient intakes 

in Japanese adults. J. Epidemiol. 22, 151–159 (2012).
	30.	 Kobayashi, S. et al. Comparison of relative validity of food group intakes estimated by comprehensive and brief-type self-admin-

istered diet history questionnaires against 16 d dietary records in Japanese adults. Public Health Nutr. 14, 1200–1211 (2011).
	31.	 Okubo, H. et al. Validation of self-reported energy intake by a self-administered diet history questionnaire using the doubly labeled 

water method in 140 Japanese adults. Eur. J. Clin. Nutr. 62, 1343–1350 (2008).
	32.	 Green, S. B. How many subjects does it take to do a regression analysis. Multiv. Behav. Res. 26, 499–510 (1991).
	33.	 Ministry of Health, L.a.W. The National Health and Nutrition Survey in Japan, 2018. Vol. 2021 (2018).
	34.	 Park, S. & Shin, W. S. Differences in eating behaviors and masticatory performances by gender and obesity status. Physiol. Behav. 

138, 69–74 (2015).
	35.	 Tamura, K. & Shiga, H. Gender differences in masticatory movement path and rhythm in dentate adults. J. Prosthodont. Res. 58, 

237–242 (2014).
	36.	 Kim, S. & Kim, D. I. Association of regular walking and body mass index on metabolic syndrome among an elderly Korean popula-

tion. Exp. Gerontol. 106, 178–182 (2018).
	37.	 Hardy, R. et al. Body mass index, muscle strength and physical performance in older adults from eight cohort studies: the HALCyon 

programme. PLoS ONE 8, e56483 (2013).
	38.	 Pan, X. R. et al. Effects of diet and exercise in preventing NIDDM in people with impaired glucose tolerance. The Da Qing IGT 

and Diabetes Study. Diabetes Care 20, 537–544 (1997).
	39.	 Cappuccio, F. P. et al. Meta-analysis of short sleep duration and obesity in children and adults. Sleep 31, 619–626 (2008).
	40.	 Taheri, S., Lin, L., Austin, D., Young, T. & Mignot, E. Short sleep duration is associated with reduced leptin, elevated ghrelin, and 

increased body mass index. PLoS Med. 1, e62 (2004).
	41.	 Shimbara, T. et al. Central administration of ghrelin preferentially enhances fat ingestion. Neurosci. Lett. 369, 75–79 (2004).
	42.	 Mattes, R. D. & Considine, R. V. Oral processing effort, appetite and acute energy intake in lean and obese adults. Physiol. Behav. 

120, 173–181 (2013).
	43.	 Argyrakopoulou, G., Simati, S., Dimitriadis, G. & Kokkinos, A. How important is eating rate in the physiological response to food 

intake, control of body weight, and glycemia?. Nutrients 12, 1734 (2020).
	44.	 Xu, J. et al. The effect of gum chewing on blood GLP-1 concentration in fasted, healthy, non-obese men. Endocrine 50, 93–98 

(2015).
	45.	 Zanchi, D. et al. The impact of gut hormones on the neural circuit of appetite and satiety: A systematic review. Neurosci. Biobehav. 

Rev. 80, 457–475 (2017).
	46.	 Sun, L., Ranawana, D. V., Tan, W. J., Quek, Y. C. & Henry, C. J. The impact of eating methods on eating rate and glycemic response 

in healthy adults. Physiol. Behav. 139, 505–510 (2015).
	47.	 Li, J. et al. Improvement in chewing activity reduces energy intake in one meal and modulates plasma gut hormone concentrations 

in obese and lean young Chinese men. Am. J. Clin. Nutr. 94, 709–716 (2011).



9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4117  | https://doi.org/10.1038/s41598-022-08084-5

www.nature.com/scientificreports/

	48.	 White, A. K. et al. A comparison of chewing rate between overweight and normal BMI individuals. Physiol. Behav. 145, 8–13 
(2015).

	49.	 Isabel, C. A. et al. The relationship between masticatory and swallowing behaviors and body weight. Physiol. Behav. 151, 314–319 
(2015).

	50.	 Hollis, J. H. The effect of mastication on food intake, satiety and body weight. Physiol. Behav. 193, 242–245 (2018).
	51.	 N’Gom, P. I. & Woda, A. Influence of impaired mastication on nutrition. J Prosthet. Dent. 87, 667–673 (2002).
	52.	 Farrell, J. H. The effect of mastication on the digestion of food. Brit. Dent. J. 100, 149–155 (1956).
	53.	 Okubo, H. & Sasaki, S. Underreporting of energy intake among Japanese women aged 18–20 years and its association with reported 

nutrient and food group intakes. Public Health Nutr. 7, 911–917 (2004).
	54.	 Kagawa, M. & Hills, A. P. Preoccupation with body weight and under-reporting of energy intake in female Japanese Nutrition 

Students. Nutrients 12, 830 (2020).
	55.	 Livingstone, M. B. & Black, A. E. Markers of the validity of reported energy intake. J. Nutr. 133(Suppl 3), 895S-920S (2003).

Acknowledgements
This work was supported by Research Program for Health Behavior Modification by Utilizing IoT, Japan Agency 
for Medical Research and Development. We thank Ms Yuna Kinoshita for supporting the collecting data. We 
thank Benjamin Knight, MSc., from Edanz Group (https://​en-​author-​servi​ces.​edanz.​com/​ac) for editing a draft 
of this manuscript.

Author contributions
This study was designed by K.H. The data were collected by S.Y., K.H., F.U., S.H., Y.Y., Y.H. The statistical analysis 
was performed by K.A. The manuscript was drafted by S.Y. and K.H., and was edited by T.O.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://en-author-services.edanz.com/ac
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Relationship between body mass index and masticatory factors evaluated with a wearable device
	Materials and methods
	Participants. 

	Measurement items
	Masticatory behavior. 
	Masticatory performance. 
	Anthropometric measurement. 
	Self-administered questionnaire. 

	Statistical analysis
	Results
	Comparison of BMI and mastication between sexes (Table 1). 
	Relationship between masticatory behavior and performance (Table 2). 
	Relationship between mastication and nutrition (Table 2). 
	Relationship with BMI between mastication and nutrition (Table 2), and comparison based on the questionnaire (Table 3). 
	Multiple regression analysis for BMI and mastication (Tables 4 and 5). 

	Discussion
	Conclusions
	References
	Acknowledgements


