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Abstract Obesity is well known to be associated with a
wide variety of illnesses, and is an increasing problem not
only in developed countries but also in developing coun-
tries. It is well known that large bite size contributes to
excess energy intake and obesity, whereas an increased
number of chews before swallowing the food bolus is
associated with suppression of obesity. However, the effect
of food diameter on bite size per mouthful and on chewing
behavior remains poorly understood. Here, we examined
the effects of food diameter on bite size and chewing
behavior using a masticatory counter during the mastica-
tion of stick-type biscuits having the same length (10 cm)
and ingredients, but with four different diameters (3.0, 3.5,
4.0, and 8.0 mm). Bite length and bite weight per mouthful
were similar among the 3.0, 3.5, and 4.0 mm groups.
However, bite length in the 8.0 mm group was significantly
smaller, whereas bite weight was significantly greater than
in the 3.0/3.5 mm groups. Further, the number of chews
gradually increased, whereas the number of chews per bite
weight gradually decreased, with an increase of biscuit
diameter. These results indicate that a smaller biscuit
diameter is associated with a smaller bite weight per
mouthful and a greater number of chews per bite weight.
This is the first report to quantity the effect of food
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diameter on bite weight per mouthful and on chewing
behavior; these results should be helpful in the design of
effective, safe, and low-cost behavioral modification ther-
apy to combat obesity.
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Introduction

Obesity is a significant public health concern, being linked
to a wide array of illnesses and disabilities, including type
2 diabetes, cardiovascular diseases, chronic kidney disease,
sleep apnea and its resultant fatigue and poor attention,
arthritis, lung disease, and several forms of cancer (e.g.,
breast, prostate, and tongue) [1-8]. Thus, obese individuals
are at increased risk of premature death. The problem is not
limited to developed (high-income) countries but is also
found in developing (low- and middle-income) countries
[9]. Thus, simple, safe, and effective treatments, in place of
surgical treatment or drugs, are needed to combat obesity
[10].

Obese people often take larger bites of food and do not
chew it intensity, leading to decreased oral processing time
and thus increased food intake [11-13]. Importantly,
increasing the number of chews before swallowing was
reported to reduce food intake not only in normal-weight
adults but also in obese adults [14, 15]. Therefore, modi-
fication of chewing behavior might be a simple and
effective therapy for obesity.

Major oral physiological factors that regulate bite size
and chewing include the cycle of jaw and tongue move-
ments [16, 17] and the activity of masticatory muscles [18—
21] during feeding, because these influence not only mouth
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opening before the breakage of food but also the intra-oral
transport of the food. Muscle activity predominantly
depends upon the physiological characteristics of the food,
i.e., oral sensations from somatic sensory receptors relating
to weight, diameter, hardness, crispness, flavor, and vis-
cosity of foods [17, 22, 23]. However, the effects of food
diameter on bite size and chewing behavior have not yet
been clearly explored in well-controlled and laboratory-
based studies. The present study was designed to address
this issue.

Therefore, in this study, we examined the effect of food
diameter on bite size per mouthful and on chewing
behavior (number of chews and number of chews per bite
weight) using an in-house-developed masticatory counter
[24] and stick-type biscuits with four different diameters
(3.0, 3.5, 4.0, and 8.0 mm), but with the same length
(10 cm) and the same ingredients.

Materials and methods
Subjects

Twelve adult subjects (seven males, five females, mean age,
32.4 £ 7.4 years) participated in this study. The subjects
had no history of major medical problems and had normal
dentition without any stomatognathic problems. The sub-
jects were asked to keep their evening meal and their activity
level as normal as possible on the day before the experi-
mental day and to refrain from eating or drinking (except
water) after 10 pm. The subjects were also asked to refrain
from drinking alcohol on the day before and throughout the
experimental day and to eat a normal breakfast and lunch
during the experimental day, as usual. During the experi-
mental day, the subjects were instructed not to consume any
food or energy-containing beverages for 2 h and not to drink
water for 1 h before the study. Each subject was seated on a
chair in a magnetically shielded room and the experiment
was performed for approximately 1 h.

This study was conducted with the approval of the
Ethics Committee of Tsurumi University School of Dental
Medicine (approval No. 1020), and written informed con-
sent was obtained from each subject after a full explanation
of the experimental protocol.

Test foods and experimental procedure

Stick-type biscuits with four different diameters (3.0, 3.5,
4.0, and 8.0 mm) were used in this study (Fig. 1). The
length of all the biscuits was 10 cm and the ingredients
were the same. Subjects were asked to take one bite of each
sample with a single occlusion and to chew as usual before
swallowing. This task was repeated more than three times
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Fig. 1 Stick-type biscuits with four different diameters (3.0, 3.5, 4.0,
and 8.0 mm) were used in this study. The length of all biscuits was
10 cm and the ingredients were the same

for each test food, and the foods were served in a random
order.

Food length (mm) and weight (gram: g) per mouthful for
each test food were evaluated by subtracting the length/weight
of the remaining portion after the first bite from the original
length/weight. The number of chews was counted with an in-
house-developed masticatory counter (Fig. 2a) [24].

The masticatory counter was applied to each subject
during each experiment (Fig. 2b). The output signals from
the sensor were recorded simultaneously with elec-
tromyographic (EMG) activity in the masseter muscle to
confirm correct operation of the counter (Fig. 2c-1). We
also recorded the EMG activity of the thyrohyoid muscle to
confirm commencement of swallowing (Fig. 2c-2) [25].
Sensor outputs of the masticatory counter were recorded
(Fig. 2c-3). In addition, subjects were asked to push a
button at the commencement of swallowing (Fig. 2c-4).
EMG activities were measured with bipolar surface elec-
trodes, amplified, and recorded.

Statistical analysis

All data were reported as the mean + standard deviation.
Statistical comparisons were performed with the Kruskal—
Wallis non-parametric test followed by the Dunn test (Figs. 3,
4). Differences were considered significant when p < 0.05.

Results

Effects of food diameter on bite length and bite
weight per mouthful

We measured the first bite length (mm) for the four dif-
ferent-diameter test foods (Fig. 1). Bite length was similar
among the 3.0, 3.5, and 4.0 mm groups (45 &£ 6.2,
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Fig. 2 The masticatory counter used in this study. The masticatory
counter (a) was applied to each subject during the experiments, as
shown in (b). ¢ Examples of the EMG of masseter (/) and thyrohyoid
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Fig. 3 Effects of food diameter on bite length and bite weight. a The
length (mm) of the first bite decreased significantly with increasing
diameter of the biscuits. b On the other hand, the bite weight
(g) increased significantly with increasing diameter of the biscuits.
**p < 0.01, ***p < 0.001 (n = 12)

44 + 6.2, 42 £ 8.9 mm respectively, n = 12 each).
However, it was significantly smaller in the 8.0 mm group
(34 £ 6.1 mm, n = 12), compared to the 3.0 and 3.5 mm
groups (each p < 0.01) (Fig. 3a).

We also examined the weight (g) of the first bite for
each test food (Fig. 3b), and found that it increased grad-
ually with increase of food diameter. The bite weight in the

muscles (2), and output of the sensor of the masticatory counter (3).
Subjects were asked to push a button at the commencement of
swallowing (4). Modified from Ref. [24] with permission
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Fig. 4 Effects of food diameter on number of chews and number of
chews per bite weight. a The number of chews (cycles) increased
significantly with increasing diameter of the biscuits. b On the other
hand, the number of chews per bite weight (cycles/g) decreased
significantly with increasing diameter of the biscuits. **p < 0.01,
***p < 0.001 (n = 12)

8.0 mm group (1.3 £ 0.2 g, n = 12) was significantly
greater than those in the 3.0 mm group (0.2 £ 0.03 g) and
the 3.5 mm group (0.3 £ 0.04 g) (each p < 0.001). Bite
weight in the 4.0 mm group (0.5 £ 0.01 g, n = 12) was
also significantly greater than that in 3.0 mm group
(0.2 £ 0.03 g) (p < 0.001).
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Effects of food diameter on chewing properties

We next used the masticatory counter to examine the
number of chews (cycles) on the bite bolus of each test
food before swallowing. The number of chews tended to
increase gradually with an increase of the food diameter
(Fig. 4a), and the number of chews in the 8.0 mm group
(27 £ 6.0 cycles) was significantly greater than those in
3.0mm group (8 £ 1.8 cycles) and 3.5 mm group
(11 £ 2.4 cycles) (each p < 0.001, n = 12). In addition,
the number of chews in the 4.0 mm group (13 £ 2.9
cycles) was significantly greater than that in the 3.0 mm
group (8 = 1.8 cycles) (p <0.05, n = 12) and signifi-
cantly smaller than that in the 8.0 mm group (27 + 6.0
cycles) (p < 0.05, n = 12).

We also examined the number of chews per weight
(cycles/g) of the bolus obtained at the first bite for each test
food. The number of chews per bite weight gradually
decreased with an increase of biscuit diameter (Fig. 4b).
The number of chews per bite weight in the 3.0 mm group
(41 £ 7.7 cycles/g) was significantly greater than those in
the 4.0 mm group (29 + 6.3 cycles/g, p < 0.05) and
8.0 mm group (20 £ 4.9 cycles/g, p < 0.01). The number
of chews per bite weight in the 3.5 mm group (32 + 5.8
cycles/g) was also significantly greater than that in the
8.0 mm group (p < 0.01). Thus, the bite bolus of the
smallest-diameter biscuit was the most extensively chewed
before swallowing.

Discussion

In the present study, we first examined the effect of food
diameter on bite length and bite weight per mouthful using
test biscuits with four different diameters. We found that
bite weight in the 4.0 mm group was slightly (by approx-
imately 2.5-fold) but significantly greater than that in the
3.0 mm group, while that in the 8.0 mm group was much
greater (by approximately 6.5-fold) than that in the 3.0 mm
group; in other words, there appeared to be a tendency for
bite weight to increase with increasing food diameter. This
suggests that food diameter might be a conveniently
modifiable factor to decrease bite size and thus control food
intake. We also found that the number of chews increased
gradually with increase of biscuit diameter, and was much
greater in the 8.0 mm group, compared to the other groups.
However, in contrast, the number of chews per bite weight
decreased gradually with increase of biscuit diameter.
These findings are potentially important, because mar-
ketplace food portions have increased in size and now
exceed federal standards in the United States (US) [26].
Portion sizes began to grow in the 1970s, rose sharply in
the 1980s, and have continued to grow in parallel with
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increasing body weight in US [26]. In addition, household
surveys have indicated that individuals are consuming
larger portion sizes at home than they have in the past [27].
Importantly, the increase of portion size parallels the rising
prevalence of obesity according to a WHO report in 1998.
Nevertheless, the mechanisms underlying this relationship
remain poorly understood, although it was recently repor-
ted that an increase of food intake in response to increased
portion sizes was due to increased bite size in both children
and adults [11, 28]. Although it has been suggested that
treatments for obesity should focus on food selection and
the stimulatory effects of palatability on intake, rather than
factors such as bite size [29], our present data clearly show
that bite size is a modifiable determinant of energy intake
that should be addressed in connection with the prevention
and treatment of obesity.

Several recent studies have examined how the way we
eat food affects appetite and food intake. An increased
number of chews is associated with suppression of appetite
[30-33] and a low risk of weight gain [34]. In rats, it was
shown that food intake is suppressed by mastication-in-
duced activation of histamine neurons through H;-receptor
in the hypothalamic paraventricular nucleus and the ven-
tromedial hypothalamus [35].

These findings, together with our present data, may be
significant in relation to obesity, because food diameter is
an easily modifiable factor. These data suggest that edu-
cating people about the importance of bite size per
mouthful and chewing behavior will be helpful for the
design of widely available, effective, safe, and low-cost
behavioral modification therapy to combat obesity [36, 37].

There are several possible limitations of our study. First,
to avoid confounding effects of gastric distention and
appetite sensation, fluid consumption was not allowed; this
is probably atypical of mealtime behavior, and chewing
behavior may have been different from that under unre-
stricted conditions. Second, the study group consisted of
seven males and five females, and it is known that there is a
significant gender effect on food intake [38]. Third, the
health status of participants was self-reported in this study
and they were not specifically screened for mental disor-
ders [39]. Fourth, the present work was limited to stick-
type foods with diameters of 3.0, 3.5, 4.0, and 8.0 mm, and
it would be desirable to carry out further studies with foods
having other specifications.

Despite these limitations, this study is the first to have
evaluated the effect of food diameter on bite weight and
chewing behavior before swallowing, and the data might be
helpful as a guide to simple behavior modification as a
means to control obesity.
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