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ABSTRACT 

The aim of this study was to quantify the relationships between four physiological parameters of masseter activity dur- 
ing chewing and properties related to the sizes and textures of the six representative test foods. The physiological pa- 
rameters analyzed were the number of chewing cycles, chewing time, masseter amplitude, and cycle duration, which 
were obtained from masseter surface electromyography recorded in ten (seven male and three female) healthy, young 
participants. The six test foods differed in size dimensions (length, width, and height) and in textural properties (hard- 
ness, fracturability, and adhesiveness). The quantitative relationships were examined using linear regression. Nine sta- 
tistically significant regression coefficients were found between the four physiological parameters and the textural 
properties, but not the height, of the test foods. From the regression coefficients, contributions of the food properties to 
the physiological parameters were estimated. Individual relationships between the physiological parameters and textural 
properties of the test foods are discussed in relation to their physiological implications. 
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1. Introduction 

Both the size dimensions of foods and the textural prop- 
erties (such as hardness and adhesiveness) affect the jaw 
and muscle activity during the chewing of foods. For 
example, it has been shown that compared to the chew- 
ing of a smaller piece of food, the chewing of larger 
foods is associated with longer jaw-opening and -closing 
phases and chewing times [1] and larger amplitudes of 
jaw-closing muscle activity [2]. Further, when harder and 
softer foods are cut into uniformly size cubes, the chew- 
ing of the harder foods is associated with higher average 
jaw-closing muscle activity and larger vertical ampli- 
tudes of the jaw-opening phase [3]. It has also been 
shown that increasing the hardness of viscoelastic model 
foods that are otherwise identical in shape, size, and tex- 
ture reduces the number of chewing cycles, the jaw- 
closing muscle activity, and the vertical amplitude of the 
jaw-opening phase of jaw movement [4]. 

Two challenges have limited our understanding of the 
effect of food size dimensions, and textural properties on 
jaw muscle activity during chewing: one being a meth- 
odological challenge and the other related to the chewing 
materials. With regard to the methodological challenge, 
while many previous studies have examined food pa- 

rameters (such as size dimensions, and textural properties) 
and physiological parameters, these parameters have 
been generally assessed separately. This has hampered 
our understanding of the causal and quantitative rela- 
tionships between food and physiological parameters. 
There have been a limited number of studies that have 
used a correlation method to analyze the relationships 
between food and physiological properties [5,6]. In re- 
gard to the chewing material challenge, while some 
model foods have been useful since they allow a more 
precise focus on specific properties such as hardness 
[1,2,4], such model foods are not representative of the 
foods that are consumed every day, which usually pos- 
sess complex physical and chemical properties. Both chal-
lenges can be addressed by employing a linear regression 
model (LRM), a statistical model that tests how well two 
or more variables are related by a straight line [7]. 

The aim of the present study was to quantify the rela- 
tionships between the physiological parameters of mas- 
seter activity during chewing and the size and textural 
properties of representative test foods using LRM. 

This study was approved by the ethical committee of Nii-
gata University of Health and Welfare. A preliminary report 
of this study has been presented as an abstract form [8]. 
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2. Materials and Methods 

2.1. Participants 

Ten young adults (seven men and three women) with an 
average age of 20 years participated in this study after 
providing informed consent. None of the participants had 
special medical and dental problems related to chewing 
or swallowing. 

2.2. Test Foods 

Six test foods were used in the present study: processed 
cheese (Rokko Butter Co., Ltd., Japan), gummy candy 
(Meiji Co., Ltd., Japan), marshmallow (EIWA Confec- 
tionery Co., Ltd., Japan), dried prunes (Uchiyama-Toza- 
buro firm, Japan), rice crackers (Sanko-Seika Co., Ltd., 
Japan), and sponge cake (Shimizu-Seika Co., Ltd., Japan). 
The size dimensions and weight of these foods were de- 
scribed in our preceding paper (Table 1 in [9]). Since the 
test foods were natural and commercial products, their 
physical morphological attributes were not uniform. 
Since the processing of the test foods would cause some 
unavoidable destruction, the commercial products were 
used in their original forms. 

As shown in the preceding paper (Table 2 in [9]), four 
textural properties of the test foods, namely, hardness, 
cohesiveness, fracturability, and adhesiveness, were meas- 
ured using a Texture Profile Unit (TPU-2S, Yamaden 
Inc., Tokyo, Japan) at a room temperature of approxi-
mately 25˚C. A cylindrical plunger with an 8 mm diame-
ter was used for these measurements. Each sample of the 
test foods was placed into a cylindrical stainless steel 
container (50 mm in diameter and 15 mm in height), 
which in turn was placed under one of the plungers on 
the Texture Profile Unit, and the sample was compressed 
twice at a speed of 2.5 mm/s with a 2.0 mm clearance. 

2.3. Electrophysiological Recordings 

A pair of adhesive electrodes (Ambu Inc., Blue Sensor, 
Maryland, USA) was attached to the skin just above the 
masseter muscle (Mass) on the participant’s habitual 
working side to record a surface electromyogram (EMG). 
The Mass EMG signals were amplified, filtered (using a 
bandwidth of 10 Hz - 10 kHz), fully rectified, and inte- 
grated (time constant = 0.06 s) using the PowerLab sys- 
tem (ADInstruments Pty Ltd., PowerLab/8 sp, Bella Vista, 
Australia). An accelerometer (Takei Scientific Instru- 
ments Co., Ltd., Tokyo, Japan) was attached to the skin of 
the chin to monitor jaw movement associated with chew- 
ing; the amplitude of the movement was not measured. In 
addition to the EMG and accelerometer recordings, two 
video cameras (Logicool®, Qcam Communicate STX, 
Tokyo, Japan) were used to monitor the movement of the 
body, neck, and head of each participant from the frontal 

and lateral sides, respectively. The collected data were 
stored and analyzed on the PowerLab system. 

2.4. Procedures 

Each participant was seated on a chair in an electrically 
shielded room, the temperature of which was around 
25˚C. The participant was partitioned from the experi- 
menters by a folding screen and was asked to wear ear- 
plugs and a headphone during the experiment to reduce 
surrounding noise. The participant was provided with 
instructions regarding chewing tasks from a computer 
display that was placed on a desk in front of them. One 
of the six test foods was delivered randomly in front of 
the participant and they were asked to chew it at their 
natural rhythm. The participant was not restricted with 
regard to the chewing side despite the fact that the EMG 
electrodes were attached on the habitual working side. 
The participant was also asked to swallow when they felt 
the food had been fully chewed. After swallowing, the 
participant was allowed to drink room temperature green 
tea (Ohi-ocha, Ito-en, Tokyo, Japan). One experimental 
session consisted of 7 - 12 trials for each participant (1 
minute intervals between trials). A total of 108 trials 
were conducted with the ten participants. 

2.5. Data Analysis 

Since the Mass EMG was evoked not only by cyclic 
chewing but also by any voluntary and involuntary con- 
tractions, the start of chewing was confirmed on the basis 
of both the accelerometer data, which displayed the jaw 
movement trajectory, and visual observations using the 
video-camera monitors. The start and end of each chew- 
ing cycle were determined to be when the Mass EMG 
had clearly exceeded and returned to the resting activity 
level, respectively. 

Four parameters were analyzed in this study: the 
number of chewing cycles, chewing time, peak amplitude 
of the integrated Mass EMG, and cycle duration of the 
raw Mass EMG. The chewing cycle number was deter- 
mined by counting the bursts in the Mass EMG that oc- 
curred between the start and the end (i.e., just before 
swallowing) of each chewing sequence. The chewing 
time was determined to be the cycle duration from the 
start to the end of each chewing sequence. The peak 
amplitude was defined as the highest value of the inte-
grated Mass EMG. The cycle duration of the raw Mass 
EMG was defined as the interval from the start to the 
end of each burst in the Mass EMG. The peak ampli-
tude and the cycle duration were measured for the first 
chewing cycle only. 

2.6. Statistical Analysis 

Since the number of chewing cycles was a discrete pa- 
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rameter, two non-parametric methods, namely, the Kru- 
skal-Wallis and Steel-Dwass tests, were used for sta- 
tistical analyses. The Kruskal-Wallis test was used to 
detect any significant differences between the six foods 
and between the participants, while the Steel-Dwass test 
was used to detect any specific differences between food 
or participant pairs. Two parametric methods were used 
to analyze the remaining data, namely, the two-way 
analysis of variance (ANOVA) and LRM analysis. In the 
ANOVA, two factors (“Food” and “Participant”) were 
used to detect significant differences between the pa- 
rameters for the six foods and the ten participants. The 
ANOVA was followed by the Tukey’s HSD test to detect 
specific differences between food pairs but not between 
participant pairs. In the LRM analysis, the following lin-
ear model was assumed: 

,i iy c a b e     

where y is an observation of one of the parameters (such 
as cycle duration or peak amplitude), ai (i = 1, 2, 3, 4) are 
four regressive effects of three textural properties (“Har- 
dness”, “Fracturability”, and “Adhesiveness”) and the 
“Height” of the foods, ci are four regression coefficients 
for the four regressive effects, b is a fixed-main effect of 
“Participant”, and e is a random residual effect. Since the 
“Cohesiveness” is a ratio of the positive force areas under 
the first and second compressions [10], this textural pa- 
rameter was not included in the LRM analysis. Regres- 
sion coefficients estimated in the significant regressive 
effects were used to denote the contributions in each pa- 
rameter space. For example, if the “Height” of the six test 
foods ranged from A to B mm and the regression coeffi- 
cient of the “Height” on the “Chewing number” parame-
ter was estimated as C, the contribution of the effect was 
denoted as “a (B − A) mm increase in the height in-
creased (or decreased if C was negative) the chewing 
number by the amount of C × (B − A)”. The significance 
level was set at P < 0.05. 

3. Results 

3.1. Number of Chewing Cycles 

The estimated contributions of the four food parameters 
(hardness, fracturability, adhesiveness, and height) to the 
number of chews from the start of chewing to just before 
swallowing are shown in Figure 1. LRM analysis found 
significant regression coefficient estimates for fractura- 
bility (−0.088) and for adhesiveness (−1.33; Ps < 0.01) 
with regard to the number of chews. Considering the 
estimated regression coefficients together with the meas- 
ured ranges of these two food parameters, changes in the 
number of chewing cycles were estimated as −8.2 cycles 
across the range of fracturability values and −7.5 cycles 
across the range of adhesiveness values. 

3.2. Chewing Time 

The estimated contributions of the food parameters to the 
chewing time from the start to the end of chewing are 
shown in Figure 2. LRM analysis found two significant 
 

 

Figure 1. Relationship between food properties and number 
of chewing. Changes in the number of chewing cycles from 
the start to the end of each chewing sequence were esti- 
mated by the LRM analysis in response to four food prop- 
erties measured in the six test foods by a texturometer. The 
changes are presented in proportion to the ranges of the 
four food properties: hardness, 600 (157 to 757) kPa; frac- 
turability, 94 (0 to 94) kPa; adhesiveness, 5.7 (1.5 to 7.2) 
kJ/m3; and height, 19.8 (8.3 to 28.1) mm. A horizontal dot- 
ted line indicates the overall mean of the number of chew- 
ing cycles, and asterisks indicate significant estimations of 
the regression coefficients of the food properties on the 
number of chewing cycles. **P < 0.01. 
 

 

Figure 2. Relationship between food properties and chewing 
time. Changes in the chewing time from the start to the end 
of each chewing sequence were estimated by the LRM ana- 
lysis in response to four food properties measured in the six 
test foods by a texturometer. The changes are presented in 
proportion to the ranges of the four food properties as 
shown in Figure 1. A horizontal dotted line indicates the 
over-all mean of the chewing time, and asterisks indicate 
significant estimations of the regression coefficients of the 
food properties on the chewing time. **P < 0.01. 
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regression coefficient estimates for fracturability (−0.063) 
and for adhesiveness (−1.22; Ps < 0.01) with regard to 
the chewing time. According to the estimated regression 
coefficients and the measured ranges of these two food 
parameters, changes in the chewing time were estimated 
as −5.9 s across the range of fracturability values and 
−6.9 s across the range of adhesiveness values. 

3.3. Amplitude 

The estimated contributions of the food parameters to the 
peak amplitudes of the integrated Mass EMG during the 
first chewing cycle are shown in Figure 3. LRM analysis 
found three significant regression coefficient estimates 
for hardness (0.011), for fracturability (−0.101), and for 
adhesiveness (−1.46; Ps < 0.05) with regard to the peak 
amplitudes. According to the estimated regression coef- 
ficients and the measured ranges of these three food pa- 
rameters, changes in the peak amplitudes were estimated 
as 6.5 µV·s across the range of hardness values, −9.5 
µV·s across the range of fracturability values, and −8.3 
µV·s across the range of adhesiveness values. 

3.4. Cycle Duration 

The estimated contributions of the food parameters to the 
cycle durations of the Mass EMG for the first chewing 
cycle are shown in Figure 4. LRM analysis found two 
significant regression coefficient estimates for hardness 
(0.13) and adhesiveness (−12.5; Ps < 0.05) with regard to 
the cycle duration. According to the estimated coeffi- 
 

 

Figure 3. Relationship between food properties and masseter 
amplitude. Changes in the peak amplitudes of the inte- 
grated masseter electromyogram during the first chewing 
cycle were estimated by the LRM analysis in response to 
four food properties measured in the six test foods by a 
texturometer. The changes are presented in proportion to 
the ranges of the four food properties as shown in Figure 1. 
A horizontal dotted line indicates the overall mean of the 
masseter amplitude, and asterisks indicate significant esti- 
mations of the regression coefficients of the food properties 
on the masseter amplitudes. *P < 0.05, **P < 0.01. 

 

Figure 4. Relationship between food properties and cycle 
duration. Changes in the cycle duration of the masseter elec- 
tromyogram during the first chewing cycle were estimated 
by the LRM analysis in response to four food properties 
measured in the six test foods by a texturometer. The changes 
are presented in proportion to the ranges of the four food 
properties as shown in Figure 1. A horizontal dotted line 
indicates the overall mean of the cycle duration, and aster-
isks indicate significant estimations of the regression coeffi-
cients of the food properties on the cycle durations. *P < 
0.05. 
 
cients and the measured ranges of these two food pa- 
rameters, changes in the cycle duration were estimated as 
75.8 ms across the hardness values and −70.8 ms across 
the adhesiveness values. 

4. Discussion 

Six test foods were used in this study, and their size di- 
mensions and textural properties were previously ana- 
lyzed (Tables 1 and 2 in [9]). Ten foods were used in the 
initial stage of the study, but four of them were elimi- 
nated because their textural properties could not be 
measured by the same plunger (ɸ = 8 mm) of the Texture 
Profile Unit as the other six test foods, indicating the 
wide variation in textural properties of the initial ten test 
foods. For the six test foods adopted for the present study, 
statistical differences were detected in food dimensions 
and textural properties, although no specific differences 
in food dimensions were found between any given pair of 
foods. Accordingly, four physiological parameters of ma- 
sseter activity during chewing were examined in this 
study by using test foods whose textural properties were 
restricted to those measureable by the plunger used in 
this study. LRM analysis was able to demonstrate quan- 
titative relationships between the physiological parame- 
ters and the food properties of size and texture. We found 
that hardness, fracturability, and adhesiveness of the test 
foods contributed to the changes in the physiological 
parameters during chewing, while the height of the test 
foods did not. 
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Previous physiological studies have shown that the 
type [3,11], hardness [4], and amount [12,13] of food 
affect the number of chewing cycles and/or the chewing 
time until swallowing, and one of the studies [3] also 
showed that these two parameters behaved similarly 
when different foods were chewed. This corresponds to 
our own observations in the present study. Another study 
[4], where a viscoelastic model of foods was used, found 
that the number of chewing cycles increased proportion- 
ally with increases in food hardness. The present study 
suggests that fracturability and adhesiveness of the test 
foods contributed significantly to the number of chewing 
cycles, while only a negligible correlation between food 
hardness and the number of chewing cycles was ob- 
served (Figure 1). This was contrary to our expectations, 
since few previous studies have directly found any rela- 
tionships between these two textural properties and 
chewing behavior. However, a recent paper used sensory 
evaluation data to generate two-dimensional representa- 
tions of the adhesiveness and fracturability of various 
foods (see Figures 2 and 3 in [14], respectively). These 
representations were basically consistent with the con- 
ventional textural scales [15-17]. Since the previous stu- 
dies [14-17] documented the usefulness of such a rep- 
resentation method, it seems reasonable to conduct ex- 
periments that enable physiological parametric data to be 
compared to scaling representation data. 

The peak amplitude of an integrated masseter EMG is 
a very popular parameter for evaluating the behavior of 
the chewing apparatus in humans and experimental ani- 
mals [4,18-21], probably because of its high sensitivity to 
the hardness of foods. In the present study, the LRM 
analysis allowed the quantification of the significant con- 
tributions of two textural parameters, fracturability and 
adhesiveness, to the peak amplitude (Figure 3). While 
hardness has been the focus of most studies relating food 
properties to physiological measurements of chewing, 
and far fewer studies have examined the influence of 
these two textural parameters on peak amplitude, two 
studies [12,22] have shown that these textural parameters 
affect the jaw-opening muscle activity rather than the 
jaw-closing muscle activity. These studies suggest that 
the observed regression coefficient for adhesiveness may 
reflect an indirect rather than a direct effect of this food 
textural property on the Mass EMG at the first chewing 
cycle. It may be that the adhesiveness modifies the jaw- 
opening muscle activity that precedes the Mass EMG: 
normally, the jaw-opening muscles fire first at the start of 
each chewing sequence, after which the jaw-closing 
muscles (including the Mass) fire [23]. It is possible that 
the modification of this jaw-opening activity induced by 
the food adhesiveness affects the Mass EMG via reflexes 
that are elicited by the sensory and motor systems that 
regulate chewing [23]. 

In conclusion, quantitative relationships are presented 
between four physiological parameters of masseter activ- 
ity during chewing by ten healthy young adults and 
properties related to the sizes and textures of the six test 
foods used. Nine statistically significant regression coef- 
ficients were found between the four physiological pa- 
rameters and the textural properties, but not the height, of 
the test foods. From the significant regression coeffi- 
cients, contributions of the food properties to the physio- 
logical parameters were estimated. 
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