
INTRODUCTION

Masticatory movements skillfully performed under
the control of the cerebrum are being quantified by
measuring muscle activity of the masticatory mus
cles and mandibular movements.16 In particular, it
has been reported that the stability of the move
ment path and movement rhythm of mandibular
movement is closely related to masticatory ability,1

and is used as an index for judging masticatory
ability. However, these measuring devices are diffi
cult to use on people with physical or masticatory/
swallowing disabilities because they require pos
tural maintenance for a certain period of time and
attachment of the device to the oral cavity. On the
other hand, given their ease of attachment, there
have been reports that used accelerometers to

measure the mandibular movement and showed
they are useful for evaluating mastication.79 How
ever, they have not yet been widely used. We fo
cused on an accelerometer that can be easily used
in clinical settings for the purpose of detecting the
movement of the entire mandible during mastica
tory movements, defined the degree of displace
ment obtained from these measurements as the
mandibular activity, and attempted to apply this to
the rehabilitation of masticatory function.10 Otsuka
et al.11 reported that it is necessary to examine con
ditions for measuring mandibular activity with high
reliability and responsiveness in order to apply
them to longitudinal measurements in patients with
dysphagia due to cerebrovascular disease. By set
ting the conditions for measuring mandibular activ
ity in patients with cerebrovascular disease, the ef
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fects of future rehabilitation on masticatory function
can be verified with high accuracy by eliminating
the influence of measurement error. This is ulti
mately expected to lead to implementation of reha
billitation and improvement of appropriate eating,
mastication, and swallowing functions. In other
words, it is necessary to quantify the measurement
error and examine its interpretability in order to
judge whether the change in the measurement
value is simply within the range of the measure
ment error or is due to the rehabillitation effect. In
the field of rehabilitation medicine, ways to quantify
reliability, measurement error, and interpretability
have been developed by applying the generalizabil
ity theory that estimates the reliability of test scores
developed in psychological / educational measure
ments.12, 13 In the present study, we investigated the
reliability and interpretability of mandibular activity
obtained from different signal processing methods
using a threeaxis accelerometer and generalizabil
ity theory.

MATERIALS AND METHODS

Study Population
The subjects were 17 healthy dentulous individuals
without abnormalities in mastication or swallowing,
specifically 9 males and 8 females with a mean age
of 23.2±1.3 years, who were given explanations
about the purpose of the experiment in advance
and who gave written consent. We considered the
sample size for this study design according to the
report by Walter et al.14 We set the α error to 0.05,
the β error to 0.2, the number of measurements to
three, the desired reliability coefficient to 0.95, and
the minimum acceptable reliability coefficient to
0.85. We calculated the sample size to be 15 or
more. This study was conducted with the approval
of the Ethics Committee of Osaka Dental University
(Approval No.1112110) and the Ethics Committee
of Wakakusa−Tatsuma Rehabilitation Hospital (Ap
proval No.22040694).

Test Food
Mastication training food (chew and swallow man
aging food (CSMs]) (Process LeadⓇ ; Green Tea

Flavor; Otsuka Pharmaceutical Factory, Tokushima,
Japan) was used as the test food. Four grams of
test food was given to each subject.

Three-axis accelerometry and the signal proc-
essing of mandibular movements.
A threeaxis accelerometer (UB301 BT; A&D, To
kyo, Japan) was used for accelerometry (Fig. 1).
Accelerometers were attached to the subject’s fore
head and to the center of the mandible with medi
cal tape, and the acceleration from the opening of
the mouth when ingesting the test food to the end
of the first swallowing reflex was measured with the
subjects staying in a 90degree sitting position. The
subjects were instructed to freely chew and swallow
after the operator fed them the test food with a
spoon. The subject movements were also video
recorded, and the same speech therapist evaluated
and confirmed the chewing movements and swal
lowing reflexes by external observation. This proce
dure was repeated three times, on two measure
ment days each time, at 1week intervals for each
subject. The subjects were given ample time to rest
in between each trial.
The acceleration signals obtained from each part

were subjected to fullwave rectification and
smoothening processing by removing the direct
current (DC) component. The amount of activity
was determined by calculating the integrated value
for each of the waveforms in the lateral, vertical,
anterior and posterior directions, and adding up the
components in the three directions. Two types of
activity were calculated: the amount of activity de
tected from the central part of the chin (MA), and
the corrected mandibular activity (cMA) obtained by
subtracting the forehead activity from the MA. Ac

Fig. 1 Life RecoderⓇ threeaxis accelerometer.
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celeration signal processing was performed by a
person other than the one taking measurements,
while blinding information on the subject and the
detection site. Figure 2 shows how acceleration
waveform was processed during mastication.

Statistical analysis
Normality of data
The data for each measurement condition were
tested for normality using the Shapiro-Wilk test.15

Estimation of reliability and interpretability
Generalizability theory12, 13 was applied. The follow-
ing two analyses were carried out based on the
generalizability theory.

Generalizability study
First, the presence of systematic errors in the

measurement day and number of measurements
were analyzed by two-factor within-subjects analy-
sis of variance.16, 17 Next, as a generalizability study,
a two-facet crossed design12, 13 was carried out, in
which the object of measurement was the subject,
the date of measurement, and the number of meas-
urements were 2-facet. We calculated the esti-
mated variance components for each facet, and
calculated the percentage of the total variance. Fig-
ure 3 shows the Venn diagram of the two-facet
crossed design. The entire Venn diagram repre-
sents all measurement variations. In this study,
measurement error was defined as measurement
variation caused by factors other than the sub-
ject.12, 13

Decision study
From the estimated variance components obtained

Fig. 2 Processing acceleration in healthy subjects in graph form. (A) Mandibular motion acceleration wave-
forms in the horizontal (x), vertical (y), and anterior-posterior (z) directions, (B) Forehead motion acceleration
waveforms, (C) Mandibular activity (MA), (D) Forehead activity, and (E) Corrected mandibular activity (cMA).
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in the generalizability study, we calculated the in-
dex of dependability ( ID) as relative reliability,12, 13

the standard error of measurement (SEM)18 as ab-
solute reliability, and minimal detectable change at
the statistical significance level of 5% (95% CI of
minimal detectable change: MDC95), as an index of
interpretability.19 IBM SPSS Statistics Ver. 28 (IBM,
Armonk, NY, USA) and GENOVA (The American
College Testing Program, Iowa City, Iowa, USA)20

were used as statistical analysis software. Statisti-
cal analysis was performed by a different analyst
than the two who were in charge of acceleration
measurements and signal processing, with the in-
formation on the subject and the detection site
blinded.

RESULTS

Normality of data
The mean cMA was lower than MA. The mean for
MA for each measurement condition ranged from
0.77 to 0.86 m/s2, and cMA ranged from 0.37 to
0.41 m/s2. Normality was confirmed under all meas-
urement conditions (Fig. 4 and Table 1).

Estimation of reliability and interpretability
Generalizability study
In both MA and cMA, the analysis of variance did
not show any significant differences in factors such
as the measurement day, the number of measure-
ments, or the interaction (Tables 2 and 3).Subject

variation accounted for 53.24% of the total meas-
urement variation in MA (Table 4). When the meas-
urement error was 100%, the ratio of each facet
was 0% for the measurement day and number of
measurements, and 45.7% for the interaction be-

Fig. 3 Venn diagram for a two-facet, crossed design. Dotted
areas are the source of measurement error. (S: Subject, D:
Day, R: Repetition, e: Residual error).

Table 1 Normality of mandibular activity (MA) and corrected
mandibular activity (cMA)

Days Repetitions Mean±1 SD Shapiro-Wilks test
W (p)

MA

1
1
1
2
2
2

1
2
3
1
2
3

0.863±0.32
0.766±0.30
0.864±0.26
0.778±0.30
0.822±0.27
0.795±0.27

0.952 (0.486)
0.924 (0.171)
0.977 (0.929)
0.925 (0.176)
0.941 (0.336)
0.972 (0.853)

cMA

1
1
1
2
2
2

1
2
3
1
2
3

0.375±0.91
0.396±0.23
0.412±0.22
0.387±0.19
0.376±0.18
0.381±0.17

0.948 (0.419)
0.923 (0.167)
0.955 (0.542)
0.913 (0.113)
0.897 (0.060)
0.949 (0.435)

Table 2 Analysis of variance table for 6 measurements of
mandibular activity (MA)

Source Sum of
squares df Mean

squares F-value p-value

Sub
Day (D)
Error

5.828
0.028
1.243

16
1
16

0.364
0.028
0.078

0.360 0.557

Repetition (R)
Error

0.023
0.706

2
32

0.012
0.022

0.528 0.595

D×R
Error

0.102
0.660

2
32

0.051
0.021

2.476 0.100

df: Degrees of freedom

Table 3 Analysis of variance table for 6 measurements of cor-
rected mandibular activity (cMA)

Source Sum of
squares df Mean

squares F-value p-value

Sub
Day (D)
Error

3.517
0.004
0.230

16
1
16

0.220
0.004
0.014

0.296 0.594

Repetition (R)
Error

0.004
0.095

2
32

0.002
0.003

0.752 0.480

D×R
Error

0.009
0.103

2
32

0.004
0.003

1.349 0.274

df: Degrees of freedom
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tween the subject and the measurement day (Fig.
5). Subject variation accounted for 83.07% of total
measurement variation in cMA (Table 5). The ratio
of each facet in the measurement error was 0% for
the measurement day and number of measure-
ments, and 53.16% for the interaction between the
subject and the measurement day (Fig. 6).

Decision study
Index of dependability (ID)
Under the current measurement conditions ( two
measurement days and three measurements), the
ID was 0.78 for MA and 0.93 for cMA. Overall, the
ID for cMA was higher than that of MA. The ID for
both MA and cMA increased as the number of

Fig. 4 MA and cMA measurements over 2 days (n＝17).

Table 4 Results of generalizability study for mandibular ac-
tivity (MA)

Facet n
Estimated
variance

components

Total variance
(%)

Subject (S)
Day (D)
Repetition (R)
S×D
S×R
D×R
S×D×R, e

17
2
3
34
51
6

102

4.778×10−2

−1.578×10−3

−1.190×10−3

1.891×10−2

5.722×10−4

1.779×10−3

2.070×10−2

53.235
0.000*
0.000*
21.075
0.638
1.982
23.070

e: Residual error, *Negative estimates were replaced by zero.
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measurement days and the number of measure-
ments increased. Increasing the number of meas-
urement days increased the ID more than increas-
ing the number of measurements per day (Fig. 7).

Standard error of measurement (SEM)
The SEM under these measurement conditions was
0.12 m/s2 for MA and 0.05 m/s2 for cMA. Overall,
SEM of cMA was lower than that of MA. The SEM
for both MA and cMA decreased as the number of
measurement days and number of measurements
increased. Increasing the number of measurement
days decreased the SEM more than increasing the
number of measurements per day (Fig. 8).

Interpretability (MDC95)
The MDC95 under these measurement conditions
was 0.32 m/s2 for MA and 0.14 m/s2 for cMA. Over-
all, the MDC95 for cMA was lower than that for MA.
The MDC95 for both MA and cMA decreased as the

Table 5 Results of generalizability study for corrected man-
dibular activity (cMA)

Facet n
Estimated
variance

components

Total variance
(%)

Subject (S)
Day (D)
Repetition (R)
S×D
S×R
D×R
S×D×R, e

17
2
3
34
51
6

102

3.428×10−2

−2.200×10−4

−5.461×10−5

3.714×10−3

−1.156×10−4

6.576×10−5

3.207×10−3

83.070
0.000*
0.000*
8.999
0.000*
0.159
7.771

e: Residual error, *Negative estimates were replaced by zero.

Fig. 5 Relative variance in measurement error. Estimates of
variance components are normalized to error variance
(100%) (D: Day, R: Repetition, S: Subject, e: Residual error).

Fig. 6 Relative variance in measurement error. Estimates of
variance components are normalized to error variance
(100%) (D: Day, R: Repetition, S: Subject, e: Residual error).

Fig. 7 Index of dependability for MA and cMA.

Fig. 8 Standard error of measurement for MA and cMA.
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number of measurement days and the number of
measurements increased. Increasing the number of
measurement days decreased the MDC95 more
than increasing the number of measurements per
day (Fig. 9).

DISCUSSION

Mastication and swallowing movements receive
sensory input from the periphery nerves and are
triggered by motor output with the central pattern
generator (CPG). In cerebrovascular disease, the
necessary sensory input and motor output in each
oral organ and the brain function that integrates
them are likely to be impaired. Although some pa-
tients with dysphagia due to cerebrovascular dis-
ease have not only swallowing problems, but also
mastication disorders due to decreased or impaired
oral function, there are no reports to clarify this. In
addition, since masticatory ability affects the risk of
aspiration, suffocation, malnutrition, and selection of
food,21 there is an urgent need to objectively evalu-
ate masticatory movements in dysphagic patients
and clarify the aspects of mastication. For smooth
swallowing, we believe that rehabillitation of masti-
catory function is very important. The ultimate goal
of this study was to build a mandibular motion
measurement system for evaluation of rehabillita-
tion effectiveness from mastication to swallowing
function using a three-axis accelerometer that can
be easily used at rehabillitation centers, and has a
low burden on the patient.
In general, measurements form the basis of

medical research and clinical practice.19, 23, 24 Quality

evaluation of measurement instruments is very im-
portant. The three main characteristics of high va-
lidity, reliability and responsiveness, are required.22, 23

Reliability is defined as the degree to which there is
no measurement error, validity is the degree to
which the measurement instrument actually meas-
ures the construct it is intended to measure, and
responsiveness is defined as the ability of the
measurement instrument to detect changes in the
longitudinal measurement of the construct of the
object of measurement.19, 22, 23 A prerequisite for ob-
taining high validity and responsive measurements
is to first establish higher reliability.19 In the past, al-
though interpretability was treated as “ internal re-
sponsiveness” as a concept included in responsive-
ness, Mokkink et al.22, 23 re-defined interpretability as
“ The degree to which a quantitative score or
change in score of a measurement instrument can
be assigned a qualitative meaning, that is, a clinical
or commonly understood meaning.” It shows what
the score of the measurement instrument means.
Mokkink et al.22, 23 noted that often, not enough at-
tention is paid to the interpretability of measure-
ment scores in clinical practice. Correct interpreta-
tion of scores is considered a prerequisite for the
appropriate use of clinical measurement instru-
ments.
We investigated reliability and interpretability of

mandibular activity measurements using a three-
axis accelerometer during mastication of starter
training food under different measurement condi-
tions.

Study population
Since the score obtained from the measurement in-
strument is affected by the population of the object
of measurement and the measurement conditions,
the quality evaluation of the measurement instru-
ment currently focuses not on the “measurement in-
strument itself” but on the “score generated by the
measurement instrument.”22, 23 The ultimate goal of
this study was to measure mandibular activity in
patients with dysphagia. In order to understand the
basic characteristics of the measurement instru-
ment, we chose healthy dentulous individuals as

Fig. 9 95% CI of minimal detectable change for MA and cMA.
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subjects. According to Nunnally and Bernstein,24 a
reliability coefficient of 0.70 is often considered ac-
ceptable when the measurement method is used
for intergroup measurement (cross-sectional meas-
urement). However, a coefficient of 0.95 is needed
for measurement of individual patients (longitudinal
measurement). In this study, using the calculation
formula of Walter et al.,14 we set the α error to 0.05,
the β error to 0.2, the number of measurements to
three, the desirable ID to 0.95, and the minimum
acceptable ID to 0.85, We determined that a sam-
ple size of 15 or more was needed.

Test Food
In this study, we used Process LeadⓇ ( Otsuka
Pharmaceutical), which is commercially available as
food for chewing and swallowing training. This food
corresponds to Code 3 or 4 of the 2013 Dysphagia-
Adjusted Diet Classification of the Japanese Soci-
ety of Dysphagia Rehabilitation. It has physical
properties that allow smooth movements leading to
chewing, food mass formation and swallowing. In
dysphagia rehabilitation, this food is considered ap-
propriate for mastication and swallowing, which
starts with ingestion training with jelly and paste
foods, and then shifts to a form that requires masti-
cation.25 After evaluating how often food enters the
larynx in patients with dysphagia, this food was
deemed safe as the paste food. The ultimate goal
of this study was to measure the mandibular move-
ment of dysphagia patients with mastication and
bolus formation disorders. Based on previous re-
search,26 we decided to use 4 g of the test food for
this study.

Three-axis accelerometry and signal processing
of mandibular movements
The accelerometer we used was a wristband-type
activity meter that has a length 21 mm, a width of
39 mm, a height of 15.5 mm, and a weight of ap-
proximately 22 g. It can be attached to the wrist
and can measure human movement in three axial
directions. In this study, we removed the wristband
from the main unit of the accelerometer. By using a
sampling rate of 20 Hz, and by transferring the data

to the PC via the cradle, this device can evaluate
the daily behavior and the amount of exercise of
the subject based on their exercise intensity and
frequency. Mastication is a rhythmic movement per-
formed by coordinated activities of masticatory
muscles, head and neck muscles, tongue muscles,
and other oral soft tissues.27 Recent research on
measuring instruments has shown that it is now
possible to measure small movements of the body,
allowing verification of small movements of the
maxilla and head that can be coordinated with func-
tional movements of the mandible.28, 29 Based on re-
ports that coordinated movement of the head ac-
companies mandibular movement during mastica-
tion,30, 31 in this study, we attached accelerometers
to the subject’s forehead and the center of the chin.

Statistical analysis
The generalizability theory applied in this study was
developed by Cronbach et al.12 and has been used
to evaluate the reliability of tests in the field of psy-
chological and educational measurements. This
theory separates and estimates variation (errors )
related to various conditions in measurement
(called facets in generalizability theory) and ana-
lyzes reliability. The analysis is divided into two
parts. First, reliability experiments are performed as
a generalizability study, and the variance compo-
nents for each set facet are calculated. In the gen-
eralizability study, the ratio (influence) of each facet
to the error is calculated. A decision study simu-
lates the reliability when the measurement condi-
tions are changed.12, 13 In this generalizability study,
we set the measurement day and the number of
measurements as facets in mandibular activity
measurements using different signal processing
methods, and analyzed their influence on reliability.
In addition, in this study, the presence or absence
of systematic errors was examined by repeated
measures analysis of variance before the generaliz-
ability study. Weir32 has recommended that the reli-
ability test should first involve an analysis of vari-
ance and evaluation of the F-ratio of the factors in
the measurement conditions to check for the pres-
ence of systematic errors.
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In the decision study, we sought indices of two
types of reliability (relative and absolute reliability)
and interpretability when the measurement day and
number of measurements were changed. The ID of
relative reliability means the proportion of the sub-
ject’s variation to the total measurement variation. It
is calculated as a value from 0 to 1. The closer the
ID is to 1, the higher the reliability.12, 13 Absolute reli-
ability is synonymous with measurement error, and
the SEM is one of its representative indices. It ex-
presses one standard deviation of the measure-
ment error that changes each time the measure-
ment is performed, and quantifies the accuracy of
the individual score in the measurement.18 MDC95 is
an indicator of interpretability, and is the minimum
statistically significant difference between two inde-
pendently obtained measurements at a statistical
significance level of 5%. If the difference between
the two measurements is large compared to MDC95,
it indicates a change that exceeds the measure-
ment error (true rehabilitation effect).19 In this study,
SEM and MDC95 are expressed in units of accelera-
tion (m/s2).

Reliability and interpretability
For both MA and cMA, the analysis of variance did
not show significant differences for such factors as
measurement day and the number of measure-
ments, or interaction. There was no systematic er-
ror in the mandibular activity measurements per-
formed three times over two days in this study. This
indicates that there was no apparent increase or
decrease in measured values due to fatigue of the
subject during the three trials each day, and that
the measured values on the first and second days
did not show a systematic upward or downward
trend. We found that the measurement variation of
mandibular activity measurement by the acceler-
ometer was due to random error. In the generaliz-
ability study, although the subject-dependent vari-
ation accounted for 50% of the total measurement
variation in MA, it increased to 80% in cMA. In gen-
eral, the definition of reliability is the proportion of
the variance between subjects (signal) and the total
variance of the data ( signal＋noise ) .33, 34 It was

found that cMA has a greater ability to discriminate
the subject’s measured values than MA. In MA and
cMA, the proportion of each facet in the measure-
ment error is 0% for the measurement day and the
number of measurements, and about 50% for the
interaction between the subject and the measure-
ment day. As such there was no significant differ-
ence between the two. This indicates that there are
subjects whose measured values are stable on
both days and subjects whose measured values
fluctuate on different days.
In the decision study, ID, which is relative reliabil-

ity, was higher for cMA than MA in general. In addi-
tion, SEM and MDC95, which show absolute reliabil-
ity, were lower for cMA than MA in general. Be-
cause cMA is a measurement that excludes the ef-
fects of head and neck movement from the meas-
urement of the acceleration detected in the chin,
this method provided highly reliable (low measure-
ment error) mandibular activity measurements. In
general, it is recommended to use the mean value
of repeated measurements to improve the reliability
of measurement (reducing measurement error).19, 23, 32

This method is effective in reducing random errors,
and can be expected to improve reliability (reducing
measurement errors), especially when it is possible
to repeatedly measure the largest cause of vari-
ation. For both MA and cMA, increasing the num-
ber of measurement days increased ID more than
just increasing the number of measurements. In
terms of ID, when using the cMA of this study for
comparison between groups, even the measured
value obtained from one measurement on one
measurement day exceeded 0.70, indicating its util-
ity. However, when considering its use for longitudi-
nal measurements, the mean value obtained from 5
measurements (a total of 10 measurements over 2
days) did not reach an ID of 0.95. In addition, the
ratio of MDC95 to the mean measurement under the
same conditions decreased to only 33.41%. This is
probably due to the fact that the analysis interval in
this study was set from the opening of the mouth
when ingesting the test food to the end of the first
swallowing reflex. In the future, in order to apply
cMA to individual longitudinal measurements, it is

Vol. 57, No. 1 Reliability of mandibular activity during mastication using a three-axis acceleration sensor 79



necessary to examine the measurement conditions
by splitting up the analysis interval.
Based on the above, we found that reliability and

interpretability were improved by using mandibular
activity corrected for head sway and by using the
mean result from multiple measurement days in the
mandibular activity measurements.
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