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Oxygen saturation and electromyographic changes in masseter muscle
during experimental chewing of gum with harder texture
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Abstract

Objective. The purpose of this study was to clarify the relationship between changes in masseter muscle oxygenation measured
by near-infrared spectroscopy (NIRS) and changes in the electromyographic (EMGQG) power spectrum during experimental
chewing of gum with harder texture, to improve the understanding of the use of NIRS in assessing masseter muscle fatigue.
Material and methods. Ten female volunteers with normal occlusion were examined. Mean age (standard deviation) was
28.4 (3.8) years. Mean fracture stress of gum was 12.5 x 10* N/m®. Subjects were instructed to chew gum for 60 s (75 strokes)
on the voluntary chewing side at a pace of 1.25 strokes/s. Simultaneous recordings of NIRS and EMG signals from masseter
muscle were performed during gum chewing. Results. Oxygen saturation levels decreased from the start of chewing, then
stabilized with a break point between the two phases. The normalized EMG amplitude increased and the mean frequency of the
EMG power spectrum decreased during gum chewing. The timing of break point appearance was related to the timing of a
significant decrease in median frequency, but no clear relationships were found between break point appearance and increased
EMG amplitude. Conclusions. These results suggest that the break point of the oxygen saturation curve, as obtained from
NIRS measurements, could be used as an indicator of masseter muscle fatigue as assessed by a shift in the EMG power

spectrum to lower frequencies.
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Introduction

Fatigue of the masticatory muscles is thought to be
related to chewing food with harder texture [1,2] and
masticatory myofascial pain [2-5]. When hard foods are
encountered in daily life, feelings of tiredness around the
jaw and difficulty in continuing chewing may arise [1,2].
The degree of complaint seems to be related to indi-
vidual differences in the ability to masticate and the type
of occlusion. Studies have suggested that masticatory
myofascial pain with temporomandibular dysfunction
accelerates fatigue of masticatory muscles [4] and
disturbs recovery from the fatigue [2]. Tortopidis
etal. [5] reported that fatigue resistance of the masseter
muscles was reduced in patients with temporoman-
dibular disorder compared with healthy subjects.
Muscle fatigue has been widely studied in the
limbs. Many studies have shown that the power

spectrum from electromyographic (EMG) signals
shifts toward lower frequencies during fatiguing con-
tractions [6—11]. For the masticatory muscles, several
studies [12-15] have shown shifts in the spectrum
toward lower frequencies during maximal or sub-
maximal clenching. Lyons et al. [14] found a close
relationship of median frequency shift to the subjec-
tive perception of fatigue as measured on a visual
analog scale in the anterior temporal and masseter
muscles during sustained isometric contractions. The
frequency shift is due to slowing of the conduction
velocity of action potentials along the muscle fibers
and, therefore, to increased duration of the motor unit
action potential [6,7,9,10].

Recently, near-infrared spectroscopy (NIRS) has
been applied to monitor blood flow changes and
oxygen changes in working skeletal muscles [16-19].
This non-invasive technique uses the differential

Correspondence: Hiroyuki Ishikawa, Section of Orthodontics, Department of Oral Growth & Development, Division of Clinical Dentistry, Fukuoka Dental
College, 2-15-1, Tamura, Sawara-ku, Fukuoka 814-0193, Japan. Tel: +81-92-801-0411. Fax: +81-92-864-0657. E-mail: ishiro@college.fdcnet.ac.jp

(Recerved 5 September 2012; revised 13 November 2012; accepted 14 December 2012)

ISSN 0001-6357 print/ISSN 1502-3850 online © 2013 Informa Healthcare
DOI: 10.3109/00016357.2013.764006



N
a
el
3

1
1
I
el
1
1
1
1

i

Figure 1. Placement of the light source (A) and the detectors (B)
for NIRS and the EMG electrodes (C) on a rubber holder.

absorption properties of oxygenated and deoxygenated
hemoglobin to evaluate blood flow and oxygen satu-
ration in muscles [20]. As the oxygen supply in muscle
is related to blood flow and changes in oxygen satu-
ration levels are related to muscle energy metabolism,
NIRS is expected to prove useful for clarifying muscle
fatigue states during exercise. Several studies [21-24]
have performed simultaneous recording of EMG
and NIRS signals, showing that both methods reveal
complementary information about muscle fatigue.
However, the application of NIRS to the evaluation
of muscle fatigue needs further investigation [25].

A previous study [26] investigated masseter muscle
oxygenation changes and mandibular movements
during experimental chewing of gum with different
hardness, using NIRS and mandibular kinesiography.
The results suggested that a harder texture of gum
enlarges chewing motions and increases chewing
velocity, with the oxygen saturation curve indicating
an increase in the contribution of anaerobic meta-
bolism to energy yield in masseter muscle. Differences
in these responses to gum hardness might indicate
individual differences in muscle fatigue tendencies.
The purpose of this study was to clarify the relationship
between changes in masseter muscle oxygenation mea-
sured by NIRS and changes in EMG spectrum during
experimental chewing of gum with harder texture, to
allow a better understanding of the utility of NIRS in
assessing masseter muscle fatigue.

Material and methods
Subjects

Ten healthy female volunteers working at Fukuoka
Dental College were examined in this study. The
mean age of subjects was 28.4 + 3.8 years. All subjects
showed a Class I molar relationship and normal
incisor relationships. None had any skeletal abnor-
malities, symptoms of temporomandibular joint
dysfunction or history of chronic muscle pain in the
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head or neck regions. All experimental protocols were
approved by the ethics committee at Fukuoka Dental
College and informed consent was obtained from all
subjects prior to participation.

Experimental conditions of gum hardness

The experimental conditions of gum hardness were
determined based on the results of our previous study
[26]. Gum hardness was set so that, in NIRS mea-
surement of the masseter muscle during gum chewing
with a regulated chewing rhythm, the oxygen satura-
tion level would decrease from the start of chewing
and would then stabilize with a break point between
these two phases. This break point would indicate
changes in the pattern of oxygen consumption and
energy metabolism; that is, an increase in the contri-
bution of anaerobic metabolism to energy yield for
sustained chewing [26]. The gum used in the present
study was provided by Lotte Co. (Tokyo, Japan). The
size of a piece of gum was 18 mm x 12 mm X 3 mm
(1 g). As a physical property of the gum, fracture
stress after 3-min of ordinary chewing was measured
using a creep meter (Model RE2-3305B; Yamaden,
Tokyo, Japan) in 10 samples. Mean fracture stress was
12.5 x 10* N/m>.

Preparation for NIRS and EMG recordings from
masseter muscle

Oxygen saturation and EMG activity during gum
chewing were recorded simultaneously. Prior to mea-
surement, the voluntary chewing side was decided by
having the subject chew gum freely for 3 min and
asking the subject which side was preferred. The gum
was kept in a small laboratory dish.

Oxygen saturation levels were monitored continu-
ously using a 3-wavelength NIRS laser blood oxygen-
ation monitor (OMEGAMONITOR BOM-L1 TRW;
Omegawave, Tokyo, Japan). This apparatus employs
semiconductor lasers at different wavelengths (780 nm,
810 nm and 830 nm) and enables continuous, non-
invasive measurement of oxyhemoglobin and deoxy-
hemoglobin concentrations as absolute values. The
oxygen saturation level is calculated as the ratio of
oxyhemoglobin in total hemoglobin (oxyhemoglobin
plus deoxyhemoglobin) concentrations.

In the NIRS measurement, the light-emitting probe
and two detectors were placed on a rubber holder at
distances of 10 mm and 25 mm between the light
source and each of the two detectors (Figure 1).
Theoretical measurement ranges with each detector
were a 10-mm and a 25-mm radius from the light
source, respectively (Figure 2). Because oxyhemo-
globin, deoxyhemoglobin and total hemoglobin con-
centrations within an area from 10-25 mm deep could
be obtained from differences between those para-
meters of the two radii, oxygen saturation could
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Figure 2. Distance between light source and detectors and
measurement depths of NIRS. The measurement range is indicated
as a darkly-shaded area.

also be calculated in the same range. For EMG
recordings, bipolar surface electrodes (MLAWBT9
EEG Flat Electrodes, AD Instruments, Bella Vista,
Australia) were placed on the holder bilaterally adja-
cent to the light-emitting probe and the detector with
an inter-electrode distance of 15 mm.

After the skin of the subject was rubbed with skin-
preparation gel, the measurement holder was placed
in the middle of the masseter muscle antero-
posteriorly on the voluntary chewing side, parallel
to the main direction of muscle fibers as determined
from palpation of the muscle. The holder was
attached with medical double-sided tape on the mas-
seter muscle so as to be positioned across the line
connecting the tragus of the ear and the angle of the
mouth (Figure 3) [26]. Prior to the experiment,
absence of perturbations of NIRS and EMG data
due to simultaneous recordings had been verified.

Data recordings

Each subject was placed in a dental chair with a
natural head and relaxed position. Subjects were
instructed to chew gum for 60 s (75 strokes) on the
voluntary chewing side at a physiological pace of

Figure 3. Simultaneous recordings of NIRS and EMG signals from
masseter muscle.

1.25 strokes/s [27], in time with a metronome.
Oxygen saturation levels and EMG activity were
recorded from 90 s before the start of gum chewing
until 150 s after the end of gum chewing.

EMG signals were amplified (ML132 Bio Amp,
AD Instruments, Bella Vista, Australia) and filtered
from 10 Hz to 5 kHz. The sampling frequency of the
NIRS and EMG signals was 2 kHz. To normalize
EMG activity during gum chewing, the activity of
masseter muscle during maximum voluntary clen-
ching was recorded for 3 s. Three measurements
with a 2-min interval between them were performed
and the mean of the root mean square (RMS) ampli-
tude for each of the three repetitions was obtained.

Data analysis

EMG data processing was performed using Matlab
R2011b version 7.13 software (The MathWorks,
Natick, MA). The EMG indices used in this study
were RMS amplitude and median frequency com-
puted from the power spectrum in each stroke of
gum chewing. RMS amplitude during gum chewing
was normalized by the mean RMS amplitude during
the maximum voluntary clenching described above.
Because of non-stationary signals due to non-isometric
contractions during gum chewing, median frequency
was obtained using the wavelet transform [28-30].

Mean values at an interval of five strokes were
calculated for each of three parameters: oxygen
saturation level; normalized EMG amplitude; and
median frequency. To evaluate changes in the three
parameters during gum chewing, six intervals were set
in each subject as follows.

e Interval 1: The five strokes from the sixth to the
tenth stroke after starting gum chewing;

e Interval 2: The median five strokes between inter-
vals 1 and 3;

¢ Interval 3: The five strokes just before appearance
of the break point;

e Interval 4: The five strokes just after appearance of
the break point;

e Interval 5: The median five strokes between inter-
vals 4 and 6; and

¢ Interval 6: The five strokes just before the end of
gum chewing.

The break point was defined as the point of inter-
section between two tangents drawn from the start
and finish of chewing on the oxygen saturation curve
[26], as shown in Figure 4.

Statistical analyses were performed using SPSS®
Statistics version 20 (SPSS, Chicago, IL). To deter-
mine significant differences in the three parameters
between the six intervals, data were subjected to one-
way analysis of variance with Fisher’s PLSD multiple
comparison test. Values of p < 0.05 were regarded as
statistically significant.
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Figure 4. Definition of the break point of the oxygen saturation
curve. The time of break point appearance was identified as an
intersection of the two tangents from the start and finish of chewing
on the oxygen saturation curve.

Results

Figure 5 shows an example of raw signal recordings of
NIRS and EMG throughout the experiments. After
the start of gum chewing, the oxygen saturation level
decreases, then stops decreasing and stabilizes with a
break point, followed by an increase after the stop of
chewing. Total hemoglobin concentration increases
during gum chewing. The concentration of deoxy-
hemoglobin increases up to the break point and then
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becomes constant, while oxyhemoglobin decreases up
to the break point. All subjects showed similar
changes in hemoglobin concentrations and oxygen
saturation levels with the break point.

Figures 6,7,8 show comparisons of oxygen satura-
tion levels, normalized EMG amplitudes and median
frequency between the six intervals, respectively.

For oxygen saturation levels, means and standard
deviations (SDs) of intervals 1-6 were 61.2 + 4.7%,
57.5 +6.0%, 52.3 + 8.3%, 50.8 £ 9.4%, 51.6 + 8.4%
and 52.2 + 8.1%, respectively. The oxygen saturation
level of interval 2 was significantly lower than that
of interval 1 (p < 0.05). Oxygen saturation levels of
intervals 3—6 were significantly lower than those of
intervals 1 and 2 (p < 0.01), whereas no significant
differences were seen between intervals 3—6.

For normalized EMG amplitudes, means and
SDs of intervals 1-6 were 63.5 £ 11.3%, 61.6 +
14.9%, 69.6 + 16.5%, 69.1 + 18.6%, 71.1 £ 12.4%
and 65.2 + 16.9%, respectively. EMG amplitudes of
intervals 3—5 were significantly larger than that of
interval 2 (p < 0.05). Interval 5 also showed a larger
value than interval 1 (p < 0.05).

Median frequency shifted lower during gum
chewing. Means and SDs of median frequency for
intervals 1-6 were 127.7 + 21.1 Hz, 126.7 + 16.3 Hz,
125.4 + 12.1 Hz, 117.9 = 16.1 Hz, 116.1 + 19.2 Hz
and 116.6 = 17.3 Hz, respectively. Intervals 4-6,
defined as intervals set after the break point, showed
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Figure 5. Representative raw recordings of NIRS and EMG signals during gum chewing. Oxy Hb, oxygenated hemoglobin; Deoxy Hb,
deoxygenated hemoglobin; Total Hb, total hemoglobin; StO,, oxygen saturation level; EMG, EMG amplitude.
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Figure 6. Changes in oxygen saturation level during gum chewing.
Columns and vertical bars indicate means and standard deviations
for the six intervals, respectively. * p < 0.05. ** p < 0.01. Itv 1,
Interval 1; Itv 2, Interval 2; Itv 3, Interval 3; Itv 4, Interval 4; Itv 5,
Interval 5; Itv 6, Interval 6.

significantly smaller values than intervals 1 and
2 (p < 0.05). Intervals 5 and 6 also showed signi-
ficantly smaller values than interval 3 (p < 0.05).
No significant differences were seen between intervals
1-3 or between intervals 4—6.

Discussion

In a previous study [26], we used a 2-wavelength
NIRS laser blood oxygenation monitor to measure
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Figure 7. Changes in normalized EMG amplitude during gum
chewing. Columns and vertical bars indicate means and standard
deviations for the six intervals, respectively. * p < 0.05. Itv 1, Interval
1; Itv 2, Interval 2; Itv 3, Interval 3; Itv 4, Interval 4; Itv 5, Interval 5;
Itv 6, Interval 6.

masseter muscle oxygen saturation. With the 2-wave-
lengh apparatus, however, hemoglobin concentra-
tions were obtained as relative values. In contrast, a
3-wavelength apparatus can measure hemoglobin
concentrations as absolute values [31]. The present
study used a 3-wavelength apparatus with two light
detectors at different distances from the light source.
This can simultaneously measure hemoglobin con-
centrations in two ranges from the skin surface to
different depths and enables measurement of hemo-
globin concentrations within a certain intermediate
range by calculating differences between the two
ranges. Using these methods, we have attempted to
measure tissue oxygenation in the masseter muscle
with the minimum influences of the subcutaneous
tissue. Sugisaki et al. [32] measured thickness of the
masseter muscle on magnetic resonance imaging in
healthy Japanese adults and reported that the mean
distances from the skin to the lateral and medial
surfaces of the masseter muscle were 9.4 mm and
24.8 mm, respectively, in men and 9.8 mm and
24.0 mm in women. In reference to these results,
we set measurement ranges from 10—25 mm deep to
the skin surface by adjusting intervals of the light
source and detectors.

Frequency analysis of EMG signals using the Fast
Fourier Transform has been widely used to evaluate
muscle fatigue [25]. Shifts in mean or median fre-
quency in the power spectrum are common indicators
of muscle fatigue [6-11]. However, the Fast Fourier
Transform requires that the signal be stationary, thus
limiting use to sustained isometric contractions.
When the EMG signal is recorded during dynamic
muscle contractions, the frequency content of the
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Figure 8. Changes in median frequency during gum chewing.
Columns and vertical bars indicate means and standard deviations
for the six intervals, respectively. * p < 0.05. Itv 1, Interval 1; Itv 2,
Interval 2; Itv 3, Interval 3; Itv 4, Interval 4; Itv 5, Interval 5; Itv 6,
Interval 6.



signal changes over time, resulting in non-stationary
signals [25]. The wavelet transform has recently been
developed to deal with such non-stationary signals
[28], providing a more precise estimation of EMG
signals under dynamic conditions [29,30]. As this
study recorded masseter muscle EMG signals during
dynamic contractions of gum chewing, the wavelet
transform was used for frequency analysis.

Several studies [21-24] have performed simulta-
neous recordings of EMG and NIRS signals to clarify
relationships between both signals. Yoshitake et al.
[22] recorded EMG and NIRS signals simultaneously
from lower-back muscles during isometric back
extensions. From a comparison of changes in mean
power frequency of the EMG signal, muscle blood
volume and muscle oxygenation, they reported that
the restriction of blood flow due to high intramuscular
mechanical pressure is one of the most important
factors in muscle fatigue. Praagman et al. [23] showed
a high correlation between oxygen consumption rate
and EMG activity on the biceps brachii and brachio-
radialis muscles after the start of isometric elbow
flexion contractions. Yamada et al. [24] showed
significant relationships between the decrease in the
slope of the mean power frequency and maximal
changes in oxygenated hemoglobin/myoglobin or in
deoxygenated hemoglobin/myoglobin on the vastus
lateralis muscle during sustained knee extension and
concluded that those NIRS changes would indicate
muscle fatigue assessed by EMG. Those studies sug-
gested the possibility of detecting or predicting muscle
fatigue using NIRS. The present study investigated
the relationships of changes in median power fre-
quency and oxygen saturation state on the masseter
muscle during experimental gum chewing, to evaluate
usefulness of NIRS for masseter muscle fatigue
assessment, particularly focusing on the break point
of the oxygen saturation curve.

In the present study, the oxygen saturation level
decreased after the start of chewing and then stopped
decreasing, showing a break point. Deoxygenated
hemoglobin level increased up to the break point
and then became almost constant, indicating that
changes in oxygenated hemoglobin to deoxygenated
hemoglobin for oxygen supply became reduced at the
break point. The comparison of oxygen saturations
between the six intervals seems to show that the
oxygen saturation state is divisible into two phases:
a decreasing phase; and a constant phase around
the break point. As a pattern of force generation,
known as the size principle, the brain first recruits
smaller motor units that consist of slow-twitch
(type 1) fibers for less force generation, then larger
motor units that contain fast-twitch (types 2A and 2B)
fibers are recruited and force generation increases
accordingly. Type 1 and 2A fibers mostly rely on
aerobic metabolism for energy, whereas type 2B fibers
mostly rely on anaerobic (glycolytic) metabolism for
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energy [33,34]. From the results of the previous study
[26], the gum used here is hard enough that chewing
force would be generated by both slow- and fast-
twitch fibers under the experimental conditions.
The decreasing phase of the oxygen saturation
curve indicates that oxygen consumption for aerobic
metabolism to energy supply proceeded rapidly. The
constant phase of the oxygen saturation curve indi-
cates that anaerobic metabolism in type 2B fibers for
energy plays a major role in sustaining chewing
after the break point. This anaerobic metabolism is
accompanied by the accumulation of lactate and
thus a decrease in intracellular pH, impeding force
generation [33].

Many studies have shown that, during sustained
isometric contractions, EMG signal amplitude
increases and the power spectrum shifts toward lower
frequencies [6-11,35]. These changes in the EMG
signal are considered to be due to signal synchroni-
zation [36], modulation of the recruitment firing
rate [37] and slowing of the conduction velocity
[6,7,9,10]. In the present study, the RMS value
increased during gum chewing, which might have
been attributable to increases in motor unit recruit-
ment and firing rate [38] while continuing to chew the
harder gum. However, no clear relationships were
found between break point appearance and the timing
of increases in EMG amplitude.

Median power frequency decreased during gum
chewing. Several studies have investigated masseter
muscle fatigue during maximal or submaximal
clenching and have shown the usefulness of frequency
analysis for detecting masticatory muscle fatigue
[12-15]. These studies showed power spectrum shifts
to lower frequencies in isometric masseter muscle
contractions, whereas the present study revealed
those in dynamic contractions. Median frequencies
for the last three intervals set after the break point
were significantly lower than those for the first two
intervals. No significant differences were found
between the first three intervals or between the last
three intervals. These results seem to indicate that the
timing of break point appearance is related to the
timing of a significant decrease in median frequency.
Studies have reported that a reduction in conduction
velocity of the action potential along the muscle fiber
is the main cause of the spectral shift to lower fre-
quencies [6,7,9,10]. The accumulation of lactic acid
decreases intracellular pH, resulting in reduced excit-
ability of the membrane and thus a decrease in action
potential conduction velocity [13,33]. As described
above, in the NIRS measurement, the break point of
the oxygen saturation curve indicates that anaerobic
metabolism plays a major role in energy supply with
the accumulation of lactate [26]. The frequency shift
in EMG power spectrum and the break point appear-
ance in the oxygen saturation changes are thus con-
sidered to be attributable to the same physiological
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phenomenon, namely changes in the pattern of energy
metabolism. These suggest that the appearance of the
break point in the NIRS measurement could be used
as an indicator of masseter muscle fatigue as assessed
by EMG power spectrum shifts. This would have the
advantage of being easily detectable by monitoring
muscle oxygen saturation. The appearance of the
break point during chewing of specific boluses or
the timing of its appearance from the start of chewing
could be expected to be used as parameters for
evaluating individual differences in masseter muscle
fatigue tendencies.

Conclusions

Simultaneous recordings of EMG and NIRS signals
from masseter muscle were performed during the
experimental chewing of gum with harder texture.
Oxygen saturation level decreased from the start of
chewing, then stabilized with a break point that would
indicate an increase in the contribution of anaerobic
metabolism to energy yield. The results suggest
that the appearance of the break point in the NIRS
measurement could be used as an indicator of
masseter muscle fatigue, as assessed by the EMG
power spectrum shift to lower frequencies.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsible
for the content and writing of the paper.
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