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Abstract
This study aimed to analyze frequencies of flavor detection signals occurring
in any of the three respiratory phases and either of the two masticatory phases. Flavors of three fruity (grape, orange, and strawberry) gummy candies in
the mouth were detected after chewing in 24 young healthy participants. The
results revealed that: 1) more detection signals occurred in the expiratory
phase than in the inspiratory or pausing phases and 2) more detection signals
occurred in the jaw-closing phase than in the jaw-opening phase. Statistical
analysis showed that the difference between the frequencies among the three
respiratory phases was significant (P < 0.001) but not between the two masticatory phases. Further analysis showed that the frequencies occurring within
individual respiratory phases were not significantly biased. The present results
suggest that flavor detection during chewing depends more on the expiratory
phase rather than the inspiratory and pausing phases, whereas detection is
dependent to a lesser extent on either of the masticatory phases.

Keywords
Respiratory Phase, Masticatory Phase, Flavor Detection

1. Introduction
There are two routes for flavor perception [1] [2]: inhalation of flavored vapors
is responsible for orthonasal perception, whereas exhalation is responsible for
retronasal perception. The olfactory receptors are stimulated by vapors through
the nostrils in the orthonasal route and through the nasopharynx in the retronasal route. Consequently, during natural breathing, the inspiratory and expiratory airflows serve for the orthonasal and retronasal flavor perceptions, respectively. The airflows play two important roles (mechanical and neural) in flavor
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perception. First, the airflows transport flavored vapors mechanically to the olfactory receptors. Second, the airflows provide sensory neural signals that drive
and synchronize the activity of the entire olfactory system [3] [4].
A previous study showed that the perceived magnitude of odorants with
chewing-like movement under the open nostrils was stronger than that without
this movement [5]. This result suggests that not only respiratory movement but
also masticatory movement affects retronasal perception. However, no studies
have more precisely analyzed the effects at the phase level [6]. Therefore, this
study examined the phasal relations between flavor detection during chewing of
flavored foods and respiratory and masticatory movements by testing whether
flavor detection 1) depends on respiratory phases; 2) occurs at any specific times
during the respiratory phases; and 3) depends on either of the masticatory phases.

2. Materials and Methods
2.1. Participants
For this study, 24 young, healthy adults (20.2 ± 1.3 yrs old) were included. They
were assigned to the Experimental (Exptl) group (n = 24; 9 men and 15 women),
and 11 of them were also randomly assigned to the Control (Cont) group (3 men
and 8 women). The participants were paid and recruited from undergraduate
students of Niigata University of Rehabilitation. In the recruitment, the students
who reported any subjective problems in sensory (especially, olfactory and taste)
and motor functions were excluded. The Cont group was recruited to check
whether the action of pressing a signal button (see “Procedures”) itself affects
breathing and/or chewing or vice versa. The experiments were conducted for
two months. Informed consent was obtained from all participants. The experiments were approved by the Ethics Committee of The University of Niigata Rehabilitation Graduate School.

2.2. Test Foods
Since our preceding study indicated differential effects of flavors on detection
time (Miyaoka, et al. 2014), three fruity (grape, orange, and strawberry) gummy
candies (Meiji Co., Ltd., Tokyo, Japan) were used as test foods to check whether
different flavors affect respiratory and/or masticatory phases. The approximate
height, width and thickness of the gummy candies were 9.5 mm × 23.6 mm ×
15.0 mm. Each test food was wrapped with a wafer paper (Kokko Oblaat Co.,
Ltd., Shizuoka, Japan) to prevent direct contact between the food and oral tissues
before onset of chewing.

2.3. Procedure
The outlines of the procedures adopted were the same as the methods reported
in previous papers [7] [8]. Each participant was asked to rinse his or her mouth
with water and sit comfortably in a chair. A thermistor (EPU356; AD Instruments Pty Ltd., Bella Vista, Australia) was attached to every seated participant’s
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nostril to monitor breathing. A pair of electrodes (Ambu Inc., Blue Sensor, Maryland, USA) was attached to the skin just above the masseter (Mass) muscle to
record a surface electromyogram (EMG), as an index for chewing. The Mass
EMG was recorded from the habitual chewing side of each participant determined by personal statement. Mass EMG signals were amplified, filtered, fully
rectified, and stored on a digital recorder (Power Lab system; AD Instruments
Pty Ltd., Power Lab/8 sp, Bella Vista, Australia). Each participant held a button
connected to a recorder in his or her dominant hand.
The participant was then asked to rinse his or her mouth with water. A test
food was randomly provided to the participant and he or she was asked to hold
it between their molars until the delivery of the command to begin chewing,
whereas, the participant was not required to close his or her mouth during
chewing. After the delivery of the command, the participant started chewing at
will. The Exptl group participants were asked to immediately press the recording
button when they detected any flavor of test food on being asked to chew, whereas, the Cont group participants were asked to press the button any time they
wanted to. A pulse signal was generated by pressing the recording button for
flavor detection or for voluntary pressing and the signal was conveyed to the
digital recorder. Prior to delivery, the flavor of the test foods was given to every
participant of each group.

2.4. Data and Statistical Analyses
First, the number of detection signals for both groups were counted; the signals
occurred for any of the three respiratory phases, namely, inspiratory (Insp), expiratory (Exp) and pausing (Paus). They were determined by thermal changes
associated with breathing recorded with the nose thermistor [9], or one of the
two masticatory phases, namely, jaw-opening (JO) and jaw-closing (JC), which
were determined in turn by the activity of the Mass EMG [10]. The three respiratory phases were determined by the curve recorded with the thermistor on the
nostril (see Figure 1); 1) the period of the temperature fall was defined as the
Insp phase; 2) the period of the temperature rise was defined as the Exp phase;
and 3) the period of the temperature remaining stable was defined as the Paus
phase. The two masticatory phases were determined by the Mass EMG record;
the period of the EMG fired was defined as the JC phase, whereas the period of
the EMG silent was defined as the JO phase. Second, the signals’ relative location
during the three respiratory phases when the participants signaled was measured. The relative location in the respiratory phases was calculated using the following equation, producing a percentage figure:
Time difference of signaling from the beginning of the respiratory phase/Duration of respiratory phase × 100.
Four statistical examinations were used in this study: 1) A chi-square (χ2) test
for the association between categorical variables (respiratory and masticatory
phases; goodness of fit test); 2) the Bartlett test for testing the homogeneity of
sample distributions; 3) the Kruscal-Wallis test for the comparison of two means
3
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(a)

(b)

Figure 1. Sample data collected in the experimental group in a participant. (a): grape; (b):
strawberry-flavored gummy candies. Resp: respiration curve (upwards, expiration), Mass
EMG: a masseter surface electromyogram, Signal: time of signaling. Dots on the left show
37.0˚C (a) and 36.0˚C (b), and vertical bars on the right indicate 0.1˚C. Closed arrows on
the left side indicate the start of chewing shown by the masseter muscle activity, and open
arrows on the right side indicate the time of flavor detection. Flavor detection time was
measured from the start of chewing.

(ANOVA) and t-test for the comparison of two means with parametric sample
distributions. In all examinations, P < 0.05 was considered to be statistically significant.

3. Results
Figure 1 depicts sample data collected in the Exptl group; a flavor detection signal was observed either in the Exp (Figure 1(a)) or Paus phase (Figure 1(b)) for
each participant. Many more signals occurred in the Exp phase (n = 47) than in
the Insp (n = 20) and Paus phases (n = 8, Figure 2(a); χ2 test, P < 0.001), although no significant differences in the average time were observed among the
three respiratory phases (Figure 2(b); Kruscal-Wallis test): the averages were
1.23 sec (for the inspiratory phase), 1.41 sec (for the expiratory phase) and 0.80
sec (for the pausing phase). The χ2 test showed no significant differences in signals observed in the Insp and Exp phases among the three respiratory phases.
4

S. Miyaoka, Y. Miyaoka
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Figure 2. Comparison of the number of signals occurred and average time of three
respiratory phases. Percentages (a) and average time (+SEM; (b)) of the three respiratory phases in which flavor detection signals occurred.

In contrast, the Cont group did not demonstrate such a difference in the three
phases. The signals’ relative location was unequally distributed across the three
phases but none indicated significant differences in proportion (Figure 3(a)-(c);
χ2 test).
Two detection signals in Figure 1(a) and Figure 1(b) were observed during
the JC phase. In fact, more signals were seen during the JC phase (n = 74) than
the JO phase (n = 73; Figure 4(a)). Furthermore, the average time of the JC
phase (0.54 s) was significantly shorter than that of the JO phase (0.45 s; Figure
4(b); t-test, P < 0.005). However, no significant differences were seen between
the two proportions.

4. Discussion
The first finding of this study, namely that flavor detection during chewing is
more frequently observed in the Exp phase than in the Insp or the Paus phase
(Figure 2(a)), is consistent with previous studies [11] [12]. In one study [11],
participants had to estimate the perceived magnitude of a taste stimulus alone
(saccharin) and a mixture of the taste stimulus with an odor stimulus (ethyl butyrate) in two conditions (nostrils open and closed). The perceived taste magnitude of the mixture was larger than that for the taste stimulus alone, only when
nostrils were open. In another study [12], participants compared with the perceived magnitude of an odor stimulus alone (citral), presented in the mouth between open and closed nostrils. The perceived magnitude increased by raising
the concentration of the stimulus only when nostrils were open. These previous
studies suggest a critical role played by airflow through the nostrils in perceiving
flavor/odor from stimuli in the mouth. The airflow corresponds to expiratory
airflow during natural breathing, that is, retronasal perception of flavor/odor.
The present study did not require participants to close their mouth during
chewing; however, most participants did so naturally. Thus, the possibility is
probably low that the flavor of the test food chewed leaked out from the mouth
5
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(a)

(b)

(c)

Figure 3. Frequency distributions of flavor detection signals in three respiratory phases.
The numbers of signals occurred in the expiratory (a), inspiratory (b) and pausing (c)
phases. See the text for the calculation of the relative location in the respiratory phases
(“Data and Statistical Analyses” in the “Method” section).

(a)

(b)

Figure 4. Comparison of the number of signals occurred and average time of two
masticatory phases. Percentages (a) and average time (+SEM; (b)) of the two masticatory phases where inflavor detection signals occurred. Ns: not significant, ***P < 0.001.

that the flavor of the test food chewed leaked out from the mouth and stimulated
the nose. Although it is difficult for us to explain the result that nearly 30% of
detection signals occur in the inspiratory phase (Figure 2(a)), the following situation in our experiments may be related to the result; i.e., fruity flavors in the
test foods used are not detected just after the participants begin chewing. Instead, they are detected after a relatively long time, around 4 s [7] [8]. The long
6
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detection time could allow a sufficient diffusion of flavors to the whole nasal
cavity, resulting in detection becoming independent of the respiratory phases.
Statistical analyses showed that the relative locations of detection signals were
not biased in any of the respiratory phases (Figures 3(a)-(c)); however, a temporal factor needed to be considered in the interpretation of the results. That is,
time lag between flavor detection in the brain and time of signaling by the hand
might have affected the determination of the respiratory phase wherein detection signals occurred. A recent study reports that transcranial magnetic stimulation of the motor area can evoke potentials in the flexor hallucis brevis and that
the average latency period for evoked potentials is less than 40 msec [13]. In this
study, the average latency was 1.2% of the average time of the average respiratory cycle, including the pausing phase (Figure 2(b)). This would have presumably
played a minor or negligible role in the determination for the following reason.
There were no statistically significant differences in the average time among the
three respiratory phases (Figure 2(b)). Therefore, the three percentages of detection signals that occurred in the individual respiratory phases could only have
shifted as a whole for the time lag (only 1.2% of a respiratory cycle). As a result,
the relative locations of detection signals that occurred would have been unchanged.
The second finding was that flavor detection signals occurred more during the
JC than the JO phase (Figure 4(a)), although the average time of the JC phase
was shorter than that of the JO (Figure 4(b)). A previous study suggests that
mouth movement during chewing can enhance flavor perception through the
retronasal route [5]. The participants in this study were estimated the perceived
magnitude of two extract solutions (orange and rum) in the mouth with closed
and open nostrils. The participants were also estimated the perceived magnitude
with or without chewing-like mouth movements, whereas the nostrils were open
[5]. This study reveals the active role played by mouth movement in perceiving
flavors. Although experimental conditions differ significantly between previous
[5] and present studies, the present result (Figure 4) is consistent with previous
findings on the active role of mouth movement. However, the present result was
not statistically significant (P = 0.281). Therefore, the role of mouth movement,
that is, jaw-closing, only has a restrictive influence on flavor detection.
The largest limitation of the present study is that the test foods used have fixed
concentrations of flavors which may affect the results. Moreover, examining a
“concentration” effect is a key point in advancing this research. For the examination, it is necessary to develop test foods that include different concentrations
of flavors and similar mechanical properties of test foods, especially hardness.
Conversely, this study used three fruit flavors to examine differential effects on
respiratory and masticatory phases. The fruit flavors showed similar results,
suggesting that food flavors did not affect the phase-dependency revealed in this
study.
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