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Abstract In recent years, non-invasive monitoring of psychophysiological preferences for identifying unconscious
reactions by measuring brain activity has attracted attention. However, no prior studies on the perception and consumption of
food and drink have examined cerebral activity during "chewing." Also, there is no research on food with multiple tastes that
is eaten on a daily basis. Therefore, we investigated psychophysiological food-preference when chewing an apple by
assessing cerebral blood flow (CBF) by using fNIRS (functional near-infrared spectroscopy). Gustatory sense and food
preferences can be distinguished. However, instead of controlling for the taste, psychophysiological preference for
information about taste was manipulated by presenting a nameplate showing the area where the food was produced.
Independent component analysis (ICA) of CBF signals suggested that the average rate of taste identification with the
nameplate was high (94.5%). We also tested the effects of "chewing", which had not been investigated in previous studies.
This was expected to expand the scope of research and its possibilities. It is suggested that methods of eliminating artefacts
during chewing and methods of identifying preferences devised in this study would be useful for psychophysiological
monitoring.
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addition, in previous work "food" has mainly been
1. Introduction evaluated on the basis of basic tastes, whereas there is no
research targeting "food" as a mixture of multiple tastes,
which is essentially what we ingest on a daily basis. One
reason for this could be the difficulty in removing the
influence of body movements accompanying "chewing".
Moreover, food texture is an important factor in taste
evaluations. Measurement of cerebral blood flow (CBF)
related to texture also involves the influence of body
movements. On the other hand, Kopton and Kenning [6]
suggested that further research using mobile fNIRS could
be a valuable tool in developing the potential of new field
experiment methodologies.

Based on the above factors, in this study, we attempted to
distinguish psychophysiological food preference by using
fNIRS, when "chewing" an apple, by taking the following
points into consideration and devising countermeasures
against them. It is known that the gustatory sense and liking
for preferred and non-preferred foods can be distinguished
[7] and responses of CBF to the gustatory sense have been
. i confirmed [2, 5, 8]. Moreover, there is a need to eliminate
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In recent years, non-invasive psychophysiological
preference monitoring has attracted attention because of the
development of brain activity measurement technologies
such as fMRI (functional magnetic resonance imaging),
fNIRS (functional near-infrared spectroscopy), MEG
(magnetoencephalography) and EEG
(electroencephalography). These can reveal unconscious
reactions such as emotional movements without damaging
participants. For example, there are studies of preferences
for Coca-Cola versus Pepsi-Cola using fMRI [1], evaluation
of responses to basic tastes (sodium chloride) using fMRI
[2], preference evaluation of flavors [3] and colors [4] of
plants using fNIRS, and reaction evaluation of basic tastes
(sucrose solution) using fNIRS [5]. However, these are
evaluations involving "drinking", "smelling", and "viewing",
whereas there is no report of brain activities associated with
"chewing" which is conducted with the majority of food. In
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taste and texture. According to Fushiki [7], there are the
following four components of food preference: Taste that
satisfy physiological desires, taste that result from the food
culture, taste that provide information (extrinsic information
such as safety and taste has a strong influence on the
processing of taste in the brain), and taste for specific
ingredients that become addictive and stimulate brain's
reward system. Fushiki [7] also indicated that information is
the best seasoning. Therefore, instead of controlling for
taste, psychophysiological preference was manipulated
through information, by presenting a nameplate showing the
area where the apple was produced as being either Japan or
China.

2. Materials and Methods

2.1. Participants

Eleven healthy right-handed Chinese international
students staying in Japan participated in the experiment (age
range = 21-31 years, mean age = 24.7, SD = 2.70, 5 males
and 6 females). There is a tendency in Japan to worry about
safety and security of food made in China. We believed that
we could control the psychological impact of foods from
China by targeting Chinese international students staying in
Japan. This study was conducted in accordance with the
ethical regulations of the Tokyo University of Agriculture
based on the "Helsinki Declaration". We informed
participants that they could discontinue their participation at
any time. Written informed consent was obtained from all
participants.
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Channel 12 was placed at a
position 10% away from

the nose root based on the
international 10-20 system.

Figure 1. WOT-220 probes and channels. The probes have a light source
(®) and a light receiving components (0), fixedly arranged at the same
interval of 3 cm, and which simultaneously measure CBF with 22 channels

2.2. Measurements

Using a wearable optical topography WOT-220 (Hitachi
High-Technologies Corporation) [9], channel (Ch) 12 was
placed at a position 10% away from the nose root based on
the international 10-20 system [10] for the forehead, and
CBF was measured (Figure 1). The ambient temperature was
maintained at about 22°C using an air conditioner, to avoid
effects of temperature change on skin blood flow [11]. The
WOT-220 probes were fixed at the same interval of 3 cm,
and 22 channels (Chs) are measured at the same time. The

time resolution of each Ch was 20 msec and was digitized
at a rate of 5 points per second. Spatial resolution is to be
about 20-30 mm. Although CBF can acquire oxygenated
hemoglobin  concentration  (Oxy-Hb), deoxygenated
hemoglobin concentration (Deoxy-Hb), and the sum of both
(Total-Hb), these are not Hb absolute values but rather
relative values because the propagation path of light from
irradiation to detection cannot be specified.

2.3. Materials

We used an apple to provide mixed acidity and sweetness
as well as a crunchy texture. One Japanese apple was peeled
and cut into two adjacent pieces with a size of about 2 cm
long, 2 cm wide, and 2 cm deep. Each piece of apple was
explained as originating from China or Japan using a
nameplate and verbally, and participants tasted each piece of
apple. By cutting two adjacent pieces of the apple, we were
able to control for variations in quality. The reason for
controlling for quality was because it might be used to
distinguish psychophysiological preferences without relying
on the element of taste. The piece of apple was presented on
a spoon. Because this was a blind test using only Japanese
apples, the apple variety used was the familiar Fuji apples
that are also produced in China. Initially, Rest (30 s) was set,
and then one block of Tasting (40 s) and Rest (30 s) was
repeated three times to comprise the overall task (Figure 2).
The measurement time per task was around 240 s. The
Tasting (40 s) sequence consisted of three steps: Lifting the
spoon and waiting for a sound signal from a PC (5 s), taking
the contents in the mouth upon receipt of the signal, and then
returning the spoon to the table and starting to chew.
Participants chewed the pieces of apple without swallowing
if possible for 30 s, then swallowed it when a signal sounded
(5 s). The contents presentation order in Tasting (40 s) was a
dummy, a piece of apple and a piece of apple. The order of
nameplate presentation was randomized (Nameplate task).
The dummy task was conducted to confirm the difference
from when actually chewing things. When conducting the
dummy task, the participant only performed the actions
accompanying tasting (lifting / returning the spoon, taking
into the mouth, chewing, swallowing). He or she closed his
or her eyes at all measurement times except during lifting
and returning the spoon (5 s). Furthermore, in order to
investigate the influence of the presence or absence of
nameplate, we also conducted a task sequence of
dummy-apple A-apple B, with participants being orally
notified that the production area was different (AB task).
After each task, we asked the participants which piece of
apple tasted better and recorded their responses. The AB task
was performed before the Nameplate task. After performing
these once as a practice trial, the actual experiment was
repeated twice in turn. In order to prevent unnatural tasting,
we did not attempt to control the timing, frequency, intensity
of mastication.
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Figure 2. Task. First rest, then repeat tasting (dummy or apple) and rest three times. 40 s Taste period occurred as follows: Lifting the spoon, putting the
sample in his or her mouth and place the spoon onto the table (5 s, open eyes), keep on chewing without swallowing (30 s, closed eyes), and then swallow

(5 s, closed eyes). The remainder was all eyes closed

2.4. Data Analysis

We analyzed the fNIRS data using independent
component analysis (ICA) [12, 13], which finds unknown
independent, original signals from plural different
measurement signals via independence between original
signals. Fast ICA (http://research.ics.aalto.fi/ica/fastica/) and
MATLAB (MathWorks Inc., USA) software were used for
data analysis. For details of Fast ICA's algorithm, see
Hyviérinen and Oja [13]. ICA is used to reduce artefacts in
various brain activity measurements such as EEG [14, 15],
MEG [16], and fNRIS [17]. However, procedures for
artefact separation and removal due to chewing-related body
movements and preference determination methods have not
yet been proposed. Therefore, we devised and applied an
analysis method as follows:

1) Target data: In fNIRS CBF studies, Oxy-Hb is the most
sensitive index [18], such that Oxy-Hb was taken as
target data. Measurement data that had not been
subjected to any processing such as filtering, smoothing
or baseline correction was used [17]. The 30 s period
involving chewing before swallowing, excluding the 5 s
before and 40 s after the apple piece tasting was used (see
Figure 2, hereinafter referred to as 30 s chewing data).
Chl and 2, 3 (Chl1-3) and Ch20-22 were excluded from
data analysis because there were many measurement
obstacles due to hair. In addition, for the reason
explained in 2) below, Ch11-12 not belonging to the left
and right cerebral were also excluded.

2) Extraction of independent components (ICs): Up to 16
ICs can be extracted using all channels of Ch4-19 at the
same time, but it is difficult to judge which is artefact,
and CBF of the left and right cerebral fields do not
always match [19]. We thus divided them into two
categories, Ch4-10 of the left cerebral and Ch13-19 of
the right cerebral fields. In addition, since the timing,
frequency, and intensity of mastication did not
necessarily match up with the 30 s tasting data of
nameplate A and B in Figure 3, ICA was carried out by
dividing nameplates A and B respectively. When each
Ch can be measured normally, the maximum number of
extracted ICs for each of the right and left CBF is 7.

3) Separation and removal of artefacts: The vicinity of Ch4
and Chl9 is significant in scent [3] and color [4]
preference and taste [5] response evaluation. These are

4)

5)

located near the insular cortex of the cerebral cortex
primary gustatory area. For these reasons, Ch4 and Ch19
were the main targets, and separation of artefacts of Ch4
and Ch19 was prioritized. The fNIRS data include not
only cerebral activity but also body movement and
physiological motion (heartbeat and breathing) [20].
According to Hoshi and Tamura [20], fNIRS mainly
measures Oxy-Hb in venous blood, so the signal change
resulting from the heartbeat is very small. Changes due to
respiration are much smaller than those caused by
solving mathematical problems during fNIRS scanning.
In addition, Sato et al. [8] revealed no relationship when
comparing heartbeat by electrocardiogram measurement
and Hb signal by fNIRS measurement. As can be seen in
Figure 3, Oxy-Hb change for 30 s chewing data including
body motion is remarkably large as compared with
the remaining 30 s including only the physiological
operation. In this study, we focused attention only on
body movements, and identified and eliminated artefacts
by the following procedure using IC or ICs extracted in
2). D Select IC or ICs with small vertical movements of
the approximate curve and repeated sharp movements
as ICl1, IC3, IC4 in Figure 5 (Kohno et al. [17] also
separated similar ones as artefacts). @ Repeat
simulation of IC or ICs removal using selected IC or ICs.
(@ Identify IC or ICs that can remove the artefacts while
maintaining the original form of Ch4 and Ch19. @
Remove IC or ICs as the artefacts when optimal
simulation result is obtained.

Baseline fitting: Baseline fitting was performed with the
aim of eliminating the noise of monotonous increase or
decrease caused by the fact that Oxy-Hb is a relative
value. Using 30 s chewing data of Ch4 and Ch19 after
removing the artefacts, the baseline was calculated by
first-order equation of the starting and ending origins,
and subtracted (Figure 6).

Preference determination: According to the experimental
results of Elsadek and Fujii [4], who assessed only the
right cerebral with fNIRS, Oxy-Hb near Ch4 was
significantly decreased when viewing plants of a favorite
color. Hoshi et al. [18] also showed that Oxy-Hb
increased in the right prefrontal cortex during unpleasant
emotions, and that Oxy-Hb decline was associated with
pleasant emotions. Therefore, based on the confirmed
food preferences, Oxy-Hb change which was thought
to be relatively delicious (hereinafter referred to as
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Preferred) at the time of tasting and the other

(Non-preferred) was applied to the following equation (1)
for determination. 30 s chewing data after the baseline

fitting process was applied separately every 5 s. In order

to confirm a more detailed determination time zone, the

determination for each second was also performed using

Ch with a high determination rate.

n n
X=X4;, Y=2XB;, Z=X-Y
i=1 i=1

(1)

If Z <0, it is judged positively, and if Z > 0 it is judged
negatively.

A; indicates data when tasting Preferred, and B; shows
data when tasting Non-preferred.

3. Results

3.1.1ICA

Figure 3 shows CBF data for Ch19 of participant 6 (Table
1), measured during the second Nameplate task. Oxy-Hb
changes of nameplate A and B when chewing the apple piece
were remarkably bigger than those observed during the
dummy task. In addition, Oxy-Hb changes also differed
across nameplates A and B. These trends were seen for the
other participants as well.

Next, Figure 4 shows Ch13-19 measurement data from
participant 6 obtained for nameplate A of the second
Nameplate task and Oxy-Hb change after removal of ICs by
Fast ICA. Oxy-Hb changes after removal of ICs in Figure 4

6) Consistency check of the preference determination are the result of separating and removing ICI, IC3, IC4 of
results: To confirm the consistency of the determination ~ Figure 5 as artefacts. Figure 6 shows the result of baseline
results, we set 30 s chewing data after baseline fitting to ~ fitting using Ch19 data after ICs removal in Figure 4.
30 levels (every second), and preference to 2 levels
(Preferred and Non-preferred), and then two-factor
analysis of variance (within-subjects factor) was
performed. The average Oxy-Hb change and the standard
error were calculated as well.

1.5
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Figure 3. Example of CBF data: Ch19 data of participant 6
Table 1. Preference determination results between 21 s and 25 s. O indicates positive determination and x indicates negative determination. A indicates a
response that "the taste was the same". — indicates the measurement error channel. The determination rate is calculated excluding A and —
Ch4 Ch19
Participants First time Second time First time Second time
AB Nameplate AB Nameplate AB Nameplate AB Nameplate
1 x O x O O O O O
2 - — A - - — A - -
3 x O A O O O A O
4 x O O O O O O O
5 O x A X O O A O
6 A O O x A O O O
7 x O x O O O O O
8 O O O x x x O O
9 e x O x - - - -
10 O O x x O O x O
11 O O X A O O X A
Determination rate 55.6% 80% 50% 44.4% 87.5% 88.9% 71.4% 100%
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Table 2. Preference determination rate per second for Ch19

Time 14s 15s 16s 17s 18s 19s 20s 21s 22s 23s 24's n

The first AB task 62.5 50.0 50.0 62.5 62.5 62.5 75.0 75.0 75.0 62.5 62.5 8

The first Nameplate task 88.9 88.9 88.9 77.8 66.7 77.8 77.8 77.8 77.8 88.9 77.8 9

The second Nameplate task | 62.5 62.5 62.5 62.5 62.5 75.0 62.5 100 100 100 87.5 8
Average 71.3 67.1 67.1 67.6 63.9 71.8 71.8 84.3 84.3 83.8 75.9

Table 3. Percentage preference determination rate by time zone for Ch19. O indicates positive determination and x indicates negative determination. A

indicates no reported taste differences. — indicates the measurement error channel. The determination rate is calculated excluding A and —
. The first AB task The first Nameplate task The second Nameplate task
Participants

14-16 s 21-23s 21-24s 14-16 s 21-23s 21-24's 14-16 s 21-23s 21-24's

1 O O O O O O x O O

2 - - - - A — A — A - - -

3 O O O O O O O O O

4 O O O O O O O O O

5 x O O O O O x O O

6 A A A O O O O O O

7 O O O O O O O O O

8 X X X X X X O O O

9 _ _ _ _ _ _ _ _ _

10 x O O O O O X O O

11 O O O O O O A A A
Determination rate 62.5% 87.5% 87.5% 88.9% 88.9% 88.9% 62.5% 100% 100%

3.2. Preference Determination Results

Table 1 shows the preference determination results for
Ch4 and Ch19. These are the determination results applied to
equation (1) by dividing 30 s chewing data every 5 s,
showing a high determination rate between 21 s and 25 s
(hereinafter 21-25 s) of Chl19. The average determination
rate for the first and second Nameplate tasks was very high at
94.5%, compared with 79.5% for the first and second AB
task in Ch19. On the other hand, the determination rates for
Ch4 were low, and some respondents noted that the tastes
were the same for the two samples.

To confirm a more detailed a determination time zone,
determination was made every second using Ch19, which
had the highest determination rate. The determination ratios
for 14-16 s and 21-24 s were over 80%, and the average
determination rate for 21-23 s was high (Table 2). Therefore,
the determination was carried out for the time periods
of 14-16 s, 21-23 s and 21-24 s, which all had high
determination rates. The periods of 21-23 s and 21-24 s
showed the same determination results as 21-25 s (see Table
1), but 14-16 s showed a tendency toward increased negative
determination (Table 3).

Furthermore, to confirm the consistency of the
above-reported determination results, the data from
participants who made positive judgments at 21-23 s for the
first AB task as well as the first and second Nameplate tasks
(see Table 3) were divided into Preferred and Non-preferred
categories, and then the average Oxy-Hb change and
standard error values were obtained (Figure 7, the first AB
task: n = 7, and for the first and second Nameplate task: n =
8). These data are post baseline fitting. The average Oxy-Hb

change of Preferred was lower than Non-preferred for the
first AB task (a), and the first (b) and second Nameplate tasks
(c; see Figure 7). The error ranges in Figure 7 do not overlap
between 17-18 s and 21-28 s in (a), 12-30 s in (b) and 18-23 s
in (c). The 21-23 s in which the error ranges did not overlap
across (a), (b), and (c) coincided with the time zone in Table
2 where the average determination rate per second exceeds
80%.

Next, two-factor within-subjects analysis of variance was
performed by setting 30 s chewing data to 30 levels (every
second) and preference to 2 levels (Preferred and
Non-preferred). The data are the same as those shown in
Figure 7. The first AB task involved only a significant main
effect of Preferred versus Non-preferred (p = 0.044). This
indicates an Oxy-Hb change difference between Preferred
and Non-preferred (a). The main effects of chewing time and
Preferred versus Non-preferred were significant for the first
Nameplate task (p = 0.042, p = 0.019 respectively), and there
was a trend toward a significant interaction of chewing time
and Preferred versus Non-preferred (p = 0.073). We
therefore performed a simple main effect test of Preferred
versus Non-preferred on chewing times and found that 14
and 16-19 s (ps < 0.05), 15 and 20-21 s (ps < 0.01), 22-24 s
and 27-28 s (ps < 0.05) were significant, and 12, 13, 25, 26,
29, and 30 s involved significant trends (ps < 0.1). These
time zones coincided with 12-30 s in which the error ranges
seen in Figure 7 (b) did not overlap. In addition, there is an
Oxy-Hb change difference between Preferred and
Non-preferred (see Figure 7; b). The simple main effect of
chewing time was significant for Preferred (p = 0.043),
but not for Non-preferred. These indicate that Oxy-Hb
change during Preferred trials contributed to preference



132 Soo-Young Park et al.:

Psychophysiological Preference Monitoring by

Cerebral Hemoglobin Measurement during Chewing an Apple Piece

determination. For the second Nameplate task, only the
interaction of chewing time and Preferred versus
Non-preferred was marginally significant (p = 0.067).
Simple main effect tests revealed a marginally significant
effect of 22 s (p = 0.075), which is included in the 21-23 s
band where the error ranges seen in Figure 7 do not overlap,
although 24 s did reach significance (p = 0.045). The simple
main effect test of chewing time on Preferred trials was not
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After removal of ICs
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Figure 4. Comparison before and after removal of ICs

significant, although there was a trend toward a simple main
effect test of chewing time on Non-preferred trials (p =
0.066). These results indicate that Oxy-Hb change during
Non-preferred trials contributed to preference determination.
A multiple comparison of the chewing time in Preferred of
the first Nameplate task and Non-preferred of the second
Nameplate task was also performed, but there was no
significant difference.
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Figure 5. Extracted ICs

Figure 6. Baseline fitting
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Figure 7. Fluctuation in average Oxy-Hb for Ch19 and standard error. (a) is the first AB task (n = 7), (b) is the first Nameplate task (n = 8), and (c) is the
second Nameplate task (n = 8). Only data of subjects who made positive judgments at 21-23 s were used (see Table 3). Error bars indicate standard error

4. Discussion

As shown in Figure 3, Oxy-Hb change was much greater
at the time of chewing than at rest, and the three Oxy-Hb
changes also differed according to the adjustment of the
chewing force and the timing of chewing. Under these
circumstances, Ch19 data show that artefacts due to body
movement could be reduced while preserving the original
form of fluctuation, so that after defining Ch for the main
target, artefacts can be effectively removed as was done in
this study, via simulation using the extracted ICs. In addition,
because the average Oxy-Hb fluctuation of Preferred in (a),
(b) and (c) in Figure 7 was less than that of Non-preferred, it
can be said that the food preference determination using
equation (1) is effective. Since the average determination
rate was very high for the Nameplate task (94.5%), it can
be said that this study was able to yield a valuable
psychophysiological monitoring method. Chewing as an
action can be added to methods used in previous preference
determination studies, such as those on viewing, smelling,
and drinking, which is expected to greatly expand the scope
and possibilities of research. It is also significant that
compared to previous studies using mean values of multiple
data, such as the average Oxy-Hb changes (see Figure 7) as
the main target of analysis, this study analyzed individual
values of multiple participants (Table 1) by using equation
(1).

According to Fushiki [7], the Nameplate task used here
assessed “taste resulting from information”. Despite the
absence of a specific nameplate, participants were told that
production districts were different in the AB Task. Since the
average discrimination rate of the AB task was 79.5%, it was
estimated that taste based on information has been assessed,
even though there was no concrete presentation of
information. The average rate of determination was higher
for the Nameplate task than for the AB task. Therefore, it
was considered that presenting clear information as opposed
to ambiguous information was effective for improving the
accuracy of identification.

Ch19, which had an extremely high average determination
rate in the Nameplate task, is located 7.5 cm to the left from
the center of the forehead. Ch19 seems to correspond to the
inferior frontal gyrus (IFG) [4, 19]. According to Elsadek
and Fujii [4] and Tak et al. [19], it seems to be close to
Broca’s area. The cerebral function of Ch19 is thought to be
a response to the linguistic meaning process for the
nameplate. However, as there is a possibility that somewhat
different areas were measured across participants due to
different head shapes and sizes (average size of the
participants from the nose root to the occipital node = 34.36
cm, SD = 1.23 cm), it is difficult to say that the measured
place is not the middle frontal gyrus (MFG) [21]. If indeed
we accessed MFG activity, the cerebral function of Ch19 is
emotion, and the high determination rate of Ch19 comes
from the measurement of emotion. Since WOT-220 is a fixed
probe type and not based on specific spatial position data,
there is a limit to specifying the area.

Finally, the Hb signal response is obtained via the BOLD
effect (Blood Oxygenation Level Dependent) [22], but the
delay (time lag) of hemodynamics to the taste stimulus is
around 15 s [2]. For visual stimuli, there is a time lag of
around 6 s [23]. The time lag of 15 s for taste stimuli supports
the simple main effect test result for Preferred and
Non-preferred in chewing times for the first Nameplate task,
which was significant from 14 s onward.

5. Conclusions

The results provide important scientific evidence
regarding the determinants of food preferences. The average
rate of determination was very high for the Nameplate
task (94.5%), suggesting that the determination of food
preferences using equation (1) was highly effective. It is
suggested that methods of eliminating artefacts during
chewing, as well as methods of identifying food preferences
that were devised in this study, are useful for
psychophysiological monitoring.
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