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ABSTRACT

The aim of the study was to investigate the representation of taste in human prefrontal cortex (PFC), in particu-
lar, to compare the representation of a pleasant and an aversive taste using functional near-infrared spectrosco-
py (fNIRS), so as to obtain further understanding of the taste preference mechanism. The pleasant stimulus used
was sweet taste (10% sucrose), and the unpleasant stimulus was sour taste (1% critic acid). Based on event-re-
lated design, the experiments were performed with 16 healthy volunteers using the OEG-16 fNIRS sensor. A
general linear model was used to analyze the collected data. For the concentration change of oxygenated hemog-
lobin (AoxyHb), we found that significant deactivation was induced by sweetness and sourness in parts of the
frontopolar area, orbitofrontal area and dorsolateral prefrontal cortex in bilateral hemisphere of human brain.
And the right PFC showed different levels of activation between sweetness and sourness. In addition, brain ac-
tivities were more sensitive to sourness than sweetness. Finally, we confirmed that the PFC was involved in sweet
and sour taste processing, and fNIRS provided an alternative way for studying taste-related brain function un-
der more natural conditions.
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1. Introduction higher cognitive functions such as planning, reasoning
and language comprehension [4]. This finding has rein-
forced our understanding of neural communication in
gustatory system. Correspondingly, Okamoto et al. have
done a series of researches on PFC activity for taste en-
coding based on different experimental tasks and de-
signs, and almost of the results concluded that the lat-
eral PFC is responsible for intentional taste encoding
[5,6]. Similarly, the acute effects of glucose ingestion
on prefrontal brain activation during the execution of a
divided attention task have exhibited in fasting non-

Gustation serves an important role in human as one spe-
cific and basic function of oral cavity [1], which is
closely related to brain function. The information and
sensation gained by receptors are not only to modulate
food intake but also to affect high cognitive process of
human brain [2]. For its importance, brain activity dur-
ing taste cognitive processing associated with daily
feeding behaviors has recently attracted increasing at-
tention. In the past several years, the study of taste sen-
sation and perception has been energized by the discov-

ery that taste and other food-related activities occur in the
prefrontal cortex (PFC) [3], which is involved in various
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diabetic older adults [7]. Several neuroimaging and neu-
rophysiological studies have provided supporting evi-
dence for the above finding [8]. Thus, the PFC seems to
be also responsible for taste cognitive processing. How-
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ever, although established fundamental evidences for
taste-related brain function have been accumulated,
compared with other sensory functions, such as vision,
audition and olfaction, studies on gustatory cognitive
processing, in particular to PFC, remain scarce. The re-
presentation of gustatory neural circuits is still in its in-
fancy.

In present study, we investigated whether similar he-
modynamic changes were also detected in PFC when
tasting pleasant and unpleasant tastes. Although the sub-
jective feeling of taste varies, in generally, the sensation
of taste can be categorized into five basic taste qualities:
sweetness, sourness, saltiness, bitterness, and possibly
umami. Meanwhile, as taste senses both harmful and
beneficial things, all basic tastes are classified as either
aversive or appetitive, depending on the effect of the
things they sense on our bodies, for example salty, sweet
and umami drives us toward essential nutrients, whereas
bitter and sour alert us to potentially harmful substance.
Thus, emotion induced by taste refers to food modulation,
balance of nutrition and harm avoidance, and they all
play important roles in human survival. Among these
five basic tastes, sweetness is often regarded as a plea-
surable sensation, while sourness serves as an aversive
taste. Because the PFC plays an important role in many
higher cognitive functions [4], we speculated that plea-
sant and aversive taste processing would activate some
parts of the PFC at first. And, if true, it shows where is
responding to these tastes in human brain. The primary
aim of this study was to use functional near-infrared
spectroscopy (fNIRS) to obtain correlations between
prefrontal cortex activity and the subjective emo-
tion-effects produced by sweet and acidic tastes based on
event-related design (ERD).

We used fNIRS to monitor the brain activation and
reveal hemodynamic and metabolic changes [9]. In the
almost 35 year since Jobsis firstly applied NIRS to mon-
itor changes in tissue oxygenation, this technology has
developed remarkably. Compared to other neuroimaging
methods, such as positron emission tomography (PET),
functional magnetic resonance imaging (fMRI) or mag-
neto encephalography (MEG), fNIRS has many advan-
tages. The experiments, using fMRI or another brain im-
aging technologies, require the subject being scanned to
stay completely so that it can capture a clear image. It
makes the subject feel stressful physiologically and/or
physically. On the contrary, fNIRS only requires com-
pact experimental equipment and is less restrictive of
subject’s movement, allowing the brain function to be
monitored under more natural conditions [10,11]. So far,
this technique has been widely used for some brain re-
searches of sensory, motor and other high cognitive
process.
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2. Materials and Methods
2.1. Participants

A total of 16 healthy volunteers (8 males and 8 females),
aged 26.31 + 5.462 years (mean + SD), participated in
the experiment. All of them are right-handed and none
had a history of mental and neurological disease. The
volunteers were not allowed to eat 2 hours before the
experiment but were allowed to drink normally. This
study was approved by the Human Ethics Committee of
Health Promotion and Education, Graduate School of
Human Development and Environment in Kobe Univer-
sity.

2.2. Stimuli

In this study, sweetened solution (10% sucrose) and
acidic solution (1% citric acid) were chosen as taste sti-
muli. In our previous works, the pre-experiment had been
done by sweet and acidic solution with different concen-
tration, and we found, most of the subjects were activated
by these two stimuli (10% sucrose and 1% citric acid)
strongly. In addition, to determine the brain cortex areas
specifically activated by these stimuli, purified water
(tasteless) was used as reference to minimize noise in-
duced by oral motor and other brain function in the sub-
sequent analysis. All samples are served at room temper-
ature.

2.3. Experimental Procedure

The experiment was performed using ERD. Figure 1
shows the schematic diagram of the protocol. A single
session comprised of a baseline and a task. During the
experiment, as a baseline condition, we asked the subject
to sit on a chair in a quiet room and try to relax with eyes
closed for 40 seconds. Following this, stimulus, in quan-
tities of 8 ml, was manually injected into the subject’s
mouth via a hand-held syringe connected to a tube. The
subject was asked to hold the stimulus in the mouth for
25 seconds (include the injection time) and then spit it
out. After the task, the subject rinsed off his/her mouth
with purified water to prevent adaptation. Then they con-
tinued to run the same process with the two stimuli. In
this experiment, purified water was firstly injected and

A session of experiment
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Figure 1. The schematic diagram of experiment protocol.
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followed by sweet solution and acidic solution. Some
pilot studies were done so that subjects knew about
expe-riment and it was beneficial for us to seek some
regions of interest (ROI) of gustatory system effectively.
The subjective ratings of the pleasantness of the stimu-
li were also measured just after the fNIRS recording ses-
sion using a rating scale ranging from +2 = very like/
pleasant, 0 = neutral, —2 = very dislike/unpleasant.

2.4. fNIRS Measurement

We used a multichannel fNIRS instrument (Spectratech
OEG-16 from Spectratech Inc., Tokyo, Japan) to cover
the prefrontal lobe and monitor the subject’s brain activ-
ity during the taste processing. The system operated at
two different wavelengths of 770 nm and 840 nm, emit-
ting an average power of 3.6 mW/mm2. The time reso-
lution is 0.65 seconds, and the depth of brain tissue
which can be measured from the surface is 3 cm in this
case. Up to now, there has not been any positional stan-
dard for fNIRS, thus, we placed OEG-16 over the frontal
lobe using Fpl and Fp2 of the international 10 - 20
system as reference points for placement, as showed in
Figure 2.

2.5. INIRS Data Acquisition and Analysis

Using the modified Beer-Lambert Law for highly scat-
tering medium [12,13], the optical data was transferred
into the oxygenated hemoglobin (oxyHb), deoxygenated
hemoglobin (deoxyHb), and total hemoglobin (totalHb)
concentration changes as AoxyHb, AdeoxyHb, and
AtotalHb respectively in mM.mm unit, as the following
equation:

AA, =g,Ac(d)+As 1)

Here, AA, means the change of absorbance at a giv-
en wavelength, &, for concentration change, (d) for
average length of light path, and As for effect change
by scattering. Considering multiple measurement at two
wavelengths in this case, we can rewrite Equation (1) as
follows:

Right hemisphere Left Hemisphere
0 (D G @ (12 @

.Position of Light-emitting part (1-6)

5 OPosmon of Light-receiving part (1-6)

m OMeasurement position (channels 1-16)

Figure 2. Instrument of fNIRS and probe arrangement.
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AAASAO = (goxy1840 ACo><y + gdeoxy184OACdeoxy )(d > +As (2)

AA/1770 ( ony?OACoxy + gdeoxy/1770 ACdeoxy )<d > +As (3)

From (2) and (3), we can obtain Ac,, and Ac,,, -
Then the total hemoglobin signal ( Ac,,,, ) is calculated
asasumof Ac,, and Ac,, as following

ACtotaIHb = ACoxy + ACdeoxy (4)

Our analyses focused on oxyHb, which is most sensi-
tive to change in regional cerebral blood flow, and pro-
vided the strongest correlation with the blood oxygen
level dependent signal among the three fNIRS parame-
ters [11]. Afterwards, moving average filter was applied
to remove global influence (e.g. changes in heart rate or
respiratory influences), and we made the data point as 5
and one repeat time. All sessions in all channels were
used for statistical processing.

For each channel in each of the 3 conditions (purified
water sweetened and acidic solution), a baseline was
calculated as the mean value of AoxyHb in 40 s, while a
task was calculated as the mean value of AoxyHb over 25
s after injecting stimulus. To identify the significantly
activated channels, we performed analysis of variance
(ANOVA) comparing the different stimulus in different
condition respectively (i.e. baselinel vs. task 1, task 1 vs.
task 2) (to enable the analysis, the thresholds for signi-
ficance in the result were then set at p < 0.05 (Bonferro-
ni)). Our analysis is summarized as follows: firstly, we
compared the baseline with task values respectively (i.e.
baseline 1 vs. task 1) to get the channels which are sig-
nificantly influenced by stimulus. Then, because the
baselines of three stimuli showed different level from
each other, we calculated the Z-score of each task value
as it is normalized before they can be used for compari-
son among themselves. The equation is shown as:

z=(x-m)/c (®)

Here, m represents the mean value of the baseline, o is
the standard deviation of the baseline, and x is the value
of the tasks for 25 seconds (Figure 3). By using the
z-scores, we could then compare the task values to find
out whether there is any difference among the three tastes.
Specifically, based on the channels which were activated
by stimuli firstly, if they show different level between
tasteless (purified water) and tastes (sweetness and sour-
ness), we identified the activities in these channels are
truly evoked by sweetness and sourness. In other word,
these regions are involved in the sweet and/or sour taste
processing. We also compared neural responses to
sweetness and sourness to find out whether there is any
anatomical separation between these two taste senses.
Statistical analyses were conducted using SPSS version
18.0 (SPSS Inc.).
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Since we conducted the experiment with the OEG-16
without any supplementary tool such as a 3D digitizer, it
is difficult to identify the activated foci of human brain.
To resolve this problem, we referred to the spatial regis-
tration of fNIRS device the ETG4000 3 x 11 (manufac-
tured by Hitachi), which contained the channels of
OEG-16. From there, we obtained Channel localizations
of OEG-16 on human brain. The channels covered infe-
rior frontal gyrus, middle fontal gyrus, superior frontal
gyrus and the lateral orbitofrontal gyrus.

3. Results
3.1. Pleasantness Ratings

The average pleasantness rating for the sweetened solu-
tion condition was +1.13 + 0.5 (mean = SE), whereas
—0.69 * 0.94 for the acidic solution condition (paired t =
5.68, df = 15, p < 0.001), which matched the subjects’
self-reported that the sweetened solution made them
pleasant and the acidic solution is unpleasant.

3.2. Prefrontal Cortical Responses

Figures 4 and 5 represented the activation of prefrontal
lobe cortex when tasting the sweet solution and acidic
solution and most of channels showed a relative decrease
of oxyHb. According to ANOVA, we observed different
PFC areas across different tasks. In the purified water
condition, a significant activation from baseline to task in
oxyHb was observed in almost all channels. In sweetened
solution condition, the regions in bilateral prefrontal cor-
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tex (ch3, 4, 6, 10, 11, 12 and 14) exhibited significant
activation during sweetness stimulating condition. Al-
though these channels were activated by sweet taste and
in some sense related to sweet gustatory system, they
also would be responses to sensory, motor or propriocep-
tive in origin. To elicit the cerebral activity by sweetness,
then, comparing tasteless (purified water) and sweetness,
the main activated signals appeared at five channels (ch3,
4, 6, 11 and 12) (Figure 6). The MNI coordinates esti-
mated for these channels were close to the reported loca-
tion of frontopolar area, orbitofrontal area and dorsola-
teral prefrontal cortex (Table 1). Similarly, the contrast,
tasteless and sourness, revealed significant activation in
eight channels: ch3, 4, 5, 6, 9, 10, 11 and 13 (Figure
7(a)), which were in parts of the dorsolateral prefrontal
cortex, the frontopolar area, and the orbitofrontal area
(Table 2). Furthermore, Figure 7(b) and Table 3 showed
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Figure 3. Normalized changes for fNIRS data in task condi-
tion.
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Figure 4. Grand average concentration changes of oxyHb for 16 subjects during the sweet taste processing.
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Figure 5. Grand average concentration changes of oxyHb for 16 subjects during the acidic taste processing.
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Table 1. The activated channels related to sweetness.

MNI-space

Cortical areas
correspondence

ROI  Ch

X y z SD BA

3 46 54 -5 511 46 Dorsolateral PFC

10 Frontopolar area

Right 38 60 8 507 46

PEC Dorsolateral PFC

~

11 Orbitofrontal area

6 27 68 -3 45 11  Orbitofrontal area
10 Frontopolar area
left 11 —24 65 20 583

PFC 46 Dorsolateral PFC

12 -23 68 -3 464 11  Orbitofrontal area

BA, brodmann area; PFC, prefrontal cortex.
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that parts of the frontopolar area and orbitofrontal area of
human brain especially in the right hemisphere (ch3, 4,
and 6) were significantly activated by sweet and sour
taste but showed different level between them simulta-
neously. In addition, the results showed sourness is more
sensitively activated than sweetness.

4. Discussion

The results from this study showed that the fNIRS (OEG-
16) could be used to measure the taste-related brain func-
tion. Relatively to our primary aim, comparing purified
water to sweetened and acidic solution respectively, the
group analysis showed the ROI (tasteless-sweetness)
included the regions of one part of the frontopolar area,
orbitofrontal area and dorsolateral prefrontal cortex,
while the ROI (tasteless-sourness) overlapped the area
activated by sweetness (ch3, 4, 6 and 11) and also
showed some another foci (ch5, 9, 10 and 13). We con-
clude that, in some sense, these regions in the prefrontal
cortex of human brain are involved in the perception of
sweetness and sourness in taste system. Previous neuro-
imaging studies of the representation of taste in human
brain have found cortical areas reacted to taste such as
the frontal operculum/insula and the orbitofrontal cortex
[14-16]. Furthermore, many neuroimaging studies have
shown right-hemispheric dominance is involved in both
taste perception [17,18] and recognition [14] of gustatory
stimuli, while some studies have shown bilateral or
left-lateral areas of human brain are concerned with the
quality of taste [19,20]. Our finding supported that the
lateral PFC, especially the right hemisphere, are acutely
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The channels which were truly evoked by sweet and sour tastes were used to compare, and all of them showed different levels

significantly.
Table 2. The activated channels related to sourness.
MNI-space correspondence Cortical areas
ROI Ch
X y z SD BA

3 46 54 -5 5.11 46 Dorsolateral PFC
10 Frontopolar area
4 38 60 8 5.07 46 Dorsolateral PFC
Right PFC 11 Orbitofrontal area
10 Frontopolar area

5 25 65 20 5.75
46 Dorsolateral PFC
6 27 68 -3 45 11 Orbitofrontal area
10 Frontopolar area

Anterior PFC 9 3 68 -3 5.54
11 Orbitofrontal area
10 Frontopolar area

10 -13 70 9 491
11 Orbitofrontal area
10 Frontopolar area

11 —24 65 20 5.83
Left PFC 46 Dorsolateral PFC
10 Frontopolar area
13 -35 55 22 5.12 11 Orbitofrontal area
46 Dorsolateral PFC

BA, brodmann area; PFC, prefrontal cortex.

influence by the pleasant and aversive tastes.

Another novel finding of this study is that the differ-
ence between sweet and acidic taste appeared in parts of
the dorsolateral prefrontal cortex (ch3 and 4), frontopolar
area (ch4) and the orbitofrontal area (ch6) in the right
hemisphere. This provides new evidence to support the
issue that human prefrontal area is involved in the dis-
crimination of taste qualities.

OPEN ACCESS

Furthermore, as the results presented above, aversive
stimulus was activated in more regions among the PFC
than the pleasant. This may be derived from taste quality
and intensity. In a PET studies, they found the aversive
taste (saline solution) was slightly more perceptually
intense than pleasant taste (chocolate) in the right amyg-
dala, left orbitofrontal cortex and pregenual cingulate
[16].
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Table 3. The areas related to discrimination of taste quality.

MNI-space

Cortical areas
correspondence

ROl Ch

X y z SD BA

3 46 54 -5 511 46 Dorsolateral PFC

10 Frontopolar area
4 38 60 8 507 46 Dorsolateral PFC
11 Orbitofrontal area

6 27 68 -3 45 11 Orbitofrontal area

BA, brodmann area; PFC, prefrontal cortex.

In our case, sourness is indeed an aversive taste while
sweetness is pleasant for our subjects. Furthermore, the
sourness made subjects stronger feelings. It is likely the
similar neural mechanism is related to taste quality and
intensity in our study.

In addition, as the result presented above, most parts of
the PFC showed a relative decrease of oxyHb during the
sweet and acidic taste processing. Why does oxyHb in
PFC tend to be decrease during pleasant and aversive
taste? Task-induced decreases of oxyHb or regional ce-
rebral blood flow (rCBF) in PFC have been reported by
previous studies using video-game-like tasks [21]. Re-
garding to taste, the decrease in neuronal response to a
food as the monkey is fed to satiety is partly specific to
the food eaten, and this mechanism reflects the prefe-
rence of the monkeys for the foods [3,22]. Although each
of these studies differed in various tasks and designs,
deactivation in dorsal PFC was commonly observed.
Some possible factors are applicable to such phenome-
non such as attention demand [23,24] and “vascular steal”
[25]. Especially relevant to present study, possible ex-
planation relates to passive hemodynamic changes is
attention demand or taste preference rather than vascular
steal. Even if our experimenter told subjects no to think
of anything during the testing, it is also probable that
some unconscious attention demand was required for
these pleasant and aversive tastes.

The present findings in humans are consistent with
some earlier findings but at the same time there were also
some difference in our study. That would be due to the
following factors. Firstly, in this case, the Bonferroni
correction was performed to set an upper bound on the
family wise error rate. Actually, this method is usually
used for some data analysis in neuropsychology study
and strongly controls the probability of making one or
more false detection among all the simultaneously chan-
nels. However, such correction may be too strict, and
therefore, the ROIs obtained in this case are just the most
related foci’s of sweet and sour taste. In other word, it is
possible that the truly activated channels were over-
looked. Secondly, because the taste-related brain func-
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tion is closely related to the feeding behavior, the physi-
ological status of subject, such as in hungry or satiety
condition, may affect the brain function during the gus-
tatory processing. There are some evidences showing
that neurons in the secondary taste cortex region have
been found to be modulated by the motivational state of
the animal, responding to the sight or taste of food when
the animal is hungry and not responding when the animal
is satiated [22,26]. Here, the volunteers did not consume
any food the 2 hours before the experiment, so that the
activated regions we found were little different from
some previous studies. Furthermore, in the neuropsy-
chology and brain function mapping studies, two major
types of experimental designs utilized in cognitive expe-
riments using some neuroimaging techniques are block
and event-related designs [27]. In present study, we uti-
lized event-related design, which may be more appropri-
ate for exploring higher cognitive functions [28], and
injected sweet solution before acidic solution. This expe-
rimental paradigm perhaps influenced the regions of in-
terest we found and may explain the activated intensity
of sweetness and sourness [29,30]. In addition, there
were 16 subjects (Chinese and Japanese) participated in
this experiment. As this study is our first time using
OEG-16 as a monitor tool for brain cortex functions dur-
ing the sweet and sour taste processing, it is still in a very
early stage and comes with a few limitations as above
discussed. More experiments are required to evaluate this
method and further investigate questions about taste pre-
ference mechanism.

5. Conclusion

The present study used fNIRS to investigate the prefron-
tal cortex activity during pleasant and aversive tastes and
deactivation was observed in parts of frontopolar area,
orbitofrontal area and dorsolateral prefrontal cortex. We
hope that the investigation will further contribute to the
understanding mechanism of taste preference, and to
providing some theoretical evidences for studying on
taste disease such as dyspepsia and disorder.
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