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Functional imaging of gustatory perception and imagery:
“top-down” processing of gustatory signals
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By recalling gustatory memories, it is possible to generate vivid
gustatory perceptions in the absence of gustatory inputs. This gustatory
image influences our gustatory processing. However, the mechanism of
the “top-down” modulation of gustatory perception in the human is still
unclear. Our findings propose a new perspective on the neural basis of
gustatory processing. Although gustatory imagery and gustatory
perception shared common parts of neural substrates, there was an
asymmetrical topography of activation in the insula: the left insula was
predominantly activated by gustatory imagery tasks. In addition, the
middle and superior frontal gyri were not activated by gustatory
perception but they participated in the generation of gustatory
hallucinations. These regions in the frontal cortex may mediate the
“top-down” control of retrieving gustatory information from the
storage of long-term memories.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

The sense of taste is necessary to identify food and forms a taste
preference, although the appeal of both sweet- and salty-tasting
substances, in large part at least, is innately determined (Beau-
champ and Cowart, 1985). Gustatory behaviors, such as neophobia
and taste aversion learning, suggest that the gustatory information
from the taste buds is compared to gustatory memories at all times

* Corresponding author. Department of Oral Physiology, Osaka
University Graduate School of Dentistry, Yamadaoka 1-8, Suita, Osaka
565-0871, Japan. Fax: +81 6 6879 2885.

E-mail address: masayuki@dent.osaka-u.ac.jp (M. Kobayashi).

Available online on ScienceDirect (www.sciencedirect.com.)

1053-8119/§ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi: 10.1016/j.neuroimage.2004.08.002

during food intake, and thus we avoid ingesting novel or harmful
food. Gustatory memories enable us to generate vivid perceptions
of taste in the absence of peripheral gustatory inputs. Thus. not
only signals from the peripheral gustatory nervous system but also
those obtained by recalling gustatory memories play a critical role
for gustatory information processing.

To elucidate the mechanism of gustatory perception, the pathway
from the peripheral taste receptors to the central nervous system (the
“bottom-up” pathway) has been well studied in nonhuman primates.
Gustatory afferent fibers in the monkey terminate the nucleus of the
solitary tract (Beckstead and Norgren, 1979), from which second-
order fibers project to the thalamic ventroposterior medial nucleus
(Beckstead et al., 1980). The anterior insula and frontal operculum
(AI/FO), which are called the primary gustatory cortex, receive
direct projection from the ventroposterior medial nucleus of the
thalamus (Pritchard et al., 1986). The properties of AI/FO neurons
have been studied using an extracellular unit recording technique.
These neurons respond to sweetness, saltiness, bitterness, and
sourness, and they code the intensity of stimulus (Scott and Plata-
Salaman, 1999; Scott et al., 1986, 1991; Smith-Swintosky et al.,
1991; Yaxley et al., 1990). Furthermore, gustatory information is
conveyed to the orbitofrontal cortex from the AI/FO (Augustine,
1996; Carmichael and Price, 1994; Cavada et al., 2000). Rolls et al.
(Rolls and Baylis, 1994; Rolls et al., 1990) have reported that
neurons in the orbitofrontal cortex respond to the visual and/or
olfactory stimuli in addition to the gustatory stimulus.

Several classical methods have been used to determine the
location of gustatory cortex in the human. Clinical studies have
shown that damage in the ventral regions of the central sulcus,
including Brodmann area 43 (Bornstein, 1940) or the rostral part of
the insula (Motta, 1959), caused gustatory disturbance. Electrical
stimulation of the insula in the human elicited gustatory sensations
(Penfield and Boldrey, 1937; Penfield and Faulk, 1955). In
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addition, Hausser-Hauw and Bancaud (1987) reported a patient
who had an epileptic focus in the frontal operculum, and epileptic
activity or electrical stimulation in the focus produced a
disagreeable taste. Recent positron emission tomography (PET)
studies have revealed that the regional cerebral blood flow (rCBF)
in the insula/frontal operculum is increased by gustatory stim-
ulation in the human (Frey and Petrides, 1999; Kinomura et al.,
1994; Small et al., 1997a,b, 1999) and the monkey (Kobayashi et
al., 2002). Activation in the insula during gustatory stimuli was
also shown using functional magnetic resonance imaging (fMRI)
in the human (Barry et al, 2001; Cerf-Ducastel et al.,, 2001;
Faurion et al.,, 1999; Francis et al., 1999). In contrast to the
“bottom-up” processing, another gustatory pathway, the “top-
down” pathway, which modifies the gustatory information from
the peripheral receptors by recalling gustatory memories, remains
unclear, although the mechanisms of the “top-down” modification
in other sensory systems, such as vision, have been studied in the
monkey (Hasegawa et al., 1998; Tomita et al,, 1999) and the
human (Barcelo et al., 2000; Ishai et al., 2000; Kosslyn et al., 1997,
Kreiman et al., 2000).

In addition to the mechanisms of the “top-down” modulation of
gustatory perception, the patterns of hemispheric symmetry in
gustatory processing are still unknown. Although most of these
noninvasive imaging studies have shown that the right insula is
more activated by gustatory stimulation than the left (Barry et al.,
2001; Cerf-Ducastel et al., 2001; Frey and Petrides, 1999; Small et
al., 1997a,b, 1999), some studies have shown that the activation in
the left insula is equally (Francis et al., 1999) or more dominant
than the right (Kinomura et al., 1994). Faurion et al. (1999)
reported that the lateralization of the inferior part of the insula is
related to handedness: left insula dominance in right-handed, and
right insula dominance in left-handed subjects. In contrast to most
reports using PET, studies in patients with corpus callosum
resection suggest that gustatory pathways from the tongue to the
cerebral cortex are bilaterally distributed with predominance in the
left hemisphere (Aglioti et al., 2000, 2001). Another clinical study
in the patients with damage to the insula in either cerebral
hemisphere showed that damage to the right insula produced
ipsilateral taste recognition and intensity deficits, and damage to
the left insula caused not only an ipsilateral deficits in taste
intensity but also bilateral deficits in taste recognition (Pritchard et
al., 1999). Thus, gustatory information seems to be asymmetrically
processed in the human cerebral cortex, but the precise pattern of
laterality is still controversial.

Here, we present two series of experiments in which whole-
brain measurements of blood oxygenation level-dependent
(BOLD) responses were performed using a 3.0-T MR scanner to
address the following questions: (1) Is there laterality for gustatory
processing in the cerebral cortex? (2) Where do gustatory “top-
down” signals meet “bottom-up” signals? (3) Where is the source
of “top-down” signals during gustatory processing? In the first
series of experiments, we examined the regions activated by
gustatory perception. Secondly, we designed gustatory and visual
imagery tasks to explore the regions activated by “top-down”
processing of gustation. We found that the laterality of activity in
the gustatory cortex is dependent on the source of inputs: passive
inputs from the periphery project to the insula bilaterally, and “top-
down” signals are likely to be processed predominantly in the left
insula. In addition, the results of the present study suggest that the
middle and superior frontal gyri are the candidates for the source of
“top-down” signals.

Materials and methods
Subjects

Twenty-five Japanese volunteers were selected after checking
for their normal neurological condition and ability of color vision
through a diagnostic interview with a neurologist (8 males and 17
females, 21-31 years old, mean age 24.7 years old, right-handed
except one subject). Eleven subjects participated in the study of
gustatory perception and 18 subjects in the gustatory imagery
study. All subjects gave their written informed consent, and the
experiment was approved by the research ethic committee in the
BF Research Institute.

Gustatory perception

In a pilot experiment, we tested several ways of delivering
taste solutions as follows: (1) simple application of the taste
solution for various durations, (2) application of taste solution
followed by washing with distilled water. These methods of
application caused serious head motion when subjects swallowed
the solution. In addition, washing out of the taste was incomplete.
Therefore, we developed a perfusion system, which was set on the
tongue of the subject. The perfusion system consisted of five inlet
tubes surrounded by a thick outlet tube with holes and continuous
suction (Fig. 1A inset). Using this system, the subject did not
have to swallow the solution and did not sense odors during a
session. Furthermore, this system improved the efficiency of
washing out of the perfused solutions. We measured how long a
subject felt gustatory stimuli to determine the duration of ON and
OFF blocks. A gustatory stimulus for 2 s induced an immediate
onset of sensation and then the offset at 14.9 + 4.5 s (mean +
SD, n = 10).

The experiment of gustatory perception was divided into a
gustatory session and a water session. Each session consisted of
eight pairs of alternating tasks, in which 0.8 ml of gustatory
solution or water was delivered to the mouth for 2 s followed by no
gustatory stimulation for 43 s. According to the latency at the onset
of the OFF block mentioned above, we set the ON block for the
first 15 s and the OFF block for 30 s (Fig. 1A). In the gustatory
session, one of the four stimuli (grapefruit, orange, apple, and
grape juice) was delivered in a pseudorandom order to avoid taste
adaptation. In the water session, distilled water was delivered in
place of the four gustatory stimuli. Both juice and distilled water
were maintained at room temperature (18-20°C).

Gustatory imagery

We selected five imagery items for each taste: sweetness,
saltiness, bitterness, and sourness. Ten imagery items for each taste
were presented to subjects (» = 25), and they were asked to score
how effectively they could imagine each taste on the scale of 1
(least imaginable) to 5 (highly imaginable). We selected five highly
imaginable items for each taste (total 20) as imagery items (mean
score of selected items was 3.7 + 0.5, mean + SD, n = 20).

Visual stimuli were projected onto a screen placed across the
bore of the MR magnet 2.8 m from the subject’s eyes. Auditory
stimuli were 16-bit digitally synthesized tones, and sampled
female speech sounds presented biauricularly through headphones
at precise intervals using a custom-made computer playback
system.
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Fig. 1. Experimental designs of the gustatory perception and gustatory imagery tasks. (A) In the gustatory perception task, gustatory stimuli or water stimuli
were presented for 2 s (a blue bar), followed by resting period of 43 s. The ON or OFF blocks were repeated eight times. Inset: the liquid perfusion system. (B
F) Experimental design of the gustatory imagery tasks. Each stimulus was presented for 7.5 s. Four gustatory imagery stimuli composed one ON block. Four
visual imagery stimuli or no imagery stimuli composed one OFF block. The ON or OFF blocks were repeated five times. (B) Gustatory imagery—control
(letter) session. As words with a red fixation point was indicated, the subjects were supposed to recall tasting the indicated food or beverage. When the subjects
saw words with a green fixation point, they were supposed to only read them. (C) Gustatory imagery—visual imagery (letter) session. The gustatory imagery
task was the same as in (B). As words with a blue fixation point was indicated, the subjects were required to recall the image of the indicated food or beverage.
(D) Gustatory imagery—control (voice) session. The subjects were asked to recall the taste of food or beverage when they heard the phrase “taste of food or
beverage” through headphones. The subjects were then asked to stop recalling when “stop” was announced. (E) Gustatory imagery—visual imagery (voice)
session. The gustatory imagery task was the same as in (D). The subjects were requested to recall the image of food or beverage when the sentence “image of
food or beverage” was presented. (F) Gustatory imagery—control (picture) session. As pictures with a red fixation point was indicated, the subjects were
supposed to recall tasting the indicated food or beverage. When the subjects saw a green fixation point, they were supposed to only look at them.

We prepared five sessions: (1) gustatory imagery—control
(letter), (2) gustatory imagery—visual imagery (letter), (3)
gustatory imagery—control (voice), (4) gustatory imagery—visual
imagery (voice), and (5) gustatory imagery—control (picture). All
sessions consisted of five pairs of ON and OFF blocks alternately.
As the duration of cach block was 30 s, the total time of one
session was 300 s. In the gustatory imagery—control (letter)
session (Fig. 1B), words of a food or beverage with a red fixation
point were presented four times for 7.5 s each time (ON block).
During the presentation of a red fixation point, subjects were
supposed to recall the taste of the presented food or beverage.

The taste of items included in a block, that is, sweetness,
saltiness, bitterness, and sourness, were randomized. Then, words
with a green fixation point were presented in the same way as in
the imagery task (OFF block). During the presentation of a green
fixation point, subjects were asked to only look at it. In the
gustatory imagery—visual imagery (letter) session (Fig. 1C), the
gustatory imagery task with a red fixation point was presented in
the same manner as in the gustatory imagery—control (letter)
session (ON block). After that, words with a blue fixation point
were presented (OFF block). Subjects were supposed to recall the
image of the presented food or beverage during the presentation
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of a blue fixation point. In the gustatory imagery—control (voice)
session (Fig. 1D), four kinds of taste of food or beverage were
presented at 7.5 s intervals, which indicate the gustatory imagery
condition (ON block). Then, a phrase of “stop” was presented as
the nonimagery condition. In the nonimagery condition, the
subjects took a rest for 30 s (OFF block). In the gustatory
imagery—visual imagery (voice) session, as the gustatory
imagery condition was presented in the same manner as in the
gustatory imagery—control (voice) session (ON block), the visual
imagery condition was presented by four images of food or beverage
at 7.5 s intervals (OFF block). Both sessions presented by voice
were performed with eyes closed. In the gustatory imagery—
control (picture) session (Fig. 1F), four pictures of food or
beverage with a red fixation point as the gustatory imagery
condition (ON block), and four pictures with a green fixation
point as the nonimagery condition were presented, respectively
(OFF block). We randomized the order of the sessions for each
subject. All verbal stimuli in the sessions using letters or voice
were presented in Japanese. After the imagery sessions, subjects
were asked to score how vividly they could recall the taste: 1 (no
image) to 5 (vivid image). Each gustatory imagery session was
performed on 18 subjects, but we excluded the data obtained from
four to six subjects because of their low scores on the imagery
rating (<3). As a result, the number of the subjects registered to
the standardized brain image was as follows: gustatory imagery—
control (letter), 12; gustatory imagery—visual imagery (letter), 14;
gustatory imagery—control (voice), 12; gustatory imagery—
visual imagery (voice), 14; and gustatory imagery—control
(picture), 12.

Data acquisition and statistical analysis

The experiments were performed using a 3.0-T Signa VH/i (GE
Medical Systems, Waukesha, WI, USA). Subjects lay down in
supine position in the scanner, and head motion was minimized by
a padded head holder and forehead straps. All experiments were
performed in a darkened room. Echo-planner imaging sequence
(EPI) with 30 axial slices was used; slice thickness = 5 mm; no
gap; matrix = 64 X 64; field of view = 200 x 200 mm; repetition
time = 3000 ms; echo time = 30 ms; flip angle = 90°. In addition,
T1-weighted, high-resolution anatomical images (matrix = 256 X
256 matrix, thickness = 1.2 mm) and three-dimensional images
(matrix = 256 X 256 matrix, thickness = 5 mm) were acquired for
each subject.

All statistical analyses were performed by Statistical Para-
metric Mapping (SPM99, Wellcome Department of Cognitive
Neurology, London, UK) implemented in Matlab (Mathworks,
Sherbom, MA, USA) where statistical inferences were based on
the theory of random Gaussian fields. To compensate for
artificial signal intensity changes that were caused by head
movement, image realignment was applied to register the EPI
images within the mean image of each time series. We
excluded the results obtained from one subject in the experi-
ment of gustatory perception because his images showed
motion of more than 10% of the pixel size. To perform
intersubject averaging, individual images were then transformed
into the standard stereotaxic space of Montreal Neurological
Institute (MNI; Collins et al., 1994). This procedure involves,
first, transforming the anatomical image of each subject into
standard stereotaxic space, and then, applying this parameter to
EPI images to transform these images into the standard space.

EPI images were finally smoothed with a Gaussian kernel of 8
mm full width at half maximum to increase the signal to noise
ratio.

Statistical parametric maps were generated for each experi-
ment by a general linear model (fixed effect model) with a
delayed boxcar function, convolved with the hemodynamic res-
ponse function. A part of data were also analyzed by a random
effect model for the comparison of previous studies in which the
same model was used to generate statistical parametric maps.
These results were listed in Supplementary Tables 1 and 2.
Functional images were masked by the image made by the binary
standard brain image. We assessed statistical significance at a
criterion of a single-voxel threshold of P < 0.05 corrected for
multiple comparisons (SPM99 default) across the brain volume
examined. The ¢ maps were then registered to the anatomical
standardized brain image. Of the data set of imagery experiments,
the percentage change in the time course of the BOLD signal of
the maximally activated voxel within the cluster was measured.
To evaluate the BOLD signal increase in the gustatory imagery
tasks relative to control or visual imagery tasks, we excluded the
first three values of the BOLD signals of the ON and OFF blocks
and calculated the mean percentage of the BOLD signal increase
in a stable state in each block. The values of the BOLD signal
increase in the ON and OFF blocks were compared using a paired
t test, and the level of P < 0.05 was considered statistically
significant.

Conjunction analyses were performed over contrasts from the
sessions of gustatory perception and gustatory imagery to detect
the regions commonly activated for these sessions (Price and
Friston, 1997). Similar analyses were also performed to find the
commonly activated regions throughout the sessions of gustatory
imagery—control, and throughout the sessions of gustatory
imagery—uvisual imagery. Concerning conjunction analyses, we
report regions that achieve P < 0.001, uncorrected.

Results
Gustatory perception

Both gustatory and water stimulation (Fig. 1A) commonty
activated the superior frontal, middle frontal, inferior frontal,
precentral, and postcentral gyri, insula/frontal operculum, infe-
rior parietal lobe, and cerebellum (Table 1, Fig. 2A). Besides
these regions, gustatory stimulation activated the thalamus
and the region including the putamen (Table 1). We also
listed the activated regions obtained from statistical parametric
map generated by a random effect model in Supplemen-
tary Table 1. Similar regions including the insula/frontal operc-
ulum were activated in the analysis using a random effect model,
except the thalamus in the gustatory and water sessions and the
superior frontal and postcentral gyri and putamen in the water
session.

It was found that water stimulation activated the same part of
the insula/frontal operculum that was activated by passive
gustatory stimulation (Figs. 2B and C). The volume of activated
regions in the left and right insula/frontal operculum during
passive gustatory stimulation was 1336 and 3744 mm?, respec-
tively (Table 2). The maximum ¢ value in the left and right insula
or frontal operculum was almost the same (5.99 vs. 6.02,
respectively).
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Table 1
Activated regions by passive gustatory and water stimulation

Gustatory stimulation (fruit juice)

Water stimulation

X v Z ¢ value X b z t value

Superior frontal gyrus 6 10 56 7.22 4 12 54 4,92
Middle frontal gyrus 54 24 28 4.88 40 56 12 5.33
Inferior frontal gyrus 32 20 —6 6.42 32 22 —6 5.08
Precentral gyrus 56 10 8 6.70 56 10 8 6.29
Postcentral gyrus —64 —18 26 6.58 —62 —16 24 5.92
Insula 36 20 0 6.02 46 12 -2 5.53
Inferior parietal lobe —56 —38 26 6.45 —54 —52 44 591
Cerebellum —14 —38 —40 515 34 —64 —42 553
Thalamus 6 —30 2 542

Putamen 14 12 -6 522

X, y, z: Stereotaxic coordinates of peak of activated clusters.

Gustatory imagery

We designed five sessions of imagery tasks to explore regions
that correlate to gustatory imagery (Figs. 1B—F, see Materials and
methods).

In the session of gustatory imagery—control (letter), the
following regions were activated: the insula, orbitofrontal gyrus,
putamen, globus pallidus, lateral thalamus, precentral, and inferior/

|
4.64 7.22 464

ter stimulation €

middle/superior frontal gyri (Fig. 3). The session of gustatory
imagery—control (letter) includes at least two major processes, the
imagery process itself and the perception of taste. To exclude the
regions activated by the imagery process, another session was
executed: gustatory imagery—visual imagery (letter), which was
composed of gustatory imagery tasks as the ON block and visual
imagery tasks as the OFF block. As this session includes imagery
processes in both blocks, we may assume that the regions

Surperimposed

Anterior

e

657 et Right

Posterior

Fig. 2. Activated regions during passive gustatory perception superimposed on the standard brain. (A) Passive gustatory stimulation using fruit juice activated
the insula/operculum (arrow heads), caudate nucleus, and thalamus (arrow). (B) Water gustatory stimulation activated the insula/operculum (arrow heads). (C)
Regions activated by water stimulus (blue) are superimposed on those activated by passive gustatory stimulation with fruit juice (red). Note that the regions
activated by passive gustatory stimulus include those by water stimulus. Scale bars indicate ¢ values of passive gustatory stimulation (A) and water gustatory
stimulation (B). Z values on the left indicate the z-axis values of the standard brain according to the MNI coordinate system. The orientation arrows are applied

to all slices.
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Table 2
Volume of activated regions by passive gustatory stimuli and gustatory imagery (mm®)

Ins/FO OFG PrG IFG MFG SFG

L R L R L R L R L R L R
Gustatory stimulation
Fruit juice 1336 3744 0 o 1128 2792 0 256 0 688 0 2624
Distilled water 0 64 0 0 1112 2296 0 208 4232 552 0 208
Imagery
Gustatory imagery—control (letter) 184 0 224 0 3912 264 2888 0 5952 0 5744 0
Gustatory imagery—visual imagery (letter) 440 0 0 0 3672 1224 0 0 0 0 0 0
Gustatory imagery—control (voice) 824 0 528 o0 14,000 3448 3432 80 2720 0 11,904 2000
Gustatory imagery—visual imagery (voice) 0 0 0 0 280 0 0 0 0 0 0 0
Gustatory imagery—control (picture) 72 0 336 0 888 936 0 0 464 0 1360 0

Ins/FO: insula/frontal operculum; OFC: orbitofrontal gyrus; PrG: precentral gyrus; IFG: inferior frontal gyrus; MFG: middle frontal gyrus; SFG: superior

frontal gyrus; L: left; R: right.

activated by imagery are canceled and specific regions for
gustatory perception are activated. In the gustatory imagery—
visual imagery (letter) session, only the insula and precentral
gyrus were activated (Fig. 3). Although activation in the
orbitofrontal gyrus fell below the statistical criterion, it probably
represents a true increase in BOLD signal, given that the BOLD
signal displayed a similar time course to that of other activated
regions (Fig. 3B). The time course of the BOLD signal in the
activated area showed a signal pattern that increased and reached
a plateau in the ON block and then decreased to a baseline in the
OFF block.

Tasks in the sessions of gustatory imagery—control (letter)
and gustatory imagery—visual imagery (letter) were performed
by visual presentation of words on a screen. There is a possibility
that some regions for gustatory imagery processing may be
masked because they are also activated by visual stimuli in these
sessions. To exclude this possibility, we presented the task by
voice through headphones (Figs. 1D and E). In the session of
gustatory imagery—control (voice), the gustatory imagery was
associated with increased neural responses in similar regions to
those in the gustatory imagery—control (letter) session: the
insula, orbitofrontal gyrus, putamen, precentral, and inferior/
middle/superior frontal gyri (Table 2). On the other hand, the
session of gustatory imagery—visual imagery (voice) only
activated the precentral gyrus. The region where ¢ value was
not significant in the gustatory imagery—visual imagery (voice)
session, the insula, and orbitofrontal gyrus, also showed a boxcar
like pattern.

Using the same scans obtained from the gustatory imagery—
visual imagery (letter) and gustatory imagery—visual imagery
(voice) sessions, we set the ON block composed of four visual
imagery tasks and the OFF block of four gustatory imagery tasks as
the session of visual imagery—gustatory imagery (letter) and
visual imagery—gustatory imagery (voice), respectively. In both
sessions, we observed the activation of the secondary visual cortex
(Brodmann areas 18 and 19), suggesting that the visual imagery—
gustatory imagery sessions reveal the area specific to visual
imagery.

There is a possibility that linguistic processes may
influence activated areas since tasks presented by letters or
voice are designed using words. To exclude the possibility,

another approach for gustatory imagery was performed:’

gustatory imagery—control (picture) (Fig. 1F). The gustatory
imagery—control (picture) session enhanced the BOLD signal

in the insula, orbitofrontal gyrus, precentral, and middle/
superior frontal gyri (Table 2). Table 3 summarizes the
stereotaxic coordinates and ¢ values of peak voxels in
consistently activated regions throughout the gustatory imagery
sessions.

We also listed the results obtained from statistical parametric
map generated by a random effect model in Supplementary Table 2.
The analyses using a random effect model revealed that the
insula and superior frontal gyri were commonly activated in the
sessions of gustatory imagery—control (letter, voice, and
picture), and the middle frontal gyrus was activated in
gustatory imagery—control (letter and voice) sessions. On the
other hand, the analyses using a random effect model showed
that similar regions were activated to those detected by the
analyses using a fixed effect model except the superior frontal
gyrus in the session of gustatory imagery—visual imagery
(voice).

To demonstrate the regions active in any sessions of
gustatory imagery compared to control or visual imagery tasks,
we performed the conjunction analyses. Table 4 lists the
commonly activated regions obtained from the conjunction
analysis among the gustatory imagery—control (letter, voice,
and picture) sessions. The regions activated consistently through-
out these sessions were the insula, orbitofrontal, and middle/
superior frontal gyri in the left hemisphere and precentral gyrus
in both hemispheres. On the other hand, the conjunction analysis
between the gustatory imagery—visual imagery (letter and voice)
sessions showed significant activation in the insula and
precentral gyri, but not in the middle/superior frontal gyri
(Table 4).

Commonly activated regions between gusiatory perception and
imagery tasks

The above results have revealed that passive gustatory
stimulation and gustatory imagery commonly activated a part of
the insula. Indeed, the activated regions by each gustatory
imagery task, except for the gustatory imagery—visual imagery
(voice), overlapped in a part of the left insula activated by passive
gustatory perception (Fig. 4). The overlapped volume is as
follows: gustatory imagery—control (letter), 120 mm>; gustatory
imagery—visual imagery (letter), 144 mm®; gustatory imagery—
control (voice), 184 mm?; gustatory imagery—control (picture),

24 mm’.
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Fig. 3. Activated regions through gustatory imagery tasks shown in letters. (A) Activated regions in the gustatory imagery—control (letter) session (left panels)
and the gustatory imagery—visual imagery (letter) session (right panels) superimposed on the standard brain. Top: The inferior frontal gyrus and insula were
activated in the gustatory imagery—control (letter) session. In the gustatory imagery—visual imagery (letter) session, only the insula was activated. Middle:
The middle frontal gyrus and precentral gyrus were activated in the gustatory imagery—control (letter) session, while only the precentral gyrus was activated in
the gustatory imagery—visual imagery (letter) session. Bottom: The superior frontal gyrus was activated in the gustatory imagery-—control (letter) session, but
no activated region was found in the gustatory imagery—visual imagery (letter) session. Scale bars indicate ¢ values of the gustatory imagery-—control (letter)
and gustatory imagery—visual imagery (letter) sessions. Z values at the bottom indicate the z-axis values of the standard brain according to the MNI coordinate
system. The orientation arrows are applied to all slices. (B) Time course of BOLD signals of the maximally activated voxels within the clusters: the
orbitofrontal and middle/superior frontal gyri, insula, and precentral gyrus. Closed and open circles indicate the values of the gustatory imagery—control

(letter) and gustatory imagery
SD across the subjects.

To show the regions active in common across the gustatory
perception and imagery sessions, the conjunction analyses between
gustatory perception and gustatory imagery—control sessions, or
gustatory perception and gustatory imagery—visual imagery
sessions, were performed. As shown in Table 5, the conjunction
analyses demonstrated commonly activated regions, that is, the
insula and precentral gyrus, throughout the sessions of gustatory
perception and gustatory imagery. The activated clusters of the left
insula in each session were overlapped or quite close to each other
(Fig. 4). This finding suggests that the gustatory imagery tasks and
a passive perception share a common region, a part of the insula.

BOLD signal increases in gustatory imagery sessions

We found five regions that showed significantly enhanced
responses during gustatory imagery in all of three gustatory

visual imagery (letter) sessions, respectively. Yellow shades indicate the period of gustatory imagery tasks. Error bars indicate

imagery—control sessions: the insula, orbitofrontal, precentral,
and middle/superior frontal gyri in the left hemisphere (Tables 2
and 3). In each session, we set the region of interest (ROI) in the
peak voxels of these five regions, all of which existed in the left
hemisphere. In the session of gustatory imagery—visual imagery
(voice), we found no activated clusters in the insula, orbitofrontal,
and middle/superior frontal gyri. The ROIs of these unactivated
regions were therefore set in the same voxel of the gustatory
imagery—control (voice) session. The gustatory imagery—visual
imagery (letter) session also showed no activation in the
orbitofrontal and middle/superior frontal gyri. In this case, the
ROIs of these regions were set in the same voxel of the gustatory
imagery—control (letter) session.

We calculated the mean percentage of BOLD signal increase in
gustatory imagery tasks, relative to control or visual imagery tasks.
The first three BOLD signals of the ON and OFF blocks were
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Table 3
Activated regions by gustatory imagery
Peak coordinates ¢ value
X y z
Gustatory imagery—control (letter)
L Insula/frontal operculum —40 2 6 5.99
L Orbitofrontal gyrus -36 36 -12 5.72
R Precentral gyrus 64 0 30 5.20
L Precentral gyrus -62 -14 32 5.54
L Middle frontal gyrus —44 30 24 8.64
L Superior frontal gyrus -8 14 66 7.66
Gustatory imagery—visual imagery (letter)
L Insula/frontal operculum —40 0 -6 543
R Precentral gyrus 54 -6 36 4.92
L Precentral gyrus -60 2 20 5.58
Gustatory imagery—control (voice)
L Insula/frontal operculum -34 22 2 6.27
L Orbitofrontal gyrus =25 36 —14 5.73
R Precentral gyrus 52 -6 36 7.59
L Precentral gyrus =52 10 10 8.83
L Middle frontal gyrus -52 4 46 9.06
R Superior frontal gyrus 4 6 66 9.09
L Superior frontal gyrus -8 6 66 10.38
Gustatory imagery—visual imagery (voice)
L Precentral gyrus —64 -10 30 5.19
Gustatory imagery—control (picture)
L Insula/frontal operculum -38 -4 16 4.96
L Orbitofrontal gyrus -26 40 -16 5.00
R Precentral gyrus 64 -2 32 5.98
L Precentral gyrus —54 2 38 6.04
L Middle frontal gyrus —46 36 18 5.51
L Superior frontal gyrus -6 =2 68 6.36

X, y, z: Stereotaxic coordinates of the peak of activated clusters. L: left; R:
right.

excluded from the calculation because these signals were during
the rise and fall periods, respectively. The result is summarized in
Fig. 5. BOLD signals in the insula, orbitofrontal, and precentral
gyri were increased by gustatory imagery tasks in both the
gustatory imagery—control and gustatory imagery—visual
imagery sessions, except the orbitofrontal gyrus in the gustatory
imagery—control (letter) and gustatory imagery—visual imagery
(voice) sessions, and the precentral gyrus in the gustatory
imagery—rvisual imagery (voice) session (Figs. 5A-C). On the
other hand, no statistically significant change of BOLD signals was
observed in the middle and superior frontal gyri during the
gustatory imagery—visual imagery sessions (Figs. 5D and E).

Laterality of activated areas by gustatory processing

To examine the laterality of gustatory processing in the
cerebral cortex, we measured the volume of activated area in the
insula, orbitofrontal, precentral, and inferior/middle/superior
frontal gyri. As shown in Table 2, the activated volume in these
regions by each imagery task was predominantly clustered in the
left hemisphere, although passive gustatory stimulation domi-
nantly activated the right insula. This finding suggests that
gustatory information is asymmetrically processed in the primary
gustatory cortex.

Discussion

In the present study, we investigated the organization of neural
systems for gustatory perception and gustatory imagery. Passive
gustatory stimulation activated several cerebrocortical regions
including the insula/frontal operculum. The pattern of activation
in the insula/frontal operculum was bilateral. We found that
gustatory imagery tasks also activate the insula, showing the
predominant activation in the left hemisphere. In addition to insula
activation, gustatory imagery tasks, contrasted with nonimagery
tasks, activated the orbitofrontal, precentral, and middle/superior
frontal gyri. Gustatory imagery contrasted with visual imagery
activated only the insula, orbitofrontal, and precentral gyri. These
results suggest the possibility that the source of “top-down” signals
may be in the middle and superior frontal gyri, and that these
signals may affect the neural activities in the insula, orbitofrontal,
and precentral gyri.

Activation in the insula by gustatory stimulus

Non-invasive imaging studies for gustatory sensation in the
human have revealed that intraoral stimuli involve several types
of processing: gustatory, olfactory, somatosensory, and oral
movements. This complex interaction makes it difficult to
identify the brain regions selectively processing gustation. Thus,
it remains an open question whether a gustatory stimulus itself
activates the insula. Indeed, previous studies using PET have
reported that intraoral application of water evoked activation in
the insula (Frey and Petrides, 1999; Small et al.,, 1999; Zald
and Pardo, 2000; Zald et al.,, 1998). Our present study also
showed that water stimulation activated the insula/frontal
operculum, suggesting that these regions certainly process
somatosensation such as tactile. This idea is supported by
electrophysiological evidence in the monkey that a quarter of
the neurons in the AI/FO respond to the mouth and jaw
movements and only 4-9% neurons respond to taste (Scott and
Plata-Salaman, 1999).

While several PET studies have reported that results obtained
by the subtraction of water stimuli from taste stimuli did not show
the activation in the insula (Frey and Petrides, 1999; Zald et al,,
1998), other studies have shown the insula activation (Kinomura et
al., 1994; Small et al., 1997a,b, 1999). Barry et al. (2001)

Table 4
Activated regions by gustatory imagery (conjunction analysis)
Peak coordinates t value
x y z
Gustatory imagery—control (letter/voice/picture)
L Insula/frontal operculum -30 0 12 3.05
L Orbitofrontal gyrus —-40 36 -14 2.20
R Precentral gyrus 50 -6 32 3.90
L Precentral gyrus -50 -4 34 4.44
L Middle frontal gyrus —42 32 18 4.48
L Superior frontal gyrus -4 4 66 4.21
Gustatory imagery—visual imagery (letter/voice)
L Insula/frontal operculum —40 8 6 1.95
R Precentral gyrus 62 -4 28 2.55
L Precentral gyrus -60 2 28 3.30

X, ¥, z: Stereotaxic coordinates of the peak of activated clusters. L: left, R:
right.
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A Gustatory imagery - control

[:] Gustatory perception

D Gustatory imagery - control (letter)
D Gustatory imagery - control (voice)
IE Gustatory imagery - control (picture)

D Conjunction

B Gustatory imagery - visual imagery

[ ] Gustatory perception
I:l Gustatory imagery - visual imagery (letter)

D Conjunction

Fig. 4. Spatial relationship among the activated regions obtained from the sessions of gustatory perception and gustatory imagery. (A) The activated regions of
the insula are outlined in colors: gustatory perception, blue; gustatory imagery—control (letter), green; gustatory imagery—control (voice), purple; and
gustatory imagery—control (picture), white. The commonly activated regions obtained from the conjunction analysis over these sessions were shown in red.
Inset: a magnified view of the black square. (B) The activated regions of the insula are outlined in colors: gustatory perception, blue; and gustatory imagery—
visual imagery (letter), green. In the gustatory imagery—visual imagery (voice) session, the insula was not significantly activated. The commonly activated
regions obtained from the conjunction analysis over these sessions were shown in red. Inset: a magnified view of the black square. The z-axis value of the

standard brain was 4 according to the MNI coordinate system.

developed a method using electric taste stimulation, which was
used during fMRI and avoided the effect of somatosensation, and
they showed that electrical taste stimulation certainly activated the
insula. The present study may explain these inconsistent results,
Our results showed that the volume of activated regions in the
insula/frontal operculum by gustatory stimulation was larger than
that by water stimulation. Furthermore the region activated by
water application in the insula/frontal operculum was within those
activated by gustatory stimulation, suggesting that gustatory
stimulation activates a larger population of cerebrocortical neurons
in the insula/frontal operculum than water. However, the outer
region of activation in the insula/frontal operculum might be
weakly activated by water stimulation, though it is under statistical
significance. Therefore, the subtraction of water stimulation from

Table 5
Activated regions by gustatory perception and imagery (conjunction
analysis)

Peak coordinates t value

X v z

Gustatory perception and gustatory imagery—control (letter/voice/picture)

L Insula/frontal operculum —-36 24 2 3.38
L Orbitofrontal gyrus -32 40 —16 3.23
R Precentral gyrus 60 6 10 2.50
L Precentral gyrus —-58 4 34 3.53
L Middle frontal gyrus -52 20 40 233

Gustatory perception and gustatory imagerv—visual imagery (letter/voice)

R Insula/frontal operculum 46 6 0 2.73
L Insula/frontal operculum —40 -2 4 4.02
R Precentral gyrus 64 -6 24 3.61
L Precentral gyrus —60 0 20 3.05

X, v, zi Stereotaxic coordinates of the peak of activated clusters. Lt left;
R: right.

gustatory stimulation reveals a lower amplitude of activation in the
insula/frontal operculum, which might mistakenly appear as if the
insula/frontal operculum were not activated by gustatory stimuli.

Response in the orbitofrontal gyrus to gustatory stimulus

There is a dense axonal projection from the insula/frontal
operculum to the orbitofrontal cortex (Cavada et al., 2000:
Morecraft et al., 1992). Several imaging studies have shown that
gustatory stimulation activates the orbitofrontal cortex. the
secondary gustatory cortex (Small et al., 1997ab; Zald et al..
1998; Zald et al., 2002). These studics required the subjects to
discriminate the kind of taste or rate the stimulus for pleasantness—
unpleasantness. On the other hand, the present study did not
require higher brain processes, such as identification of the taste in
the sessions of the passive gustatory or water stimulations, and the
orbitofrontal gyrus was not activated. These findings suggest that
the region in the orbitofrontal gyrus responding to gustatory stimuli
may process identification of food, satiety, and preference of food,
but a passive gustatory stimulus may not be sufficient to activate it.
Indeed. not only gustatory information but also olfactory and/or
visual information converge on neurons in the orbitofrontal cortex
of the monkey (Rolls and Baylis, 1994), and they may be involved
in decoding primary reinforcers such as taste and olfaction and in
learning and reversing associations of visual and other stimuli to
these primary reinforcers.

Gustatory imagery activates the insula

A part of activated area in the insula during passive gustatory
perception is also activated by gustatory imagery, suggesting that
the insula is not a simple passive gustatory processing area but
that it also processes higher gustatory information by receiving a
“top-down” signal. This hypothesis is supported by several
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Fig. 5. BOLD signal changes (%) in the orbitofrontal gyrus (A), insula (B), precentral gyrus (C), middle frontal gyrus (D), and superior frontal gyrus (E) during
gustatory imagery tasks relative to control or visual imagery tasks. Left three columns in each graph indicate the BOLD signal increase in the gustatory
imagery—control (letter), gustatory imagery—control (voice), and gustatory imagery—control (picture) sessions. The right two columns indicate the BOLD
signal increase in the gustatory imagery—visual imagery (letter), and gustatory imagery—visual imagery (voice) sessions. Note that only little BOLD signal
increase was observed in the middle and superior frontal gyri during the gustatory imagery—visual imagery (letter and voice) sessions. Error bars indicate SD.

**P < 0.01, ***P < 0.001.

clinical studies. Penfield et al. (Penfield and Boldrey, 1937;
Penfield and Faulk, 1955) showed that electrical stimulation in
the insula evokes gustatory perceptions. In addition, a study of
patients with parietal and/or temporal lobe epilepsy found that
seizures included gustatory hallucinations (Hausser-Hauw and
Bancaud, 1987). Patients with insular lesions showed deficits of
taste recognition and intensity (Bornstein, 1940; Motta, 1959;
Pritchard et al,, 1999; Shenkin and Lewey, 1944). Our results
taken together with these studies suggest that peripheral
information from taste buds (“bottom-up” signals) and stored
information such as gustatory memories (“top-down” signals)
converge dominantly onto the left insula, and these signals are
processed by neurons in the insula to generate gustatory
recognition,

Recent imaging studies have examined brain responses to
food or its pictures in the human. Gordon et al. (2000) reported
that the visual perception of food decreases regional cerebral
blood flow (rfCBF) in the left temporoinsular and right inferior
temporoparietal cortices. However, several fMRI studies have
shown that food-related visual stimuli elicit no responses in the
insula (Killgore et al., 2003; LaBar et al., 2001). In addition, PET
studies by Karhunen et al. (1997, 2000) have reported that the
food exposure has little effect on the rCBF in the brain of normal
subjects. These findings suggest that exposure to food itself is not
enough to yield significant activation in the insula. Combining
the present findings, it is likely that gustation, including
hallucinatory gustation, is an essential factor to activate the
insula.
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Asymmetrical activation in the insula

Gustatory imagery and gustatory perception evoked asym-
metrical activity in the insula. Passive gustatory perception
activated the insula bilaterally, whereas gustatory imagery evoked
responses mainly in the left insula. This asymmetry raises the
question of whether the role of the left insula is different from that
of the right. Several functional brain imaging studies have reported
the asymmetrical localization for mental imagery processing.
Visual image generation causes greater activation in the left
posterior temporal site (Farah, 1989), the left inferior temporal lobe
(D’Esposito et al., 1997), or the left ventral temporal cortex (Ishai
et al., 2000). Pritchard et al. (1999) reported that damage to the
right insula produced deficits of taste recognition ipsilaterally,
whereas damage to the left insula caused bilateral taste deficits,
suggesting that taste information from both sides of the tongue
passes through the left hemisphere. This hypothesis agreed with the
result in the present study in that the gustatory imagery session
activated mainly the left insula. Complex gustatory behaviors, such
as discrimination of taste, may be processed mainly in the left
insula.

Where are gustatory memories stored?

Regarding the regions that store gustatory memories, our results
suggest that there are at least two candidates: the insula and the
precentral gyrus, which were activated in both the gustatory
imagery—control, and gustatory imagery—visual imagery ses-
sions. Considering previous studies that showed the precentral
gyrus is the center of the motor function, the activity in the central
gyrus may be due to the imagery of oral movement and/or
swallowing accompanied with the gustatory imagery (Zald and
Pardo, 1999). The insula is therefore likely to store gustatory
memories. In addition to the insula, the orbitofrontal gyrus is also a
candidate for gustatory memory storage, though there was no
significant activation in the orbitofrontal gyrus during the gustatory
imagery—visual imagery sessions. As Rolls (1996) suggested,
neurons in the orbitofrontal gyrus play an executive function in
controlling and correcting reward- and punishment-related behav-
ior and in emotion. Thus, there is a possibility that several neurons
are involved in the visual processing in addition to encoding
gustatory memories. This possibility may account for the result of
less activation in the orbitofrontal gyrus during gustatory
imagery—visual imagery sessions.

Candidate regions for the source of “top-down” signals

We have another important question: What region is the source
of the “top-down” signals? Our results obtained by gustatory
imagery, compared with control or visual imagery conditions, may
have an interesting implication. Gustatory imagery tasks in
combination with control tasks evoked activation in the insula,
orbitofrontal, precentral, and middle/superior frontal gyri regard-
less of the way the task was presented. On the other hand,
gustatory imagery, contrasted with visual imagery, activated merely
the insula and precentral gyrus, and the responses in the middle and
superior frontal gyri were negligible. It is likely that the generation
of gustatory hallucinations and visual images requires activation in
the middle and superior frontal gyri. Indeed, similar results were
obtained in studies of visual imagery (Ishai et al., 2000) and motion
imagery tasks (Goebel et al., 1998). The prefrontal cortex including

the middle and/or superior frontal gyri has been shown to play an
important role for “top-down” control of visual processing using
event-related potential recording (Barcelo et al., 2000), PET
(Buckner et al., 1996), and fMRI (Hopfinger et al., 2000). In
addition, behavioral and electrophysiological studies in the
monkey support the idea (Hasegawa et al., 1998; Tomita et al.,
1999). Therefore, the middle and superior frontal gyri seem to play
an essential role for generating the imagery without the specificity
of sensory modality and might be candidates for the source sending
“top-down” signals to the various regions that contain modality
specific memories.
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