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Abstract: Excessive intake of dietary salt (sodium chloride) may increase the risk of chronic diseases.
Accordingly, various strategies to reduce salt intake have been conducted. This study aimed to investi-
gate whether a salty-congruent odor can enhance saltiness on the basis of psychophysical (Experiment
1) and neuroanatomical levels (Experiment 2). In Experiment 1, after receiving one of six stimulus con-
ditions: three odor conditions (odorless air, congruent, or incongruent odor) by two concentrations
(low or high) of either salty or sweet taste solution, participants were asked to rate taste intensity and
pleasantness. In Experiment 2, participants received the same stimuli during the functional magnetic
resonance imaging scan. In Experiment 1, compared with an incongruent odor and/or odorless air, a
congruent odor enhanced not only taste intensity but also either pleasantness of sweetness or unpleas-
antness of saltiness. In Experiment 2, a salty-congruent combination of odor and taste produced signifi-
cantly higher neuronal activations in brain regions associated with odor—taste integration (e.g., insula,
frontal operculum, anterior cingulate cortex, and orbitofrontal cortex) than an incongruent combination
and/or odorless air with taste solution. In addition, the congruent odor-induced saltiness enhancement
was more pronounced in the low-concentrated tastant than in the high-concentrated one. In conclu-
sion, this study demonstrates the congruent odor-induced saltiness enhancement on the basis of psy-
chophysical and neuroanatomical results. These findings support an alternative strategy to reduce
excessive salt intake by adding salty-congruent aroma to sodium reduced food. However, there are
open questions regarding the salty-congruent odor-induced taste unpleasantness. Hum Brain Mapp
34:62-76, 2013.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Excessive intake of dietary salt (mainly as sodium chlo-
ride, NaCl) may increase the risk of chronic diseases
including stroke, cardiovascular disease, hypertension, re-
nal diseases, or gastric cancer [Cutler and Follmann, 1997;
Doyle and Glass, 2010; He and MacGregor, 2009; Straz-
zullo et al., 2009]. Specifically, using a meta-analysis,
Cutler and Follmann [1997] found that sodium intake
reduction decreases blood pressure in not only hyperten-
sive but also normotensive participants. Another meta-
analysis by Strazzullo et al. [2009] reported that partici-
pants with high intake of salt (i.e., >5 g/day) showed a
higher prevalence of stroke (23%) or cardiovascular dis-
ease (17%).

Many campaigns aiming to reduce salt intake have been
initiated: for example, Consensus Action on Salt and
Health (CASH) in the UK [MacGregor and Sever, 1996]
and World Action on Salt and Health (WASH) of global
organization [He et al., 2010]. Additionally, some countries
have set their own national recommendation on salt
intake, and effects from these actions are spreading across
countries [He and MacGregor, 2009; He et al., 2010; Mohan
et al., 2009]. For example, in the UK the Committee on
Medical Aspects of Food and Nutrition Policy (COMA)
recommended to reduce salt intake to less than 6 g/day in
adults [He and MacGregor, 2009; He et al., 2010]. Further-
more, the World Health Organization (WHO) has set a
maximum daily intake of salt for adults to 5 g. Neverthe-
less, the average amount of salt intake indeed exceeds the
recommended daily intakes in children as well as in adults
of worldwide population [Brown et al., 2009]. In particu-
lar, the daily salt consumption in many European and
Asian countries seems to be higher than 12 g [Strazzullo
et al., 2009].

A large amount (estimated 75%) of sodium intake comes
from processed or restaurant-prepared foods in European
and Northern American countries [He et al., 2010; Mattes
and Donnelly, 1991]. Accordingly, food industry has been
challenged to reduce the amount of salt added to food
products around the world [Desmond, 2006; Doyle and
Glass, 2010; He and MacGregor, 2009; He et al., 2010;
Mohan et al., 2009]. However, the low-sodium products
seem to decrease acceptance of consumers for the products
in many cases [Breslin and Beauchamp, 1997]. Conse-
quently, several strategies have emerged to decrease the
sodium content of processed foods without consumer
rejection [Desmond, 2006; Doyle and Glass, 2010].

First, many studies have reported that processed foods
using alternative salts, such as potassium chloride (KCI),
could partially reduce sodium contents with keeping
pleasantness of consumers [Katsiari et al., 1998]. However,
KCl is not applicable to certain population whose potas-
sium intake is strictly controlled [FSAI Scientific Commit-
tee, 2005]. Rather, due to its negative characteristics (e.g.,
strong bitterness, weak saltiness, and metallic attribute),
KCl is not preferred to be used in foods [Desmond, 2006].

Second, umami tasting substances may play a role in
reducing salt intake based on the findings that umami
taste may magnify saltiness [Mojet et al., 2004]. Indeed,
many studies have demonstrated that umami tasting sub-
stances such as monosodium glutamate (MSG) and soy
sauce could decrease sodium contents in various foods
[Kremer et al., 2009; Yamaguchi and Takahashi, 1984].
However, the enhancing effects of MSG and soy sauce on
saltiness and palatability seem to be dependent on food
matrices [Barylko-Pikielna and Kostyra, 2007; Kremer
et al.,, 2009]. Rather, in that MSG itself contains sodium,
the overall concentration of sodium in the food matrices
added MSG should be considered.

Another possible approach to reduce sodium contents is
to use a salty-congruent odor to food products. Indeed, a
series of studies has demonstrated that sweet-congruent
odors (e.g., strawberry or vanilla) magnify sweetness
[Bingham et al., 1990; Burseg et al., 2010; Clark and Law-
less, 1994; de Araujo et al., 2003; Djordjevic et al., 2004;
Frank and Byram, 1988; Frank et al., 1989; Frank et al.,
1993; Sakai et al., 2001; Schifferstein and Verlegh, 1996;
Small et al., 2004]. Specifically, Frank and Byram [1988]
showed that strawberry flavor (without evoking gustatory
sensation), but not peanut butter flavor, increased sweet-
ness in whipped-cream.

Only a few studies have addressed the idea that salty-
congruent odors (e.g., soy sauce or bacon odor) increase
perceived saltiness [Busch et al., 2009; Djordjevic et al.,
2004; Lawrence et al., 2009; Lawrence et al., 2011]. For
example, Djordjevic et al. [2004] found that orthonasally
presented soy sauce odor but not strawberry odor could
increase the saltiness of a NaCl solution. Interestingly, this
saltiness enhancement was also to some extent obtained
only by imagining the soy sauce odor by participants.
Recently, Lawrence et al. [2009] demonstrated that partici-
pants were able to estimate saltiness of foods on the basis
of their written names. Rather, their estimated saltiness
was significantly correlated with the reported sodium con-
tent of these foods. In addition, the authors showed that
specific salt-associated odors (e.g., bacon or anchovy odor)
administrated by retronasal route (i.e., flavor addition)
could amplify saltiness in a low-concentrated NaCl solu-
tion. Lawrence et al. [2011] extended the odor-induced
saltiness enhancement to a solid-food model system (e.g.,
lipoproteic matrix; similar to mozzarella cheese) containing
a low amount of salt. That is, salt-associated odors such as
comté cheese and sardine increased saltiness in the solid-
food system, whereas non-salt-associated odor (e.g., carrot)
produced no enhanced saltiness.

To build on these findings, this study aimed to investi-
gate whether a salty-congruent odor can enhance saltiness
and/or taste preference on psychophysical (Experiment 1)
and neuroanatomical levels (Experiment 2). Indeed, in
most studies reporting olfactory and gustatory integration,
olfactory stimuli were delivered via the retronasal route;
flavors were added into aqueous solution or semi-solid/
solid samples. Little is known about an influence of
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orthonasal odor on taste intensity and/or preference. Con-
sidering the process of eating, the association of orthonasal
odor and taste is important. That is, humans look at the
food and often try smelling that via an orthonasal route
before they experience retronasal odor and taste during
the process of mastication and swallowing. Therefore, in
Experiment 1, we examined the odor-taste integration
with a focus on the initial step of eating. That is, we pre-
sented an orthonasal odor before and during gustatory
stimulation.

In Experiment 2, we attempted to assess the congruent
odor-induced saltiness enhancement in the neuroanatomi-
cal level using functional magnetic resonance imaging
(fMRI). Previous brain imaging studies have revealed that
odor-taste integration takes place in multiple brain regions
including anterior insular, frontal operculum (FO), anterior
cingulate cortex (ACC), and orbitofrontal cortex (OFC) [de
Araujo et al., 2003; Small et al., 1997; Small et al., 2004; for
a review see Small and Prescott, 2005], although the exact
areas activated were not completely identical (e.g., insular
and OFC) across the studies. Only a few brain imaging
studies have addressed an odor-taste integration using
salty taste. Even though Small et al. [1997] presented either
matched or mismatched odors with four aqueous tastes
including NaCl solution during their positron emission to-
mography (PET) scanning, they did not report results spe-
cifically associated with the interaction between salty taste
and odor.

In addition, we wanted to examine whether neural acti-
vations in the brain regions associated with the congruent
odor-induced saltiness are different in the low- and high-
concentrated taste solutions. This appeared to be necessary
because Djordjevic et al. [2004] showed that a congruent
odor-enhanced saltiness existed in the presence of low-
concentrated NaCl solution but not when salt was pre-
sented at a high concentration.

The protocol of this study (EK285112008) was approved
by the Ethics Committee of the University of Dresden
Medical School and was conducted in accordance with the
Declaration of Helsinki.

EXPERIMENT |
Materials and Methods
Participants

A total of 25 right-handed volunteers (19 females) with
an age ranging from 19 to 39 years (mean age + standard
deviation [SD] = 25 + 4 years) participated in Experiment
1. Handedness was determined using a translated version
of the Edinburgh inventory [Oldfield, 1971]. Participants
were recruited via leaflet. All participants confirmed that
they had no clinical history of major diseases and that
they had normal senses of smell and taste. To screen par-
ticipants for impairments in olfactory, gustatory, or cogni-
tive function, the following tests were used: the “Sniffin’

Sticks” screening test [Burghart Instruments, Wedel, Ger-
many; for details see Hummel et al., 2001], the “Taste
Strips” test [Burghart Instruments, Wedel, Germany; for
details see Landis et al., 2009], and the “Mini-Mental-State
Examination” [Folstein et al., 1975], respectively. The
experiment was explained to all participants in great detail
and informed written consent was obtained.

Olfactory and gustatory stimuli

As olfactory stimuli, we used two odors: 1% dilution of
bacon odor (#202970, Symrise AG, Holzminden, Germany)
and 10% dilution of strawberry odor (#221047, Symrise
AG, Germany) in 1,2-propanediol (Sigma-Aldrich Chemie
GmbH, Munich, Germany). Additionally, odorless air was
used as control condition. All olfactory stimuli were deliv-
ered using a computer-controlled air-dilution olfactometer
(OM6b, Burghart, Wedel, Germany). To minimize mechan-
ical stimulation, the olfactory stimuli (10%, v/v) diluted
by humidified air were embedded in a constantly flowing
air stream (7.0 L/min) with controlled temperature (36°C)
and humidity (80% relative humidity [RH]). The intensity
of two odors was matched. The odors were provided for 3
s via a tube placed in the right nostril of the participants.
This method was based on previous studies determining
that olfactory performance is better (e.g., improved odor
sensitivity and discrimination) when the odors are pre-
sented to the right than to the left nostril [Kobal et al.,
2000; Zatorre and Jones-Gotman, 1990].

As gustatory stimuli, we used two aqueous taste solu-
tions: NaCl solution and sucrose solution. Both taste solu-
tions consisted of low (0.16 M) and high (0.64 M)
concentration, respectively and these concentrations were
established based on earlier studies [Cerf-Ducastel and
Murphy, 2004; Singh et al., 2011; Spetter et al., 2010]. Gus-
tatory stimuli were delivered using a computer-controlled
gustometer (GUO01, Burghart, Wedel, Germany). They
were embedded in repetitively pulsed water stream (11.8
mL/min) with controlled temperature (36°C). The gusta-
tory stimuli were presented via a tube placed 3 cm in front
of the participant’s tongue.

Procedure

To examine an influence of congruent odor on saltiness
and sweetness, respectively, this study consisted of two
sessions for either saltiness or sweetness. Sessions were
conducted on different days, with a maximum of 7 days
in between. The order of two sessions was randomized
across participants.

During each session six combinations between olfactory
and gustatory stimuli were tried; that is, three odor condi-
tions (congruent or incongruent odor and odorless air) by
two concentrations (low or high) of tastant. Each combina-
tion of stimuli was repeated 12 times during the session.

Participants were seated on a chair 1 m from the com-
puter monitor, with their heads and necks supported by a
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headrest. The delivery tube of the olfactometer was
inserted into the right nostril of participants. Next, partici-
pants were asked to stick out their tongue and then the
delivery tube of gustometer was established 3 cm in front
of tongue. During the experiment, the gustatory stimuli
and rinsing water were presented on the anterior part of
tongue with the mouth opened. Because participants could
not swallow the presented stimuli under this experimental
condition, the presented stimuli on the tongue were subse-
quently dropped down to the funnel placed below the
chin of participants.

Participants received one of three olfactory stimuli for 3
s. Subsequently, 2.75 s after the onset of olfactory presenta-
tion, one of two tastant concentrations (i.e., low or high)
was provided for 0.25 s. Following stimulus presentation,
participants were asked to immediately rate taste intensity
on a visual analogue scale (VAS) ranging from 0
(extremely weak) to 10 (extremely strong). They were also
asked to rate taste pleasantness on a VAS ranging from (5
(extremely unpleasant) to +5 (extremely pleasant). Instruc-
tions and scales were presented on the monitor. To mini-
mize the olfactory and gustatory desensitization, 24-28 s
were allowed before the next stimulus. Meanwhile, an
odorless humidified air stream (7.0 L/min, 36(C, 80% RH)
and continuously pulsed water stream (11.8 mL/min,
36°C) were presented to minimize residual effects of previ-
ous olfactory and gustatory stimuli. In addition, white
noise (~60 dB) was presented via headphones to dampen
environmental sounds (e.g., the stimulus-related valve-
switching sound of the olfactometer and gustometer).

Data Analysis

Statistical software, SPSS 16.0 (SPSS Inc., USA) for Win-
dows, was used to analyze the data. Descriptive analyses
were used wherever appropriate. To determine whether
odor congruency and/or tastant concentration can influ-
ence ratings of taste intensity or pleasantness, data were
analyzed by using two-way repeated measures analyses of
variance (RM-ANOVAs). If the sphericity assumption was
violated via the Mauchly’s sphericity test, degrees of free-
dom were adjusted using the “Huynh-Feldt” correction. If
a significant difference of means was indicted by RM-
ANOVAs, post hoc comparisons between independent
variables were conducted using Bonferroni f-tests. The
alpha level was 0.05.

Results

Effects of congruent odor on intensity
ratings of taste solution

Two-way (“tastant concentration” and “odor congru-
ency”’) RM-ANOVAs revealed that the concentration of
taste solution significantly influenced intensity ratings of
either saltiness [F(1,24) = 89.42, P < 0.001] or sweetness
[F(1,24) = 46.76, P < 0.001]. As expected, participants rated

the high-concentrated tastant as more intense than low-
concentrated one, indicating that participants apparently
discriminated the taste intensity in both salty and sweet
taste solutions.

The odor congruency significantly modulated intensity
ratings of either saltiness [F(1.60,38.46) = 16.98, P < 0.001;
with Huynh-Feldt correction] or sweetness [F(2,48) = 6.87,
P < 0.01]. Specifically, post hoc Bonferroni t-tests showed
that participants rated the NaCl solution as significantly
more salty in the presence of a congruent odor (i.e., bacon
odor; mean (SD = 6.7 £+ 1.5) than in the presence of an
incongruent odor (i.e., strawberry odor; 6.2 £ 1.5), P <
0.05, or odorless air (5.9 + 1.6), P < 0.001. In addition, par-
ticipants judged the sucrose solution as significantly
sweeter in the presence of a congruent odor (6.3 £+ 1.5)
than in the presence of odorless air (5.7 + 1.7), P < 0.001,
but not than in the presence of an incongruent odor (6.0 £
1.6), P = 0.37.

There was a significant interaction between tastant con-
centration and odor congruency on the intensity ratings of
either saltiness [F(2,48) = 5.51, P < 0.01] or sweetness
[F(2,48) = 5.08, P = 0.01]. As shown in Figure 1, a congru-
ent odor-induced saltiness enhancement appeared to be
more pronounced in the low-concentrated taste solution
than in the high-concentrated solution. Specifically, in the
low-concentrated NaCl solution, a salty-congruent odor
enhanced saltiness significantly more than either a salty-
incongruent odor [P < 0.05] or odorless air [P < 0.001].
However, in the high-concentrated solution, the congruent
odor increased saltiness significantly more than an odor-
less air [P < 0.01] but not than an incongruent odor [P =
0.07]. Rather, the pronounced effect of congruent odor on
taste intensity was also observed for the sucrose solution.
That is, while a congruent odor magnified sweetness of
low-concentrated sucrose solution than odorless air [P <
0.001], there was no significant influence of odor congru-
ency on intensity ratings in the high-concentrated sucrose
solution [P = 0.10], as seen in Figure 1b.

Effects of congruent odor on pleasantness
ratings of taste solution

Two-way (“tastant concentration” and “odor congru-
ency”) RM-ANOVAs revealed that the concentration of
taste solution significantly influenced pleasantness ratings
of either saltiness [F(1,24) = 14.89, P = 0.001] or sweetness
[F(1,24) = 453, P < 0.05]. Specifically, while participants
preferred low-concentrated NaCl solution to high-concen-
trated one, they liked high-concentrated sucrose solution
significantly more than low-concentrated one.

Odor congruency significantly influenced pleasantness
ratings for either saltiness [F(2,48) = 43.50, P < 0.001] or
sweetness [F(2,48) = 55.51, P < 0.001] of taste solutions.
Specifically, post hoc Bonferroni t-tests found that partici-
pants rated the NaCl solution as significantly more
unpleasant when they were presented with a congruent
odor (mean (SD = 2.6 + 1.3) than when presented with

* 65 ¢



¢ Seo et al. ¢

9 9
b

8 P wk (a) 8 | ( )
b I kkd * - 7
= 7 [ = i wkk
5 2 .
.;E 6 ‘2 6 |
[} L
.g 5 % 5
= 4 1'_‘ 4 |

3 3t

2 2

Low conc. High conc. Low conc. High conc.
Tastant concentration Tastant concentration
DOdorless air OCongruent odor ®Incongruent odor DOdorless air O0Congruent odor EIncongruent odor
Figure I.

Modulatory effect of odor stimuli on taste intensity in relation to
tastant concentration (low and high). After receiving one of three
odor stimuli together with one of two concentrations in the NaCl
(a) or sucrose (b) solution, participants rated taste intensity. *, *¥,

either an incongruent odor (4.1 £+ 1.7), P < 0.05, or odor-
less air (3.8 £ 1.5), P < 0.001. In contrast, participants
judged the sucrose solution as more pleasant in the pres-
ence of a congruent odor (6.1 £+ 1.5) than in the presence
of either an incongruent odor (4.0 £ 1.8), P < 0.001, or
odorless air (5.7 + 1.5), P = 0.01.
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and *** indicate a significance at P < 0.05, P < 0.01, and P < 0.001,
respectively. Error bars indicate standard error of the mean. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

There was a significant interaction between tastant con-
centration and odor congruency on the pleasantness rat-
ings of either saltiness [F(248) = 5.86, P < 0.01] or
sweetness [F(2,48) = 8.11, P = 0.001]. As shown in Figure
2a, a congruent odor increased taste unpleasantness signif-
icantly more than either an incongruent odor [P < 0.001]
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Figure 2.
Modulatory effect of odor stimuli on taste pleasantness in relation to tastant concentration (low and
high). After receiving one of three odor stimuli together with one of two concentrations in the NaCl
(a) or sucrose (b) solution, participants rated taste pleasantness. ** and *** indicate a significance at P
< 0.0l and P < 0.001, respectively. Error bars indicate standard error of the mean. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Brain regions activated by t-contrast [(congruent odor + salty
taste) — (odorless air + salty taste)]. In comparison with odorless
air combination, a salty-congruent combination of odor and taste
activated inferior FO area (MNI coordinates: x = +48,y = +14, z
= +4). Right-sided figure presents contrast estimates of all stimuli

or odorless air [P < 0.001] in both low- and high-concen-
trated NaCl solutions. Furthermore, while an incongruent
odor (i.e., strawberry odor) produced significantly higher
pleasantness than odorless air in the presence of high-con-
centrated NaCl solution, no significant difference between
them was observed in the presence of low-concentrated
NaCl solution. In addition, in the high-concentrated su-
crose solution a congruent odor amplified taste pleasant-
ness than either an incongruent odor [P < 0.001] or
odorless air [P = 0.01]. However, in the low-concentrated
sucrose solution, while a congruent odor increased taste
pleasantness significantly more than an incongruent odor
[P < 0.001] but not than odorless air [P = 0.07].

Taken together, Experiment 1 demonstrated that a con-
gruent odor significantly increases intensity ratings of ei-
ther saltiness or sweetness than an incongruent odor and/
or odorless air. In addition, a congruent odor significantly
enhanced either unpleasantness of saltiness or pleasant-
ness of sweetness. Furthermore, the modulatory effects of
congruent odors on taste intensity and pleasantness are
dependent on tastant concentration presented.

EXPERIMENT 2

In Experiment 2, we attempted to investigate the con-
gruent odor-induced saltiness enhancement at a neuroana-
tomical level using fMRI. Based on earlier findings that
odor-taste integration takes place in the brain areas of an-
terior insular, FO, ACC, and OFC [de Araujo et al., 2003;
Small et al., 1997; Small et al., 2004], we hypothesized that
the salty-congruent odor yielded significantly higher brain
activations in these brain areas than an incongruent odor
and/or odorless air.

conditions: OA = odorless air, CO = congruent odor, IO =
incongruent odor, L and H = low and high concentrations, respec-
tively. Reported activation was significant at Py,corrected < 0.005
(>3 voxels). For details, see Table I. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Materials and Methods
Participants

Another 25 right-handed volunteers (16 females, mean
age £ SD = 23 + 2 years) participated in Experiment 2.
Handedness was determined using a translated version of
the Edinburgh inventory [Oldfield, 1971]. All participants
confirmed that they had no clinical history of major dis-
eases and that they had normal senses of smell and taste.
Participants underwent screening tests for olfactory, gusta-
tory, and cognitive function similar to those conducted in
Experiment 1. In addition, participants who had difficulty
in swallowing aqueous solutions when laid on the bed
(i.e., similar to fMRI condition) were excluded. The experi-
ment was explained to all participants in great detail and
informed written consent was obtained.

Olfactory and gustatory stimuli

There were three olfactory stimuli: odorless air, salty-
congruent odor (i.e.,, bacon odor), and salty-incongruent
odor (i.e., strawberry odor). All olfactory stimuli were
delivered using a computer-controlled air dilution olfac-
tometer to right nostril of participant according to the
identical procedure as in Experiment 1.

In addition, salty taste (NaCl) solutions with two differ-
ent concentrations: low (0.16 M; ST°%) and high (0.64 M;
STMe") were used as gustatory stimuli. The gustatory stim-
uli were presented to participants’” mouth via dedicated
Teflon tubing fed through a small outlet of the wall in the
scanner room according to the previous study [Hummel
et al., 2007]. Three separate tubes delivered low- and high-
concentrated NaCl solutions and rinsing water. The outer
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and inner diameters of tubes were 3 and 2 mm,
respectively.

Experimental Design

The fMRI paradigm was built in a six-session block
design. In each session six stimuli conditions (three odor
conditions by two tastant concentrations) were random-
ized. Accordingly, each stimulus condition was repeated
six times through six sessions. Each session consists of six
ON-blocks (8 scans for 20 s) and OFF-blocks (8 scans for
20 s). During every ON-block, participants received one of
three olfactory stimuli (stimulus duration: 1 s; interval
between stimuli: 3 s) five times together with one of two
NaCl solutions (0.1 mL). During every OFF-block, partici-
pants received odorless humidified air (7.0 L/min, 36(C,
80% RH) with tasteless rinsing water (2 mL) to minimize a
residual effect of previous stimuli. In addition, they
received no additional information during the OFF-blocks.

After each session, participants randomly received one
of six stimuli combination. Subsequently, they were asked
to rate saltiness intensity (0 = extremely weak; 10 =
extremely strong) and taste pleasantness (—5 = extremely
unpleasant; +5 = extremely pleasant).

fMRI Data Acquisition and Analysis

For fMRI data (both functional and anatomical imaging)
acquisition, a 1.5-T MR-scanner (Sonata; Siemens, Erlangen,
Germany) was used. The functional images (96 volumes
per session) were acquired by means of a 26 axial-slice ma-
trix 2D Spin Echo (SE)/Echo Planar (EP) sequence with
echo time = 40 ms, repetition time = 2500 ms, flip angle =
90°, matrix = 64 x 64, and voxel size = 3 x 3 x 3.75 mm°.
After the experimental session high-resolution (1 x 1 x 1
mm?) T;-weighted anatomical images were obtained using
a “magnet prepared rapid gradient echo” sequence.

The fMRI data analyses were done using Statistical Para-
metric Mapping 8 (SPM 8, http://www fil.ion.ucl.ac.uk/
spm/) implemented in MATLAB R2007b (The Mathworks
Inc., USA) and the WFU Pickatlas tool version 2.4 [Mald-
jlan et al., 2003]. For functional images, a series of spatial
preprocessing including registration, realignment, coregis-
tration between functional and anatomical images, normal-
ization, and smoothing (8 x 8 x 8 mm® FWHM Gaussian
kernel) was performed. Coordinates of the activation are
presented according to the Montreal Neurological Institute
(MNI) coordinates [Evans et al., 1993]. The brain responses
to rinsing and swallowing (i.e., OFF-blocks) were not
included in data analyses. To compare brain activations
between stimulus conditions, group analyses using the t-
test were performed based on cluster size of three voxels
and P < 0.005 (uncorrected).

In addition, behavioral data (i.e., ratings of saltiness in-
tensity and pleasantness) were analyzed by using RM-
ANOVAs. Because of technical and behavioral problems,

15 participants” behavioral data were analyzed. If a signifi-
cant difference of mean ratings was indicated by RM-
ANOVAs, post hoc comparisons between independent
variables were conducted using Bonferroni f-tests. The
alpha level was 0.05. Statistical analyses of the behavioral
data were done using SPSS 16.0 for Windows.

Results
Behavioral data

Two-way (“odor congruency” and “tastant concentra-
tion”) RM-ANOVAs revealed a significant interaction
between odor congruency and tastant concentration in
terms of saltiness intensity [F(2,28) = 3.62, P = 0.04] but
not pleasantness [P = 0.78]. Specifically, the significant
effect of odor condition on taste intensity was obtained in
the presence of low-concentrated NaCl solution [F(2,28) =
4.81, P = 0.02] but not in that of high-concentrated one
[F(2,28) = 1.82, P = 0.18]. That is, post hoc Bonferroni t-
tests showed that participants rated the low-concentrated
NaCl solution as less salty when they were presented with
incongruent odor (mean +£SD = 2.87 + 2.92) than when
presented with odorless air (5.37 + 2.72) [P = 0.02]. As
seen in the Supporting Information Figure 1a, the intensity
rating of low-concentrated NaCl solution was not different
between in the congruent (4.33 £ 3.06) and incongruent
odor (2.87 £ 2.92) conditions [P > 0.05]. There was no sig-
nificant main effect of odor congruency and tastant con-
centration on the ratings of either saltiness intensity or
pleasantness [P > 0.05] (Supporting Information Fig. 1).

Neuroimaging data

Congruent odor-induced brain activation in comparison
with odorless air. Compared with a combination of odor-
less air and salty taste (ST), a salty-congruent combination
of odor and taste significantly increased neural activations
in multiple brain regions [(congruent odor + ST'°% * hish)
— (odorless air 4+ ST * high] ' As shown in Table I, the
salty-congruent odor induced significantly greater activa-
tions in right inferior FO, right inferior frontal gyri, right
middle frontal gyrus, and right ACC than odorless air.
The brain regions activated by congruent combinations
of odor and taste was different depending on tastant con-
centration. As seen in Table I, when presented with low-
concentrated NaCl solution, a salty-congruent odor pro-
duced significantly higher activation in multiple brain
regions associated with olfactory and/or gustatory proc-
essing (e.g., right anterior ventral insula, right rolandic
operculum, right ACC, and right parietal OFC) than odor-
less air [(congruent odor + ST'°¥) — (odorless air + ST'™)]
(Figure 3). When presented with high-concentrated NaCl
solution, the congruent odor significantly increased brain
activations in the right medial OFC, medial frontal gyrus,
and inferior frontal gyri than the odorless air (Table I).
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TABLE I. Brain regions where salty-congruent combination of odor and taste induced significantly higher neural
activations than odorless air combination

Brain region Voxel size x y z T value Z score P value
(Congruent odor + ST'¥ 8" _ (odorless air + ST'OWMigh)
Inferior FO 7 48 14 4 3.09 3.04 0.001
Anterior cingulate cortex 8 6 41 4 291 2.87 0.002
Middle frontal gyrus 9 27 53 13 2.92 2.88 0.002
Inferior frontal gyrus 28 36 35 16 3.30 3.23 0.001
48 35 16 2.89 2.85 0.002
Extranuclear 13 —24 -25 -2 3.27 3.20 0.001
(Congruent odor + ST'°%) — (odorless air 4 ST'°%)
Rolandic operculum 18 60 —4 13 3.29 3.23 0.001
Anterior cingulate cortex 3 6 44 4 2.76 2.72 0.003
Insula 12 27 14 —20 3.16 3.11 0.001
Superior frontal gyrus 6 24 50 13 2.92 2.87 0.002
Middle frontal gyrus 4 27 47 -5 2.89 2.85 0.002
Superior temporal gyrus 3 45 -13 -8 2.79 2.75 0.003
Inferior occipital gyrus 5 30 —88 -14 3.01 2.96 0.002
Angular gyrus 8 57 —55 25 3.07 3.02 0.001
(Congruent odor + ST"8M) — (odorless air + ST"&")
Inferior frontal gyrus 26 36 35 16 3.55 3.47 0.000
48 32 16 2.85 2.81 0.002
Medial frontal gyrus 7 9 59 -5 2.88 2.83 0.002
Medial frontal gyrus 5 9 59 13 2.73 2.69 0.004
Extranuclear 8 —24 —28 =5 3.23 3.16 0.001

ST and ST"8" low and high concentrations of salty taste solution,
tions were significant at Pyncorrectea < 0.005 (>3 voxels).

In a reverse contrast condition [(odorless air 4+ ST'W * hish)

— (congruent odor + ST°" * &M in comparison with the
salty-congruent combination of odor and taste, the odorless
air with salty taste produced significantly higher brain acti-
vations in the right posterior cingulum [MNI coordinates x,
Y,z =+3, —43, +13, Z score = 3.46, Pyncorrected < 0.001] and
left thalamus [MNI -9, —13, +7, Z score = 3.22, Piuncorrected
= 0.001; MNI -9, —19, +13, Z score = 2.99, P ncorrected <
0.001].

Incongruent odor-induced brain activation in comparison
with odorless air. As opposed to a salty-congruent odor,
an incongruent odor (i.e., strawberry odor) did not show
significantly brain activations in the presence of NaCl solu-
tion than odorless air [(incongruent odor + ST'°W * high) _
(odorless air + ST * hishy]

Congruent odor-induced brain activation in comparison
with incongruent odor. As seen in Table II, when com-
pared with an incongruent combination, a salty-congruent
combination of odor and taste significantly enhanced brain
activations in multiple brain regions [(congruent odor +
STlow * hishy _ (incongruent odor + ST * M8M]. Specifi-
cally, in the presence of NaCl solutions, the salty-congru-
ent odor produced significantly higher neural activations
in the brain areas related to olfactory and/or gustatory
processing (e.g., bilateral anterior ventral insular, right in-

respectively. x, y, z indicates MNI coordinates. All reported activa-

ferior FO, right inferior parietal lobule, right piriform cor-
tex, left caudomedial OFC, and ACC) than the
incongruent odor.

In addition, the contrast effect between congruent and
incongruent combinations of odor and taste was different
in relation to tastant concentrations. Specifically, the con-
gruent odor-induced brain activation was more pro-
nounced in the presence of low-concentrated NaCl
solution than in that of high-concentrated NaCl solution
(Table III and Fig. 4]. For example, when compared with
an incongruent odor, the salty-congruent odor produced
significantly higher activations in multiple brain regions
(e.g., bilateral anterior ventral insular, right inferior FO,
right rolandic operculum, right ACC, superior frontal
gyrus, angular gyrus, and claustrum) when presented
with low-concentrated NaCl solution but not with high-
concentrated NaCl solution. In contrast, such brain areas
of left hippocampus, left caudoparietal OFC, left posterior
insula, and right amygdala were significantly more acti-
vated only when presented with congruent combination of
odor and high-concentrated NaCl solution (Table III). No
significant difference in neural activation was observed in
the brain areas resulted from subtraction of congruent
combination from incongruent combination of odor and
taste [(incongruent odor + grlow + high y (congruent
OdOI' + STlow + high )]
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TABLE Il. Brain regions where salty-congruent combination of odor and taste induced significantly higher neural
activations than incongruent combination

Brain region Voxel size x Y z T value Z score P value
(Congruent odor + ST'¥ 8" _ (incongruent odor + ST'"*hish)
Inferior FO 4 63 11 19 3.12 3.07 0.001
Anterior cingulate cortex 8 9 41 4 2.92 2.87 0.002
Middle cingulate cortex 9 9 2 34 2.96 291 0.002
12 2 25 2.73 2.69 0.004

Insula/anterior 8 45 17 -2 3.19 3.13 0.001
Insula/anterior 3 —-36 14 -8 2.74 2.70 0.003
Insula/posterior 82 33 —40 19 4.44 4.29 0.000
Inferior parietal lobule 51 —34 22 3.59 3.51 0.000
Piriform cortex 22 27 11 —14 3.19 3.13 0.001
Putamen 3 27 5 13 2.73 2.69 0.004
Inferior parietal OFC 12 —42 35 -14 3.40 3.32 0.000
Caudomedial OFC 5 —-18 32 -17 3.16 3.10 0.001
Superior frontal gyrus 113 21 47 19 3.47 3.40 0.000
24 59 22 3.20 3.14 0.001

30 47 28 3.11 3.06 0.001

Superior frontal gyrus 13 9 59 25 3.10 3.04 0.001
Middle frontal gyrus 3 -27 50 25 291 2.86 0.002
Middle frontal gyrus 3 45 29 34 2.92 2.87 0.002
Inferior frontal gyrus 25 —51 26 10 3.44 3.36 0.000
Superior temporal gyrus 6 —45 2 —14 3.12 3.07 0.001
Superior temporal gyrus 6 —60 —64 16 3.20 3.14 0.001
Middle temporal gyrus 5 54 —25 -8 2.96 291 0.002
Postcentral gyrus 3 —66 -25 19 2.90 2.85 0.002
Vermis 4 0 —49 1 2.87 2.82 0.002
Extranuclear 28 6 20 16 3.83 3.73 0.000
-3 23 13 2.74 2.70 0.003

6 8 22 2.67 2.63 0.004

ST* and ST™8" low and high concentrations of salty taste solution, respectively. x, y, z indicates MNI coordinates. OFC, orbitofrontal
cortex. All reported activations were significant at Puncorrected < 0.005 (>3 voxels).

DISCUSSION

It is well documented that an excessive intake of dietary
salt increases the risk of chronic diseases. Accordingly,
food industries have been attempting various strategies to
decrease sodium contents in the processed food products
[for a review, see Doyle and Glass, 2010]. This study
aimed to investigate whether a salty-congruent odor can
enhance saltiness and/or taste pleasantness on the basis of
psychophysical and neuroanatomical results. The main
findings of this study were as follows.

1. Compared with incongruent odors and/or odorless
air, congruent odors increased intensity ratings of
salty or sweet taste solution; however, the congruent
odor-induced saltiness enhancement was not obtained
in the behavioral data of Experiment 2.

2. Compared with an incongruent odor and/or odorless
air, a salty-congruent odor produced significantly
higher neural activations in multiple brain regions
associated with odor-taste integration (e.g., insular,
FO, ACC, and OFC); however, the neuroanatomical
results was not correlated with the behavioral data of
Experiment 2.

3. The congruent odor-induced taste enhancement
appears to be more pronounced in the low-concen-
trated taste solution than in the high-concentrated one.

4. Compared with an incongruent odor and/or odorless
air, a congruent odor increased either unpleasantness
of saltiness or pleasantness of sweetness in the aque-
ous solution.

This study supports the previous notion that congruent
odors could amplify taste intensity [Bingham et al., 1990;
Burseg et al., 2010; Busch et al., 2009; Clark and Lawless,
1994; de Araujo et al., 2003; Djordjevic et al., 2004; Frank
and Byram, 1988; Frank et al., 1989; Frank et al., 1993;
Lawrence et al.,, 2009; Lawrence et al., 2011; Sakai et al.,
2001; Schifferstein and Verlegh, 1996] based on psycho-
physical (Experiment 1) and neuroimaging results (Experi-
ment 2). In particular, our study adds new evidence to a
growing list of odor-taste integration. That is, a salty-con-
gruent odor (i.e., bacon odor), but not an incongruent odor
(i.e., strawberry odor), significantly magnified perceived
saltiness, which is in accordance with the earlier studies
[Busch et al., 2009; Djordjevic et al., 2004; Lawrence et al.,
2009; Lawrence et al., 2011].
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TABLE Ill. Brain regions where salty-congruent odor relative to incongruent odor induced significantly higher
neural activations in relation to tastant concentration

Brain region Voxel size X y z T value Z score P value
(Congruent odor + ST*%) — (incongruent odor + ST'°")

Inferior FO 3 60 11 19 3.06 3.01 0.001
Anterior cingulate cortex 8 6 20 16 2.84 2.80 0.003
6 29 16 2.74 2.70 0.003

Cingulate gyrus 12 -12 —-10 31 3.59 3.51 0.000
Insula/anterior 8 42 11 -5 2.93 2.88 0.002
Insula/anterior 7 -39 11 -8 2.82 277 0.003
Insula/middle 4 -39 —22 19 2.95 2,90 0.002
Superior frontal gyrus 12 21 41 22 3.07 3.01 0.001
Medial frontal gyrus 10 18 50 7 2.98 2.93 0.002
Middle frontal gyrus 3 39 41 13 3.17 3.11 0.001
Middle frontal gyrus 3 =30 59 7 2.83 2.79 0.003
Inferior frontal gyrus 4 —51 26 10 2.98 2.93 0.002
Precentral gyrus 6 39 -13 28 2.92 2.88 0.002
Superior temporal gyrus 98 36 —40 16 4.35 421 0.000
57 —40 10 3.32 3.26 0.001

Rolandic operculum 51 -31 22 3.29 3.23 0.001
Superior temporal gyrus 8 —60 —64 16 3.53 3.45 0.000
Superior temporal gyrus 18 —42 2 —14 3.26 3.20 0.001
Superior temporal gyrus 13 42 2 -29 3.26 3.19 0.001
36 2 —20 297 2.92 0.002

Superior temporal gyrus 8 54 =25 -5 3.09 3.03 0.001
Superior temporal gyrus 4 48 —-10 -5 2.72 2.68 0.004
Middle temporal gyrus 15 48 —61 4 3.49 3.41 0.000
Middle temporal gyrus 25 48 -70 19 3.07 3.02 0.001
54 76 10 2.98 2.93 0.002

57 —70 19 2.94 2.89 0.002

Angular gyrus 28 57 —55 25 3.38 3.31 0.000
Claustrum 30 30 -1 16 3.24 3.18 0.001

(Congruent odor + ST"8") — (incongruent odor + ST"i&")

Insula/posterior 3 -33 —34 19 2.90 2.86 0.002
Cingulate gyrus 21 12 -1 31 3.61 3.53 0.000
Hippocampus 7 —24 -25 -8 3.18 3.12 0.001
Amygdala 4 21 5 -17 2.69 2.65 0.004
Caudoparietal OFC 4 —45 35 -17 2.81 2.76 0.003
Middle frontal gyrus 6 27 32 31 2.83 2.79 0.003
Inferior frontal gyrus 3 45 26 13 2.71 2.67 0.004
Superior temporal gyrus 12 57 —28 7 3.48 3.41 0.000
Inferior temporal gyrus 3 57 -22 -20 2.95 2.90 0.002
Extranuclear 3 —18 -13 13 2.78 274 0.003

ST™* and ST™&": low and high concentrations of salty taste solution, respectively. x, y, z indicates MNI coordinates. OFC: orbitofrotnal
cortex. All reported activations were significant at Pyncorrected < 0.005 (>3 voxels).

One might argue that the congruent odor-induced salti-
ness enhancement appeared not to be consistent due to a
lack of significance in the behavioral result of Experiment
2. One plausible explanation for this discrepancy between
Experiments 1 and 2 relates to differences in the experi-
mental design. That is, although odor and taste stimuli
used in Experiments 1 and 2 were identical, the experi-
mental set-up to present these stimuli was slightly differ-
ent. In particular, in Experiment 1, participants rated taste
intensity and pleasantness immediately after receiving
taste stimuli; whereas in Experiment 2, they estimated
these ratings ~20 s after the onset of taste stimulation. The

delayed judgment condition (e.g., 20 s after the onset of
taste stimulation) might lead participants to be in more
ambiguous when they performed intensity and pleasant-
ness ratings of taste stimulus. In contrast, fMRI measures
the hemodynamic response that follows about 6 s after the
onset of neuronal response [Bandettini et al., 1993; Liao
et al., 2001], which might explain the lack of significance
in the association between the behavioral and neuroana-
tomical results in Experiment 2. In addition, it should be
noticed that the behavioral data in Experiment 2 was sepa-
rately obtained after completion of each brain scanning
session.
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Figure 4.
Brain regions activated by t-contrast [(congruent odor + salty present contrast estimates of all stimuli conditions: OA = odor-
taste) — (incongruent odor + salty taste)]. In comparison with less air, CO = congruent odor, |O = incongruent odor, L and H

incongruent combination, a salty-congruent combination of odor
and taste activated anterior insula ((a), MNI coordinates: x =
—36,y = +14, z = —8), ACC ((b) MNI +9, +44, +4), and cau-
domedial OFC ((c) MNI —18, —32, —17). Right-sided figures

Another explanation for the discrepancy of behavioral
results between Experiments 1 and 2 is the absence of rep-
lication of ratings. Specifically, while the psychophysical
ratings were repeated 12 times during the session in
Experiment 1, no replicated ratings of taste intensity and
pleasantness was acquired in Experiment 2. This might
increase a possibility to produce unstable behavioral data
in Experiment 2. For example, in contrast to Experiment 1,
the behavioral data in Experiment 2 demonstrated that
participants could not discriminate the saltiness intensity

= low and high concentrations, respectively. Reported activation
was significant at Pyncorrected < 0.005 (>3 voxels). For details,
see Tables Il and Ill. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

of low- and high-concentrated NaCl solutions in the pres-
ence of odorless air.

The congruent odor-induced saltiness seems to take
place at a central level of processing [Djordjevic et al.,
2004]. Because olfactory stimuli were administered via an
orthonasal route (i.e., nose), the possibility of odor-taste
interaction in the mouth was very low. That is, the salti-
ness enhancement by congruent odor seems not to be
obtained at a peripheral level but at a central level of proc-
essing. As addressed in the Introduction section,
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participants can estimate the saltiness of foods by the
names of the foods [Lawrence et al.,, 2009]. Furthermore,
participants perceived increased saltiness of weak sodium
chloride when they imagined a salty odor such as soy
sauce [Djordjevic et al., 2004]. The neuroimaging result of
our study supported the central processing of odor—taste
integration. That is, when compared with an incongruent
combination of odor and taste, a salty-congruent combina-
tion yielded significantly higher neural activations in the
brain areas associated with higher-order olfactory and/or
gustatory processing: for example, anterior insula and
OFC [Gottfried, 2006; Small and Prescott, 2005, Small,
2006].

To date, a series of neuroimaging studies investigating
odor and/or taste processing have revealed that both stim-
uli converge on specific brain regions: insula [Cerf-Ducas-
tel and Murphy, 2001; de Araujo et al., 2003; Hummel
et al.,, 2007; O’Doherty et al., 2001; Rolls et al., 2003; Savic
et al., 2000; Small et al., 1999; Spetter et al., 2010; Veldhui-
zen et al., 2010], operculum [Cerf-Ducastel and Murphy,
2001; Cerf-Ducastel and Murphy, 2001; de Araujo et al,,
2003; de Araujo et al., 2003; Hummel et al., 2007; Hummel
et al., 2007; O’'Doherty et al., 2001; O'Doherty et al., 2001;
Rolls et al., 2003; Savic et al., 2000; Savic et al., 2000; Small
et al., 1999; Small et al., 1999; Veldhuizen et al., 2010; Veld-
huizen et al., 2010], OFC [Sobel et al., 1998], and ACC [de
Araujo et al., 2003; O’Doherty et al., 2001; Rolls et al., 2003;
Savic et al., 2000; Veldhuizen et al., 2010]. A fMRI study
by Small et al. [2004] showed that a congruent mixture of
sweet taste and retronasal vanilla odor induced higher
neural activation in multiple brain regions including ante-
rior dorsal insula, anterior ventral insula/caudal OFC, FO,
ACC, and posterior parietal cortex, compared with an
incongruent mixture of salty taste and retronasal vanilla
odor. Another fMRI study by de Araujo et al. [2003] found
that subjective ratings of consonance between tastes and
retronasal odors were significantly correlated with activa-
tions of medial anterior part of OFC. In their review, Small
and Prescott [2005] argued that insula, operculum, OFC,
and ACC are suggestive areas responding to multimodal
integration, as well as unimodal olfactory and gustatory
stimuli. In addition, de Araujo et al. [2003] suggested that
agranular part of insula and adjoining the caudal OFC are
potential areas activated by both unimodal gustatory and
orthonasal/retronasal olfactory stimuli. Our neuroimaging
results support the previous studies. That is, the salty-con-
gruent combination of odor and taste activated brain areas
such as anterior insula, FO, caudomedial and parietal
OFC, and ACC significantly more than the incongruent
combination.

As addressed earlier, in most neuroimaging studies
reporting the odor—taste integration, odors were presented
via a retronasal route (i.e., mouth); little is known about
the association between orthonasal odor and taste. In the
PET study by Small et al. [1997], they presented either
unimodal or bimodal stimuli of taste and orthonasal odors
during the scanning. Congruent combinations of odor and

taste stimuli produced no significant increase of regional
cerebral blood flow in the brain regions associated with
odor or taste processing than unimodal condition of either
odor or taste stimulus. On the contrary, the congruent
combinations relative to unimodal condition showed neu-
ral deactivations in the bilateral anterior insula/FO and
right caudolateral OFC. Our results were partly in line
with this deactivation of bimodal combination in compari-
son with unimodal presentation. Specifically, compared
with the salty-congruent combination, odorless air condi-
tion with high-concentrated salty solution yielded higher
activation in right anterior insula [MNI coordinates x, y, z
= 433, —1, +16, Z score = 2.86, Puncorrected = 0.002], left
thalamus [MNI —12, —13, +4, Z score = 2.80, Puncorrected =
0.003], and right postcentral gyrus [MNI +36, —31, +37, Z-
score = 2.74, Pyncorrected = 0.003]. Of interest, the right an-
terior insula [MNI +33, —1, +16] is close to the part of
gustatory cortex responding to either gustatory or olfac-
tory stimulus delivered via retronasal route (e.g., in aque-
ous solution) but not by orthonasal administration [de
Araujo et al., 2003; Rolls et al., 2003]. However, our results
also show that the salty-congruent combination of odor
and taste increases neural activations in multiple brain
regions than odorless air combination with salty taste. One
of the plausible explanations for this contrast result can be
found in a different method of odor presentation. Specifi-
cally, in the study by Small et al. [1997], participants were
asked to sniff an odor-saturated Q-tip waved under their
nose and to indicate if an olfactory stimulus was present
by pressing a key, which may induce a spatial disparity-
induced selective attention [Small et al., 1997; Small, 2006].
As opposed to their presentation, in our study, partici-
pants were presented with a constant airstream (7 L/min)
through whole experimental scanning even in the odorless
air condition and between stimuli (i.e., OFF-blocks). No
additional task requiring attention was allowed to them
during the experimental scans. This experimental design
could minimize a somatosensory-related effect between
presence and absence of airstream, apart from olfactory
stimuli [Rolls et al., 2003] and/or a deactivation resulted
from spatial disparity-induced selective attention [Small,
2006]. In addition, no attention task given during the scan
might reduce the selective attention-induced neural deacti-
vation [Mozolic et al., 2008].

In addition, compared with a retronasal odor, a preced-
ing orthonasal odor may induce an odor-induced taste ex-
pectation. That is, after smelling certain food aroma via an
orthonasal route, subjects may anticipate the immediate
receipt of its associated taste. Several brain imaging stud-
ies found that brain regions activated by anticipatory cues
(e.g., visual or olfactory stimulus) are locally separable
from the regions recruited during consummatory reward:
that is, the receipt of chemosensation [O’Doherty et al.
2002; Small et al., 2008]. Small et al. [2008] demonstrated
that food odors that anticipate the immediate arrival of
their associated drink produced greater neural activations
in the amygdala and mediodorsal thalamus compared
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with food odors that predict the immediate receipt of a
tasteless solution, compared with the receipt of the drink.
In addition, the right anterior insula and left OFC
responded to both the anticipatory food odor and its asso-
ciated drink, reflecting the integration of the anticipatory
and consummatory rewards may take place in these areas.
However, because we did not separate the anticipatory
and consummatory phases in Experiment 2, further stud-
ies investigating the role of odor-induced taste expectation
on the odor-taste integration would be very interesting.

It is worth noting that the congruent odor-induced taste
enhancement was more obvious in the low-concentrated
tastant than high-concentrated one in the psychophysical
(Experiment 1) and neuroimaging (Experiment 2) results.
These findings support previous psychophysical study
demonstrating a congruent odor-induced saltiness in low-
concentrated salty solution but not in high-concentrated
one [Djordjevic et al., 2004]. In addition, Schifferstein and
Verlegh [1996] demonstrated that the strawberry odor-
induced sweetness increased with the odor concentration,
but it decreased with the taste concentration. In fact, it
seems that cross-modal enhancement is more robust when
unimodal stimulus is relatively weaker or more ambigu-
ous [Calvert, 2001]. For example, let us suppose that we
are watching certain speech of interviewee with a subtitle
on TV news. When the speech of interviewee is clear and
easily understandable, we do not look at the subtitle.
However, when the vocal output of interviewee is not
enough clear to understand, we tend to rely on the subtitle
for better understanding. Similarly, participants appeared
to rely on the congruent odor when they were presented
with relatively low-concentrated taste solution more
strongly. In addition, it can be assumed that compared
with in the presence of low-concentrated taste solution, a
congruent odor may have less space to amplify the taste
intensity when presented with high-concentrated taste so-
lution because the taste solution itself is already strong
enough to be perceived (i.e., a ceiling effect may occur).
This might explain the non-significant influence of odor
congruency on intensity ratings in the high-concentrated
sucrose solution. In fact, early studies have reported that
the odor congruency has little or no influence on the
sweetness enhancement in the high-concentrated sucrose
solution than in the low-concentrated one [Djordjevic
et al., 2004; Frank et al., 1989; Schifferstein and Verlegh,
1996].

Our findings herein demonstrate that presenting a salty-
congruent odor can be alternative strategy to reduce salt
intake in daily life. However, two issues still remain before
applying this strategy to food products or daily cuisine.
The first issue arising is how to optimize the effect of
salty-congruent odors on saltiness enhancement without
increasing unpleasantness to food products. Specifically,
Experiment 1 demonstrated that participants rated the
salty solution as significantly more unpleasant when they
were presented with a congruent odor than when pre-
sented with either an incongruent odor or odorless air.

That is, even though a salty-congruent odor can enhance
saltiness in salty food products, the salty odor may pro-
duce more unpleasantness to the applied products, which
leads to rejection of consumers. Schifferstein and Verlegh
[1996] argued that congruency is necessary to produce a
congruent odor-induced taste enhancement but the degree
of congruency is not directly related to the degree of taste
enhancement. Furthermore, Lawrence et al. [2009 2011]
insisted that odor quality and its intensity contribute to
determine to the salty odor-induced saltiness, compared
with the degree of odor congruency. With this back-
ground, it can be hypothesized that another salty-congru-
ent odors having less unpleasant tone (e.g., cheese,
delicatessen, or soy sauce) may not only increase a per-
ceived saltiness but also decrease the salty odor-induced
unpleasantness.

The influence of salty-congruent odor on pleasantness
ratings of salty foods may be different depending on the
food product type. That is, watery and salted solution is
generally unpleasant [Spetter et al., 2010]. It is only pleas-
ant in real foods such as sparkling water; the presence of
bubbles in addition to its trigeminal component (e.g., CO2)
highly contributes to liking for such salted solution. There-
fore, it is conceivable that in salty (pleasant) food products
a decrease of saltiness can be linked to a decrease in food
liking; in contrast, an increase of saltiness can increase the
food liking. In this study, NaCl solution itself was not
pleasant. Accordingly, it is not surprising that participants
showed more disliking to the congruent odor-induced salt-
iness enhancement in the NaCl solution. Therefore, further
study is warranted to find appropriate odors with both
saltiness and less unpleasantness. In addition, the food
product type should be considered to elucidate the influ-
ence of salty-congruent odor on pleasantness ratings of
salty foods.

As mentioned in the Introduction section, as an odor
perception through the orthonasal route often precedes the
experience of retronasal odor and taste during food intake,
we focused on the association between orthonasal odor
and taste in this study. Therefore, the second issue is that
the odor-taste integration is likely to be different in rela-
tion to spatial delivery route of odors [de Araujo et al.,
2003; Small and Prescott, 2005; Small et al., 1997; Small
et al., 2004; Welge-Liissen et al., 2009]. For example, using
olfactory event-related potentials, Welge-Liissen et al.
[2009] reported that the P2-peak latency in response of
vanillin odor administered via a retronasal route was rela-
tively shorter in the presence of congruent sweet taste
than in the presence of incongruent sour taste, whereas
shorter peak latencies were observed in the orthonasal pre-
sentation condition, regardless of congruency. However,
intensity ratings of sweet taste seemed to be identical
between orthonasal and retronasal presentations of vanil-
lin odor. In addition, many psychophysical studies have
demonstrated that the odor-induced taste enhancement
was present in both orthonasal [Djordjevic et al., 2004;
Sakai et al., 2001] and retronasal odor conditions [Bingham
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et al., 1990; Clark and Lawless, 1994; Frank and Byram,
1988; Frank et al., 1989; Frank et al., 1993; Lawrence et al.,
2009; Sakai et al., 2001; Schifferstein and Verlegh, 1996].
For example, Sakai et al. [2001] demonstrated that partici-
pants judged aspartame solution as more intense when
they were presented with vanilla odor via either ortho-
nasal or retronasal route.

In summary, this study supports the idea that congruent
odors enhance taste intensity in both salty and sweet taste
solution; however, the congruent odor-induced saltiness
enhancement was not consistently observed in the behav-
ioral results of this study (i.e., Experiment 2). In particular,
it is worth noting that our findings demonstrate the con-
gruent odor-induced saltiness enhancement at the neuroa-
natomical level. The salty-congruent odor increased
unpleasantness in the salted solution, which reflects that
salt reduction in practice cannot be simply established by
adding a salty-congruent odor to the food products. Hav-
ing said that, this study presents some evidence that the
addition of a salty-congruent odor can be an alternative
way to reduce excessive salt intake. Nevertheless, many
questions still remain concerning the salty-congruent odor-
induced taste unpleasantness.
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