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Abstract

Psychophysical studies of interactions between retronasal olfaction and taste have focused most often on the enhancement of
tastes by odors, which has been attributed primarily to a response bias (i.e., halo dumping). Based upon preliminary evidence
that retronasal odors could also be enhanced by taste, the present study measured both forms of enhancement using
appropriate response categories. In the first experiment, subjects rated taste (‘‘sweet,’’ ‘‘sour,’’ ‘‘salty,’’ and ‘‘bitter’’) and odor
(‘‘other’’) intensity for aqueous samples of 3 tastants (sucrose, NaCl, and citric acid) and 3 odorants (vanillin, citral, and
furaneol), both alone and in taste–odor mixtures. The results showed that sucrose, but not the other taste stimuli, significantly
increased the perceived intensity of all 3 odors. Enhancement of tastes by odors was inconsistent and generally weaker than
enhancement of odors by sucrose. A second experiment used a flavored beverage and a custard dessert to test whether the
findings from the first experiment would hold for the perception of actual foods. Adding sucrose significantly enhanced the
intensity of ‘‘cherry’’ and ‘‘vanilla’’ flavors, whereas adding vanillin did not significantly enhance the intensity of sweetness. It is
proposed that enhancement of retronasal odors by a sweet stimulus results from an adaptive sensory mechanism that serves to
increase the salience of the flavor of nutritive foods.
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Introduction

Modern research on sensory interactions between retronasal
odor and taste can be traced to the benchmark studies of

Murphy and colleagues (Murphy et al. 1977; Murphy and

Cain 1980), which showed that stimulation in the 2 modal-

ities did not interact in the perception of overall intensity but

that retronasal odors could be confused with tastes and

thereby increase their perceived intensity. Subsequent studies

of intensity interactions in which odors were delivered ortho-

nasally (Gillan 1983; Hornung and Enns 1984, 1986; Enns
and Hornung 1985) supported the conclusion that taste

and olfaction contribute independently to overall intensity.

The apparent enhancement of taste by retronasal odors was

not addressed again until Frank and Byram (1988) reported

that sweetness was enhanced by a strawberry odor but not by

a peanut butter odor, indicating that the effect was odorant

dependent. However, Frank and his colleagues later discov-

ered that enhancement of sweetness occurred in significant
amounts only when the psychophysical rating task lacked

a suitable response category for the odor (Frank et al.
1990, 1993; Frank and Van der Klaauw 1992; Van der

Klaauw and Frank 1996). Specifically, when a strawberry

odor was presented with sucrose and subjects were instructed

to rate fruitiness as well as sweetness, enhancement of sweet-

ness was nil. This pivotal finding was confirmed by Clark and

Lawless (1992, 1994) who dubbed the effect of too few re-

sponse categories on ratings of perceived intensity ‘‘halo

dumping.’’ Enhancement of taste by retronasal odors has
since been reported by other investigators (Schifferstein

and Verlegh 1996; Stevenson et al. 1999; Prescott et al.

2004), but in none of the studies were subjects asked to rate

both odor intensity and taste intensity on every trial, a pro-

cedure that would have ruled out halo dumping and pro-

vided data on any possible effects of taste on the

perception of retronasal odors.

Measuring possible effects of taste on retronasal olfaction
is important because in the field of food science, the study of
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interactions between tastes and odors has focused on how

tastes can increase the perception of the volatile components

of foods (‘‘flavor enhancement’’) (e.g., Valdes, Hinreiner,

and Simone 1956; Valdes, Simone, and Hinreiner 1956;

Wiseman and McDaniel 1991; Bonnans and Noble 1993;
Kuo et al. 1993; Noble 1996; Davidson et al. 1999; Hollo-

wood et al. 2002). Once again, however, in nearly all these

experiments, subjects rated only the flavor (i.e., the retro-

nasal odor) or rated the taste and flavor in separate sessions

or trials, thereby inviting halo dumping. In a few studies in

which panelists rated taste and flavor on every trial (Valdes,

Hinreiner, and Simone 1956; Philipsen et al. 1995), taste-in-

duced flavor enhancement was still significant. In addition,
numerous other studies employing descriptive analysis tech-

niques have shown that the addition of tastants changes the

flavor profile of complex foods and beverages, often by en-

hancing specific flavors (e.g., Lindley et al. 1993; Baldwin

et al. 2008; Cardoso and Bolini 2008). On balance, therefore,

the evidence that taste can enhance the perception of retro-

nasal odor seems to be stronger than the evidence that retro-

nasal odors can enhance the perception of taste.
The purpose of the present study was therefore to measure

the potential for enhancement, both of taste by odors and of

odors by tastes, using a psychophysical procedure that gave

subjects appropriate response categories with which to rate

the intensities of both kinds of sensations. After an initial ex-

periment using aqueous solutions showed that enhancement

of odors by sucrose was more frequently encountered and

greater inmagnitude thanwas enhancement of taste byodors,
we ran a second experiment to verify that odor enhancement

by taste also predominates when subjects rate the tastes and

retronasal odors of actual foods and beverages.

Experiment 1

The first experiment was designed to investigate the phenom-

ena of taste enhancement by odor and odor enhancement by

taste using aqueous model solutions of odors, tastes, and
their mixtures. This approach enabled measurement of

odor–taste interactions under conditions of retronasal stim-

ulation that broadly mimicked those encountered during

normal tasting. Consistent with this approach, odor and

taste intensity were measured over multiple consecutive trials

to assess the possible effects of sensory adaptation in odor–

taste interactions.

Materials and methods

Subjects

A total of 31 subjects (18 females and 13 males) between 18

and 45 years of age were recruited from public postings on

the Yale University Medical School and Yale College cam-
puses. Each person gave informed consent and was paid for

their participation. All subjects were self-reported healthy

nonsmokers who had no known taste or smell disorders

or deficiencies and had no lingual piercings. Subjects were

asked to refrain from eating or drinking foods or beverages

for at least 1 h prior to their scheduled session.

Stimuli

The experiment included a total of 19 test stimuli: 4 taste

stimuli (0.56 M sucrose, 0.32 M NaCl, 10 mM citric acid,

and the mixture of 0.56 M sucrose and 10 mM citric acid),
3 odor stimuli (0.56 mM furaneol, 0.00025% citral, and 1.8

mM vanillin), and 12 odor–taste mixtures. The concentra-

tions of NaCl and citric acid were chosen to produce tastes

approximately equal in intensity to the sweetness of 0.56 M

sucrose. The concentrations of odor stimuli were selected to

produce clearly perceptible retronasal odors without evoking

tastes or oral irritation. All stimuli were prepared weekly

with deionized water in 100-mL volumes and stored in air-
tight 100-mL flasks. A container of deionized water for rins-

ing between stimuli was heated in circulated water baths to

37 �C to avoid cooling the mouth and tongue during

repeated rinsing.

Procedure

Practice session. Prior to the first data collection session, all

subjects attended a short practice session in which they were

instructed in how to use the general version of the labeled

magnitude scale (gLMS; Green et al. 1993, 1996; Bartoshuk

et al. 2002). After the instructions were given, the subjects
were asked to rate a list of 20 remembered or imagined oral

sensations (e.g., the sweetness of cotton candy and the burn

of cinnamon gum) to give them experience using the gLMS

in the broad context of normal oral perception. Subjects were

then instructed to rate the intensity of taste and retronasal

odor of 7 practice stimuli (0.28 M sucrose, 0.16 M NaCl,

5 mM citric acid, 1.8 mM vanillin, a binary taste mixture

with sucrose and citric acid, 2 binary odor–taste mixtures
with 0.00025% citral and NaCl, and 0.56 mM furaneol

and sucrose). The stimuli were pipetted onto the tongue in

1-mL volumes, tasted in the mouth for 2 s, and expectorated.

Preliminary tests indicated that this procedure induced reli-

able tastes and retronasal odors and encouraged natural tast-

ing movements both before and after expectoration. Subjects

then rated sweetness, saltiness, sourness, bitterness, and

‘‘other’’ on the gLMS. The instructions were to use the cat-
egory ‘‘other’’ to rate any sensations other than sweetness,

sourness, saltiness, or bitterness. This general response cat-

egory was used instead of specific odor qualities such as

lemon or vanilla because furaneol evokes an unfamiliar odor

that is variously described fruit-like (e.g., strawberry) or

a burnt sugar-like quality. The 5 categories of sensation were

rated sequentially on a separate computer screen as the sub-

jects continued tasting and breathed normally with the
mouth closed. Each stimulus was presented 5 times in

a row at 60-s intervals for a total of 35 practice trials, with

rinsing between each trial. The subjects were not aware of the
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names of the specific odorants delivered or that each stimulus

would be presented in blocks of 5.

Experimental sessions. Subjects were randomly assigned to 1

of 3 groups, with each group receiving the stimuli in a differ-

ent pseudorandom order. On each trial, 1 mL of a stimulus
was pipetted onto the subject’s tongue and actively tasted in

the closed mouth for 2 s before being expectorated. Subjects

continued to taste the stimulus by moving the tongue and

breathing normally through the nose for another 5 s before

making the intensity ratings. The additional time ensured

that the taste and retronasal odors would be perceived to-

gether (during multiple exhalations) when taste–odor mix-

tures were presented. Subjects were instructed to make
their ratings based on the maximum sensation intensities

of each quality they perceived. Subjects rinsed vigorously

at least 3 times with 37 �C deionized water after each trial

during a 60-s intertrial interval. The experiment consisted

of 3 sessions on separate days, with 6 stimuli presented in

each of the first 2 sessions and 7 presented in the last session.

The order of stimulus delivery was pseudorandom, with 3

different orders to which subjects were randomly assigned.
As in the practice session, each stimulus was presented on

5 consecutive trials to assess the possible effects of adaption.

Thus, there were a total of 30 trials in the first 2 experimental

sessions and 35 trials in the third session.

Data analysis

Before statistical analysis, the perceived intensity ratings

were log transformed. After the transformation, the data

were analyzed using repeated-measures analysis of variance

(ANOVA) followed by Tukey honestly significant difference
(HSD) post hoc tests. All statistical analyses were performed

using Statistica 8 (StatSoft, Inc.).

Results and discussion

Effects of tastes on retronasal odors

Figures 1–3 contain graphs of the perceived intensity of

‘‘other’’ sensations produced by citral, vanillin, and furaneol

experienced either alone or in mixture with sucrose, citric

acid, NaCl, or the mixture of sucrose and citric acid. Because

subjects also rated sweetness, saltiness, sourness, and bitter-
ness, ratings of ‘‘other’’ can be inferred to reflect the per-

ceived intensity of retronasal odors. Consistent with prior

evidence that taste can enhance flavor intensity (Valdes, Hin-

reiner, and Simone 1956; Valdes, Simone, and Hinreiner

1956; McBride and Johnson 1987; Bonnans and Noble

1993; Kuo et al. 1993; Philipsen et al. 1995; Davidson

et al. 1999; Hollowood et al. 2002; Hort and Hollowood

2004), ratings of ‘other’ sensations were often higher in
the presence of taste stimulation, specifically sucrose.

Looking first at ‘‘other’’ ratings for citral (Figure 1a–d), its

lemon odor was consistently rated as more intense when it

was presented together with sucrose (Figure 1a). A re-

peated-measures ANOVA with stimulus and trial as factors

confirmed that there was a significantmain effect of stimulus,

that is, ‘‘other’’ ratings were higher when sucrose was present

[F(1,30) = 14.4, P < 0.001]. Post hoc tests showed that the
difference between stimulus conditions was significant on tri-

als 2–5 (TukeyHSD,P<0.05),with ratingson thefinal 2 trials

being more than twice as high when sucrose was present.

Similarly, ‘‘other’’ ratings were significantly higher [F(1,30)

= 10.3, P < 0.005] when citral was presented with the mixture

of sucroseandcitric acid (Figure 1b).Althoughodor enhance-

ment by the mixture of sucrose and citric acid appeared more

uniformacross trials thanwhen citral was pairedwith sucrose
alone, a repeated-measures ANOVA of the difference scores

(i.e., the amount of enhancement) for citral plus sucrose and

for citral plus both sucrose and citric acid foundno significant

effect of stimulus [F(1,30) = 0.026, P = 0.89]. In contrast, no

enhancement was found when citral was mixed with either

NaCl or citric acid (Figure 1c,d).

The results for vanillin and sucrose were similar to those

for citral and sucrose (Figure 2a). Although there was a main
effect of stimulus [F(1,30) = 12.2, P < 0.005], as with citral,

enhancement by sucrose did not attain statistical significance

on the first trial. However, ‘‘other’’ sensations from vanillin

were rated as much as 2.5 times stronger on the 4 subsequent

trials (Tukey HSD, P < 0.05). The combination of sucrose

and citric acid (Figure 2b) was again the only other stimulus

that led to significantly higher ‘‘other’’ ratings [F(1,30) = 6.7,

Figure 1 Log mean ratings of the perceived intensity of ‘‘other’’ sensations
over 5 trials for the retronasal odorant citral presented alone (light bars) or
with 1 of 4 taste stimuli (black bars). Asterisks indicate significant differences
between conditions (Tukey HSD, P < 0.05). Letters on the right y axis
represent labels on the gLMS: BD, barely detectable; W, weak; M, moderate;
S, strong. Vertical bars represent the standard errors of the mean.
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P < 0.05]. Without sucrose, adding NaCl or citric acid to van-
illin tended to suppress odor sensations, causing significant

reductions on the first trial for both taste stimuli and as well

as on the fifth trial for citric acid (Tukey HSD, P < 0.05). This

result further demonstrates that retronasal odor enhancement

by taste and retronasal odor suppression by taste are both

stimulus dependent.

The magnitude of odor enhancement was greatest for the

least familiar odor stimulus, furaneol. Figure 3a,b shows that
in mixture with sucrose, subjects rated ‘‘other’’ sensations

from furaneol significantly higher on every trial [main effect

of stimulus; F(1,30) = 21.3, P < 0.0001], with ratings on trials

averaging more than 3 times higher than for furaneol alone.

Once again, enhancement occurred only (and always) when

sucrose was present. There was a main effect of stimulus for

the sucrose–citric acid mixture [F(1,30) = 19.0, P < 0.001],

and ‘‘other’’ ratings were significantly higher on all trials
(Tukey HSD, P < 0.05), whereas there were no significant

effects of NaCl or citric acid alone.

Effects of retronasal odor on taste

In general, the effects of retronasal odor on perceived taste

intensity were smaller and less consistent than were the ef-

fects of tastes (particularly sucrose) on perceived odor inten-

sity. This finding is consistent with the evidence that

enhancement of taste by odors is relatively weak, if present

at all, when subjects have an appropriate response category
with which to rate the odors (Frank et al. 1993; Clark and

Lawless 1994). Figure 4 displays the log mean perceived in-

tensity ratings for the primary taste qualities—sweetness,

sourness, and saltiness—evoked by sucrose, citric acid,

andNaCl alone and inmixture with the 3 odor stimuli. There

were only 2 significant main effects of stimulus: enhancement

of the sweetness of sucrose by furaneol [F(1,30) = 7.4, P <

0.05] and enhancement of the sourness of citric acid by van-

illin [F(1,30) = 11.0, P < 0.005]. A main effect of sucrose fell

just short of statistical significance for vanillin [F(1,30) = 3.4,

P = 0.077]. Post hoc tests showed that for both furaneol and

vanillin, sweetness ratings were significantly higher on the
second and third trials (Tukey HSD, P < 0.05). However,

the addition of vanillin caused a significant increase in rated

intensity of sourness of citric acid on each of the first 3 trials,

and on the third trial, sourness was rated more than twice as

strong (i.e., a difference of >0.3 log units) than when citric

acid was tasted by itself. This was a surprising result, partic-

ularly given that the lemony odor of citral showed no ten-

dency to enhance sourness. In fact, the opposite effect was
found, with citric acid tending to suppress vanilla odor (Fig-

ure 2d). Perhaps both of these effects resulted from the dis-

cordance of the sour–vanilla combination.

None of the odors had a significant effect on the perceived

intensity of the saltiness of NaCl, although a tendency for

citral to suppress saltiness fell just short of statistical signif-

icance [F(1,30) = 4.09, P = 0.052]. Post hoc tests showed that

saltiness was, however, rated significantly less intense on tri-
als 1 and 3 when citral was present (Tukey HSD, P < 0.05).

Effects of repeated exposures

Data were collected over 5 trials to study the effect on odor–

taste interactions of intermittent, repeated exposures similar

to what occurs during normal eating and drinking. Informal

preliminary observations had suggested to us that retronasal

Figure 2 Same as Figure 1, except the retronasal odorant was vanillin. Figure 3 Same as Figure 1, except the retronasal odorant was furaneol.
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odors adapted faster than tastes and thus that interactions

between odors and tastes might change over repeated expo-

sures. Consistent with those observations, intensity ratings

(Figures 1–3) trended downward across trials for all 3 odors

when they were presented alone. Repeated-measures

ANOVAs indicated that this trend was significant for both

furaneol [F(4,120) = 3.02, P < 0.02] and vanillin [F(4,120)

= 14.375, P < 0.0001] but fell short of significance for citral

[F(4,120) = 1.7629, P = 0.14]. When the 3 odorants were

paired with sucrose (Figures 1a and 3a), only vanillin still

exhibited a significant effect of trial [F(4,120) = 3.50673,

P < 0.01]. In contrast to the odors, none of the tastes (see

Figure 4), including sucrose sweetness, declined significantly

in intensity over trials (all P values > 0.05). These results in-

dicate that the more stable sensation of sucrose sweetness not

only enhanced odor intensity but also tended to counteract

adaptation to the odors over time. A similar effect of sucrose

has been reported for the minty flavor or chewing gum

(Hollowood et al. 2002).

Experiment 2

After finding that sucrose had significantly enhanced ‘‘other’’

sensations produced by all 3 odor stimuli in aqueous model

solutions, we went on to investigate whether sucrose would

also enhance retronasal odors in actual food and beverage sys-

tems. Based upon the results of previous studies of flavor en-

hancement by taste, we expected that enhancement would

occur at least as much as with the model solutions. However,

because most such studies had designs that were conducive to
halo dumping, we wished to confirm that flavor enhancement

can occur when appropriate response categories are made

available to subjects. In addition, to test our assumption in

Figure 4 Logmean ratings of the perceived intensity of sweetness, sourness, and saltiness for the sucrose, citric acid (CA), and NaCl stimuli presented alone (light
bars) orwith the retronasal odors furaneol, vanillin, or citral over5 trials. Asterisks indicate significantdifferences betweenconditions (TukeyHSD,P<0.05). Letterson
the right y axis represent labels on the gLMS: BD, barely detectable; W, weak; M, moderate; S, strong. Vertical bars represent the standard errors of the mean.
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Experiment 1 that the increased ratings of ‘‘other’’ sensations

by sucrose reflected enhancement of the retronasal odor, sub-

jects in Experiment 2 were asked to rate the intensity of spe-

cific odor qualities (i.e., ‘‘vanilla’’ and ‘‘cherry’’) along with

the 4 basic taste qualities.

Materials and methods

Subjects

A total of 19 subjects (6 males and 13 females) between 19

and 32 years of age (mean = 23 years old) were recruited from

the Oregon State University campus and were paid to par-

ticipate. All were nonsmoking and nonpregnant individuals

who were free from deficits in taste or smell by self-report.

Subjects were asked to refrain from eating/drinking or using
menthol products for a minimum of 1 h prior to their sched-

uled session. The experimental protocol was approved by the

Oregon State University Institutional Review Board, and

subjects gave written informed consent.

Stimuli

Two product systems were used in the experiment: a cherry-

flavored beverage and vanilla-flavored custard. For the fla-

vored beverage, stock-flavored juice was made following

package directions with 1.9 g/L concentrated powder

(Kool-Aid, Kraft Foods Inc.) dissolved in deionized water,

to which 3 different levels of sucrose were added (0.14 M,

0.28M, and 0.56M; J.T. Baker). The vanilla custard samples

consisted of 4 different formulations of custard (Bird’s Cus-
tard Powder, Premier Ambient Products Ltd; Ingredients:

corn flour, salt, vanilla, and artificial color) varying concen-

trations of sucrose (none or 0.4 M added) and vanillin (base-

line or 0.2% added; Sigma-Aldrich). Twenty grams of the

custard powder and sucrose (0 or 71.2 g) were combined with

500 mL of whole milk and whisked until blended. The mix-

ture was then microwaved on high for a total of 6 min. Once

the custard reached room temperature, vanillin (0 or 1.05 g)
was added into the custard. The cherry-flavored drink and

vanilla custard samples were prepared weekly and were

stored at 4–6 �C. All stimuli were presented in 10-mL

aliquots at room temperature (20–22 �C).

Procedure

Each subject attended a single experimental session. At the

beginning of the session, verbal instructions were given

about how to use the gLMS. Following the instructions,

the subjects were given practice rating remembered and/or

imagined oral sensations on the gLMS (as in Experiment

1). Subjects were then instructed to rate the perceived inten-

sities of sweetness, sourness, saltiness, bitterness, and the

specific flavor (i.e., cherry or vanilla) for 3 practice stimuli
(a 0.32 M sucrose solution, a cherry-flavored beverage with

0.18 M sucrose, and a mixture of 0.1% vanillin and 0.18 M

sucrose solution). After taking 3-min break, subjects were

presented with 2 blocks of 7 stimuli with a 5-min break be-

tween testing blocks. In each test block, there were 2 sub-

blocks consisting of 3 cherry-flavored beverages and

4 vanilla custard samples. For the flavored beverage, the

subjects sipped 10-mL samples, tasted them for 2 s, then
expectorated, and rated the 4 taste qualities and cherry fla-

vor. For the vanilla custard, the subjects placed a small

plastic spoonful of the custard in the mouth, made normal

tastingmovements, then expectorated, and rated the 4 taste

qualities and vanilla flavor. There was a 60-s intertrial

interval during which subjects rinsed vigorously at least

3 times with 37 �C deionized water. After the first set of

stimuli had been sampled, they were presented a second
time using the same procedure. The presenting order of

the food and beverage systems was counterbalanced across

subjects, and the stimuli within each product system were

randomly presented.

Data analysis

Before statistical analysis, the perceived intensity ratings

were again log transformed. After the transformation, the

data were analyzed using repeated-measures ANOVA fol-

lowed by Tukey HSD post hoc tests. All statistical analyses

were performed using Statistica 8 (StatSoft, Inc.).

Results and discussion

Figure 5 shows the log mean perceived intensity ratings of
sourness, sweetness, and cherry flavor for the cherry-flavored

beverage with 3 different amounts of sucrose added. As

expected, the perceived intensity of sweetness increased sig-

nificantly with the increase in sucrose concentration [F(2,36)

= 16.64, P < 0.0001] and the perceived intensity of sourness

decreased significantly [F(2,36) = 40.09, P < 0.0001]. Sucrose

has previously been shown to be a powerful suppressor of

sourness (Frank and Archambo 1986; McBride and Finlay
1990; Schifferstein and Frijters 1991; Green et al. 2010).

More importantly, a repeated-measures ANOVA confirmed

that there was a significant main effect of stimulus, with

cherry flavor rated progressively higher as sucrose concen-

tration increased [F(2,36) = 18.65, P < 0.0001]. Increasing

sucrose concentration from 0.14 to 0.28 M enhanced the

cherry flavor by more than two and a half times (a difference

of 0.44 log units). The further increase in sucrose concentra-
tion from 0.28 to 0.56 M led to a smaller increase in rated

cherry flavor (a difference of 0.27 log units), which post

hoc tests showed were not significant.

The results for vanilla custard were consistent with those

for the cherry-flavored beverage, but even more dramatic.

Although the vanilla flavor was rated below ‘‘barely detect-

able’’ when sucrose was missing from the formulation (Fig-

ure 6, the left bars) and when the recommended amount of
sucrose was added (equivalent to 0.4 M), vanilla flavor was

rated a little below ‘‘moderate’’ on the gLMS, which reflected

a nearly10-fold increase in perceived intensity (a difference of
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0.95 log units). Note that the custard mix itself contains an

unknown amount of vanilla flavor. A repeated-measures

ANOVA confirmed there was a significant main effect of

stimulus for both vanilla flavor [F(3,54) = 36.88, P <
0.0001] and sweetness [F(3,54) = 119.45, P < 0.0001]. Post

hoc tests showed that adding more vanillin (0.2%) to the cus-

tard mix significantly enhanced vanilla ratings when no su-

crose was added (left panel). However, the added vanillin did

not produce a significant further increase in vanilla flavor

beyond the enhancement produced by sucrose (right panel).

Thus, the introduction of sweetness drove the perception of

vanilla much more effectively than did adding more vanilla

flavor. In contrast, adding vanillin failed to increase the per-
ceived sweetness of the custard significantly, whether or not

sucrose was added.

Taken together, the consistent finding of odor enhance-

ment by taste for both the cherry-flavored beverage and

the vanilla custard rule out the possibility that the higher rat-

ings of ‘‘other’’ sensations in Experiment 1 were an artifact of

using such a broad, nonspecific response category. Equal and

greater amounts of enhancement were measured in the pres-
ent experiment when subjects rated the intensity of the spe-

cific odor qualities of cherry and vanilla.

General discussion

The present finding that sucrose can enhance retronasal

odors is surprising given that previous psychophysical stud-
ies of suprathreshold interactions between retronasal odors

and tastes had reported no significant odor enhancement

(Murphy et al. 1977; Murphy and Cain 1980; Frank et al.

1989, 1993; Clark and Lawless 1994; Stevenson et al.

1999; Stevenson 2001a; Auvray and Spence 2008). However,

in nearly all previous studies, odor intensity was either not

rated at all or was not rated together with taste. An impor-

tant feature of the present study was that halo dumping was
avoided by including response categories that were appropri-

ate for both tastes and odors (Frank et al. 1993; Clark and

Lawless 1994; Van der Klaauw and Frank 1996). Under

those conditions, odor enhancement by taste was found

in much greater amounts than taste enhancement by odor.

This outcome indicates that adopting an analytical percep-

tual strategy does not necessarily interfere with the occur-

rence of perceptual interactions between odors and tastes
(Stevenson et al. 1999).

Additional evidence that retronasal odors can be enhanced

by taste comes from the previously mentioned studies of fla-

vor enhancement in foods and beverages, which generally

found that adding sucrose or increasing its concentration

led to higher flavor ratings (e.g., Valdes, Hinreiner, and Si-

mone 1956; Valdes, Simone, and Hinreiner 1956; Wiseman

and McDaniel 1991; Bonnans and Noble 1993; Kuo et al.
1993; Philipsen et al. 1995; Noble 1996; Davidson et al.

1999; Hollowood et al. 2002). However, basic research on

taste–smell interactions seems to have progressed indepen-

dently of this body of work. One reason may be that studies

of flavor enhancement within the field of food science are

most often designed to learn how interactions between food

ingredients affect flavor, not how the senses of olfaction and

taste interact in flavor perception. This emphasis appears to
have deflected attention away from the possibility that taste

stimulation might increase flavor intensity in part by enhanc-

ing the perception of retronasal odors.

Figure 5 Log mean ratings of the perceived intensity of sourness (empty
bars), sweetness (light bars), and cherry flavor (black bars) of a flavored
beverage with 3 different concentrations of sucrose added. Sweetness and
cherry flavor increased monotonically with sucrose concentration, whereas
sourness declined. Letters on the right y axis represent labels on the gLMS:
BD, barely detectable; W, weak; M, moderate; S, strong. Vertical bars
represent the standard errors of the mean.

Figure 6 The effect of sucrose (0.4 M) on log mean ratings of the
sweetness (light bars) and vanilla flavor (black bars) of a commercial vanilla-
flavored custard mix with or without 0.2% more vanillin added. Note that
the vanilla flavor of the custard mix without sucrose added was below
‘‘barely detectable.’’ Thus, as formulated, the vanilla flavor of the custard
depends upon enhancement from sucrose. Letters on the right y axis
represent labels on the gLMS: BD, barely detectable; W, weak; M, moderate;
S, strong. Vertical bars represent the standard errors of the mean.
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Another reason that attention has been directed away from

the effects of taste on retronasal odors among chemosensory

scientistswas the evidence that retronasal odors canbe referred

to the mouth (Murphy and Cain 1980; Rozin 1982). Murphy

and Cain (1980) reported results that implied referral caused
confusionofodorswith tastesand therefore led tohigher inten-

sity ratings for taste, an effect which Schifferstein and Verlegh

(1996) later proposed depended on the similarity of the odors

and tastes. The latter view is consistent with the hypothesis

ofStevensonandcolleaguesthatthetaste-likequalitiesofodors

(e.g., ‘‘sweet’’ or ‘‘sour’’), which can be produced or enhanced

by association with tastes (Stevenson et al. 2000; Stevenson

2001b; Yeomans et al. 2006; Stevenson and Tomiczek 2007),
play an important role in the enhancement of tastes by retro-

nasal odors (Stevenson et al. 1999). However, in Experiment

2ofthepresentstudy,whensubjectswere invitedtorateall taste

qualitiesandodor intensity, the sweetnessof thevanillacustard

without sucrose was rated below barely detectable, even when

more vanillin was added.

Thus, the present results do not support a major role for

perceptual confusions in normal flavor and food perception.
They instead suggest that enhancement of retronasal odors,

and perhaps also enhancement of tastes, result from a central

neural mechanism that is triggered by the co-occurrence of

perceptually congruent tastes and odors (Lim & Johnson,

2011) that is, tastes and odors that are commonly experi-

enced together in foods and so have become associated. This

hypothesis is consistent with the idea that experiencing ret-

ronasal odors, tastes, and somatosensations together in
foods leads to the formation of multisensory percepts of

foods and beverages, that is, ‘‘flavor objects’’ (Auvray and

Spence 2008; Small and Green 2011). Support for this idea

comes from the finding that all 3 test odors (citral, vanilla,

and furaneol), which are commonly experienced in foods

with sweet carbohydrates, were enhanced only by sucrose,

and from the extraordinary amount of enhancement that oc-

curred for the custard dessert. As an actual food system, the
vanilla custard included congruent tactile as well as gusta-

tory andolfactory stimulation,which produced a ‘‘complete’’

flavor object. Notably, citric acid failed to significantly en-

hance the lemon odor of citral, even though sour taste is

highly congruent with lemon odor. On the other hand, non-

congruent odor–taste pairings resulted in either no enhance-

ment or even suppression (e.g., the odor of vanillin by NaCl

and citric acid). These results suggest that taste–odor con-
gruence is a necessary but not sufficient condition for retro-

nasal odor enhancement. The fact that sucrose was the only

taste stimulus that enhanced retronasal odors implies that

only ‘‘nutritive’’ substances (in this case, a sweet carbohy-

drate) may be able to cause enhancement. A recent report

suggests that the same 2 requirements may hold for the re-

ferral of retronasal odors to the mouth (Lim and Johnson

2011). In that study, subjects localized food odors (vanilla
or soy sauce) to the oral cavity and/or to the tongue signif-

icantly more often when a congruent and nutritive taste

(sucrose or NaCl, respectively) was delivered to the

mouth. This finding implies that odor referral and en-

hancement are parallel sensory processes in flavor percep-

tion and that referral is important for binding odors and

tastes into coherent flavor objects.
The function of retronasal odor enhancement in flavor per-

ception is less obvious. However, one possibility is that by

increasing the salience of a flavor, odor enhancement may

help to strengthen the associative link between the flavor

of a food and its metabolic consequences. Whereas ingestion

of sweet carbohydrates can directly trigger brain reward

mechanisms (e.g., dopamine and opioid release) related to

caloric content (Lenoir et al. 2007; de Araujo et al. 2008; Haj-
nal et al. 2009), it is the odor of a food (in association with its

sweetness) that provides a unique sensory signature that

identifies it as a specific source of nutrition (Ackroff and

Sclafani 2004; Bernal et al. 2008, 2010). Notable in this re-

gard is the evidence from the present study that retronasal

odor enhancement was greater for the weaker odors and

as adaptation occurred over trials. The possibility that odor

enhancement is inversely proportional to odor intensity and
thus may be particularly important for increasing the odor

profile of foods with relatively weak odors is now being

tested systematically. Also consistent with a functional inter-

pretation of odor enhancement is the possibility that flavor

enhancement by sweetness may depend upon the amount of

sugar a food contains and thus upon its degree of sweetness

(Valdes, Hinreiner, and Simone 1956; Cliff and Noble 1990),

which is the trend seen in Figure 5.
The hypothesis that retronasal odor enhancement in-

creases the salience of the flavor of nutritious foods implies

that enhancement should occur for other ‘‘nutritive tastes,’’

that is, NaCl and monosodium glutamate, when they appear

with congruent odors. This hypothesis is currently being

tested. A related question is whether enhancement also oc-

curs when a nutritive taste is perceived with a novel odor.

The data for furaneol in Experiment 1 suggest that it can:
odor enhancement was greatest for furaneol, which is a com-

mon molecule in fruits (e.g., strawberries) but lacks a clear

identity. Most subjects have difficulty describing its quality

and assign it labels as diverse as ‘‘fruity’’ and ‘‘burnt sugar’’

(unpublished data). Experiments are also planned that will

test this hypothesis, as well as its corollary, that nonnutritive

tastes, specifically acids or bitter-tasting substances which

can signal spoilage or poisons, do not enhance retronasal
odors. Although a bitter taste was not tested in the present

study, the failure of citric acid to enhance the congruent odor

of citral provides preliminary support for this hypothesis.

Summary and implications

When tastes and retronasal odors were presented together
and subjects were invited to rate the full range of sensations

they perceived, enhancement of retronasal odors by sucrose

was the most pronounced and reliable effect. We speculate
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that this phenomenon results from an adaptive sensory

mechanism that increases the salience of retronasal odors

and strengthens their associative link with the metabolic ef-

fects of the food. The fact that odor enhancement was limited

to sucrose suggests that as in mixtures with other tastes
(Green et al. 2010), sweetness may have a privileged role

in flavor perception as the signal for sweet carbohydrates.

However, additional studies are required to determine with

confidence the stimulus conditions that are necessary or suf-

ficient to produce enhancement, including whether it can oc-

cur for other tastes that also signal nutritive content, and the

importance of cognitive factors such as congruence and

familiarity.
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