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Abstract

Taste perception results from integrating all the senses. In the case of audition,
research shows that people can associate certain auditory parameters (e.g., pitch) with
basic tastes. Likewise, the surrounding sonic environment (e.g., noise, music) may
influence individuals’ evaluation of the taste attributes of foods and drinks. This paper
presents the first pre-registered systematic examination of the literature on the
crossmodal interactions between audition and taste. For that purpose, four indexing
services (EBSCOhost, SCOPUS, Web of Science, and PubMed) were searched using
three sets of keywords on the crossmodal interactions between audition and basic
tastes. Empirical, quantitative studies with healthy subjects in field, lab, or online
settings were considered for inclusion. A total of 2484 records (n = 1481 after removing
duplicates) were subject to abstract and title screening, followed by a full-text screening
(n=79). Sixty articles, reporting 94 eligible studies, were reviewed. Results suggest
that taste may be crossmodally associated with a) pitch and musical instruments; b)
words, nonwords, and speech sounds; and ¢) music and soundtracks. Moreover, the
reviewed evidence supports the employment of auditory stimuli in the context of taste
modulation, specifically in the case of a) familiar music; b) custom soundtracks, and c)
noise, tones, and soundscapes. Overall, this review provides a comprehensive outlook
on the multisensory interactions between audition and taste. The results show that
audition has a relevant contribution to taste perception with important implications for
how foods and drinks are perceived. The theoretical and practical implications of these

findings are discussed.

Keywords: audition, taste, multisensory perception, crossmodal correspondences,

sonic seasoning, systematic review
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1. Introduction

Taste perception plays a central role in determining food preference and choice.
Since early in ontogeny, infants show a preference for foods with sweet tastes, while
bitterness is a common reason for rejection (Mennella & Bobowski, 2015). Later in life,
basic taste sensations (sweetness, bitterness, saltiness, sourness, and umami) are still
relevant determinants of preference. For instance, salt and sugar are currently
consumed in excessive amounts on a global scale, despite the negative health
consequences (World Health Organization, 2012, 2015). Likewise, sensitivity to basic
tastes has been previously associated with food preference and choice in adults

(Chamoun et al., 2019; Proserpio et al., 2016).

Despite its major contribution to eating enjoyment, a great deal of what people
think of when they refer to taste is actually flavor, that is, the combination of gustatory
and olfactory sensations. An illustrative example is the common reporting of taste loss
when olfactory perception is compromised (namely due to COVID-19 infections), even
when taste function is intact (Le Bon et al., 2021). The classic confusion between taste
and olfaction may be explained by the fact that these senses (and, to a lesser extent,
also the trigeminal modality) are combined to form a unitary perception of flavor
(Auvray & Spence, 2008; Stevenson, 2014). This binding process is associated with
why some people may refer to certain odors, such as vanilla, as “sweet” and why, in
turn, some of these odors may lead to increased perceived taste intensities (Stevenson
et al., 1999). Indeed, sweetness enhancement by the addition of aromas is a well-
established sensory trick for improving the acceptance of low-sugar products

(Bertelsen et al., 2020, 2021).

To a certain degree, all the senses contribute to flavor perception. However, an
important distinction should be made between the senses that are constitutive and
those that are merely modulatory of flavor perception. While this distinction is still a

matter of debate, there seems to be some agreement that taste and olfaction are
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intuitive examples of the constitutive senses, whereas vision and audition are generally
reserved a role as modulatory senses (Skrzypulec, 2021; Spence, 2015a). In the visual
modality, the colors of foods and drinks (e.g., Calvo et al., 2001) or of the
plateware/glassware (Piqueras-Fiszman et al., 2012) in which they are served may
account for different tasting experiences (for a review, see Spence, 2019). As far as
audition is concerned, there are several ways by which hearing may influence how
people perceive food (Spence et al., 2019). Yet, the role of this sensory modality is not
always acknowledged in the context of eating. It has been previously argued that
audition has been neglected in the context of multisensory research and that sound
may have a much more significant impact on eating than what it has been given credit
for (Spence, 2016). In this review, we systematically examine the existing evidence on

the crossmodal links between audition and taste.
1.1. Audition and taste perception

Some foods produce singular sounds, such as the crunch of biting an apple or
the crackling sound of a spoon on a créme brilée. To understand how sonic cues may
impact the sensory experience, one seminal experiment had participants taste potato
chips while listening to their own mastication sounds through headphones, either
unaltered or manipulated for volume and frequency (Zampini & Spence, 2004). The
results suggested that chips were perceived as fresher and crisper when listening to
the sound with amplified frequency and/or volume compared to when the sound was

unaltered.

Apart from the sounds of foods themselves, environmental sounds (e.g., the
soundscape of a busy cafeteria vs. that of a Michelin-star dining room) may also affect
eating behavior differently. For instance, listening to music during eating is associated
with longer meals and higher food intake (Stroebele & de Castro, 2006). Loud
background music, in particular, may lead to increased consumption of soft and

alcoholic drinks (Guéguen et al., 2008; McCarron & Tierney, 1989). Listening to fast-
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tempo music can make participants drink faster (McElrea & Standing, 1992) and eat
more quickly, accounting either for shorter eating times (Mathiesen et al., 2020) or a

larger number of bites per minute (Roballey et al., 1985).

This bulk of research highlights that audition is implicated in eating and
influences how we behave towards food. Another line of inquiry has shown that
audition may also play a role in how the taste experience unfolds (Spence, 2012,
2015b, 2016; Yan & Dando, 2015). One of the first pieces of evidence of associations
between audition and taste came from Holt-Hansen's (1968,1976) seminal
experiments, in which distinct beer varieties were matched to different sound pitches.
More recently, other examples of systematic crossmodal associations have been
documented that link taste with various sounds (e.g., music, speech sounds) or sonic
attributes (e.g., frequency, tempo). Just as individuals seem able to describe vanilla or
caramel odors as “sweet’, it appears that a similar ability may also exist for auditory
stimuli, such as music pieces (e.g., Guedes et al., 2022). These consistent mappings
between attributes of stimuli pertaining to different sensory modalities (such as audition
and gustation) are known as “crossmodal correspondences” (Knéferle & Spence,

2012).

One important implication of such links between the auditory and gustatory
modalities is the potential use of sound to modulate how people subjectively perceive
the taste of foods and beverages in real-world contexts. Sounds may contribute to
creating taste expectations, directing attention toward specific sensory attributes, or
influencing thinking and feeling processes that change how individuals experience (or
report experiencing) the taste of foods and drinks (Wang, 2017). While research in
these topics is becoming increasingly prolific, no systematic effort has been attempted
to map all the possible connections between taste and audition and integrate the
existing evidence under one overarching review. Thus, the current work aims at i)

providing an updated outlook on a rapidly growing body of literature; ii) addressing the
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issue of bias of traditional reviews by following a pre-registered systematic protocol; iii)
mapping the diverse crossmodal interactions between audition and taste; and iv)

identifying research gaps and future directions in the field.

This paper examines the crossmodal role of audition in taste perception from
two perspectives. First, we review the evidence regarding the crossmodal
correspondences between audition and taste, that is, studies examining the subjective
associations people make between specific auditory stimuli (e.g., music) or sonic
parameters (e.g., pitch) and basic tastes (sweetness, bitterness, sourness, saltiness,
umami). Second, we examine how hearing may actually impact taste perception by
reviewing experimental evidence testing the effects of exposure to different sound

conditions on the perception of taste in foods and beverages.
2. Method

The study was approved by the ethical review board of Iscte — Instituto Universitario de

Lisboa (Approval #117/2020).
2.1. Literature search

The study was pre-registered in PROSPERO and can be accessed here. A
systematic search was conducted based on four indexing services (EBSCOhost,
SCOPUS, Web of Science, and PubMed) in April 2020 and updated in July 2022. The
search strategy was developed using the PICOS and SPIDER tools and included three
sets of keywords regarding crossmodal or multimodal interactions (cross-modal* OR
crossmodal* OR multi-sensor* OR multisensor* OR multimodal* OR multi-modal*)
between audition (audition OR auditory OR sound* OR music* OR nois* OR sonic* OR
hearing) and basic tastes (sweet* OR sugar* OR bitter* OR sour OR sourness OR salt*
OR umami OR tast* OR flavor* OR flavour* OR gustat* OR acid* OR in-mouth). The

search spanned titles, abstracts, and keywords in the four databases, and results were


https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021223419
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limited to peer-reviewed publications in four languages (English, French, Spanish, and

Portuguese).
2.2. Inclusion and exclusion criteria

Empirical, quantitative studies in field, lab, or online settings were considered
for inclusion. Given the phenomena of interest, studies selected for inclusion had to
clearly relate audition and basic taste. For the sake of parsimony, only the five basic
tastes were targeted (sweetness, saltiness, bitterness, sourness or acidity, and
umami). Although some scholars make a case for a sixth taste of fat, the ongoing
nature of the debate cautioned against its inclusion in this review (Besnard et al., 2015;
Keast & Costanzo, 2015). The search did not include flavor variables (e.g., aromas)
and oral-somatosensory attributes (e.g., texture, pungency). For the auditory domain,
no a priori exclusion criteria were defined. Opinion/commentary, conference papers,
and clinical studies (e.g., synesthesia) were excluded. Review papers were not
considered for data extraction but were scanned to identify additional references. There
were no further exclusion criteria regarding participants’ characteristics (e.g., age, sex,

body mass).
2.3. Selection of studies

The first search resulted in 1910 records managed in Endnote version X7. Two
rounds of (automatic and manual) removal of duplicates resulted in 1193 records (see
Figure 1). The remaining results were exported to the online reference management
platform Rayyan (Ouzzani et al., 2016) for the title and abstract screening stage. This
platform identified and excluded 16 additional duplicate records, and the remaining (n =
1177) were screened by two independent reviewers. Inter-rater agreement was 99%,
which resulted in Cohen’s k = 0.88 (p < .001), 95% CI [.823, .945]. Disagreements
were resolved by discussion between the two reviewers. The final number of records

selected in the title and abstract screening round was 56.
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Following the method outlined above, an additional search took place in July
2022. This search resulted in 304 articles for title and abstract screening, of which 23
were subject to full-text screening. Across the two searches, 79 articles were subject to
full-text screening, and 57 were retained for data extraction. Three additional records
were included by scanning through the references of review papers, totaling 60 articles
for review. An overview of the stages of selection and extraction of records is

presented in Figure 1.
Figure 1

PRISMA Flow Diagram Representing the Stages of Record Identification,

Screening, and Inclusion
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Note. T1 = Time 1 (April 2020); T2 = Time 2 (July 2022).

2.4. Data extraction

One author led the data extraction process, and a second author reviewed th:

coded data. The extracted characteristics were:

1. Article information: Authors, title, year, journal, and country of authors’
affiliations.

2. Sample: Type of sample (e.g., college students, restaurant patrons),
sample size, number or percentage of women, age (mean, standard
deviation, and/or range), and sample selection criteria.

3. Method: Scope of the study, setting (e.g., field, lab, online), general
procedures, stimuli type and origin (auditory and gustatory), measures.

4. Design: Conditions, design, randomization, baseline or control
conditions, follow-up, independent and dependent variables.

5. Analysis and results: Data analysis, number of participants per group,
means, standard deviations or standard errors, inferential statistics (e.g.,

Student’s ¢, F-statistic, Pearson’s r), and summary of results.
3. Results

The full data regarding studies’ characteristics (article information, sample,

method, design, and results) is available at osf.io/t4r76.
3.1. General characterization

The total number of manuscripts selected for extraction was 60, which reported
94 eligible studies. Most of these studies followed a within-subjects design (n = 72),
whereas 14 were mixed and eight were between-subjects. In terms of scope, 56
studies examined the crossmodal correspondences between audition and taste, and 38

tested the modulatory role of audition in taste perception.


https://osf.io/t4r76

CROSSMODAI INTFRACTIONS REFTWFEEN ALIDITION AND TASTF 11

Correspondence studies focused on the associations between basic tastes and
(a) music and soundtracks' (n = 22), (b) words, nonwords, and speech sounds (n =
20), (c) tones, musical notes, and musical instruments (n = 14). The most
systematically examined taste category was sweetness (n = 54), followed by bitterness
(n = 38), sourness (n = 36), saltiness (n = 36), and umami (n = 7). The distribution of

taste variables across categories of studies is presented in Figure 2.
Figure 2

Number of Studies Examining the Correspondence Between Each Basic Taste

and Various Categories of Sounds

Notes and tones ° ‘

Words/nonwords and
speechsounds

Music and soundtracks

o Sweet o Sour  Salty o Bitter ®Umami

Studies testing the modulatory effects of audition in taste perception focused
mainly on (a) music (n = 12), (b) soundtracks (n = 16), and (c) noise, tones, and
soundscapes (n = 7). Three studies simultaneously included stimuli from two
categories, namely noise with soundtracks and music with soundscapes. Most studies
examined the influence of sound on sweetness perception (n = 35), followed by

bitterness (n = 28), sourness (n = 23), saltiness (n = 7), and umami (n = 2). The

1 Here, music refers to known pieces, usually in familiar genres (e.g., jazz, classical). Soundtracks are
bespoke stimuli, commonly produced to match taste or flavor attributes.
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number of studies testing the effects of different sounds on each of the basic tastes is

presented in Figure 3.
Figure 3

Number of Studies Examining the Influence of Different Sounds on the

Perception of Each Basic Taste

Soundtracks

Music ° . ( o

Noise and
soundscapes

More than one
category of sound

® Sweet Sour Salty Bitter & Umami

All the included articles were published after 2009, with about half (51.7%)
released after 2017. International collaborations originated about 55% of the selected
papers, with a majority of contributions from researchers affiliated with European

institutions at the time of publication (in 66% of all papers).

Table 1
Total Number of Studies Selected for Inclusion and Number of Studies per Category
Number of Studies %
(N=94)

Sound-taste correspondences 56 60%
studies

a. Music and soundtracks 22 23%

b. Words, nonwords, and 20 21%

speech sounds
c. Tones, musical notes, 14 15%

and musical instruments

Taste modulation studies 38 40%
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Music 12 13%
Soundtracks 16 17%
c. Noise, tones, and 7 7%
soundscapes
d. More than one category 3 3%

3.2. Crossmodal correspondences between audition and taste
3.2.1. Tones, musical notes, and musical instruments

The reviewed studies described several crossmodal correspondences, linking
basic tastes with auditory attributes (for an overview, see Table 2). One of the most
common psychoacoustical parameters associated with taste is sound frequency (or
pitch). One of the earliest examples is Crisinel and Spence's (2009) study using the
Implicit Association Test (IAT) to measure the association between tastes and sound
frequency. Results indicated an association between higher-pitched sounds and sour-
tasting foods and between lower-pitched sounds and bitter-tasting foods. Crisinel and
Spence (2010a) presented further support in favor of the sour-high pitch association,
as well as for a sweet taste-high pitch correspondence. Bitter and salty tastes,

however, were not associated with lower-pitched sounds.

Since these studies relied on food names to represent taste categories (e.g.,
“dark chocolate” for bitter, “lemon juice” for sour), the same authors aimed to replicate
these findings, using real tastants (e.g., sucrose) and flavors (e.g., vanilla) (Crisinel &
Spence, 2010b). Here, participants had to select one musical note (played by different
musical instruments) to match each gustatory stimulus. The results also pointed toward
an association between sweet and sour tastes and high-pitched sounds, with
participants choosing higher-pitched musical notes for the sucrose (sweet) and citric
acid (sour) solutions, while caffeine (bitter) and monosodium glutamate (umami) led to

the choice of lower-pitched sounds. Besides the association with musical notes, there
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were also differences in the choice of musical instruments (e.g., preference for piano

sounds to match sucrose, while brass was preferred for caffeine).

A replication of Crisinel and Spence’s (2009, 2010a, 2010b) studies presented
further support for the association between bitter taste and low pitch and between
sweet taste and high pitch (Watson & Gunther, 2017). However, the results differed
according to the type of instrument (i.e., significant differences in the choice of pitch
according to tastes were found for trombone tones but not for clarinet). Knéferle et al.
(2015) also found support for the bitter-low pitch correspondence, as well as an
association between high pitch and both sweetness and sourness. This experiment
also found evidence for crossmodal mappings between basic taste words and other

auditory parameters, such as roughness, discontinuity, tempo, and sharpness.

Wang et al. (2016) reported an effect of taste on pitch choice, with sweetness
and sourness again leading to the choice of higher-pitched notes. In this study, three
concentration levels were used for each taste solution to test the effect of taste
intensity on pitch and volume choice. While the type of tastant was influential for pitch
choice, taste intensity significantly impacted the choice of sound volume. A recent
study with Chinese students also found a main effect of taste on pitch choice, with
bitterness and saltiness being significantly associated with low-pitched sounds (Qi et
al., 2020). An association between taste and choice of instruments was also observed,
as participants showed a preference for specific instrument-taste pairings over others

with significantly above-chance probability.

Three other studies reported pitch-taste correspondences in real foods and
beverages. Reinoso-Carvalho, Wang, de Causmaecker, et al. (2016) found that
individuals tended to match bitter beers to lower-pitched sounds and sweeter beers to
higher-pitched sounds. In another study, chocolates that were rated as sweeter were
matched to a higher pitch, whereas the bitter were matched to a lower pitch (Crisinel &

Spence, 2012). Crisinel and Spence (2011) found that participants matched the taste of
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flavored milk solutions to different musical instruments. This study also reported an
effect of the flavor (e.g., vanilla, lemon) of milk solutions on pitch choice, although no

results were reported specifically for basic taste ratings.

One indirect source of evidence for taste-pitch correspondence comes from an
experiment where participants saw images of different packages after a high- or low-
pitched sound (Velasco et al., 2014). When asked if the package was more appropriate
for a sweet or sour product, high-pitched sounds were more frequently associated with
sourness, whereas low-pitched sounds were more associated with sweetness. These
results align with previous findings observed for sourness but not sweetness, which is

usually associated with a higher pitch.

Overall, across nine studies that specify the direction of association between
sound pitch and sweet taste, six reported a link with higher-pitched sounds, one
reported an association with a lower pitch, and two reported no association. In contrast,
bitterness was associated with a lower pitch in five studies, whereas three reported no
association. For sourness, five studies reported a link with a higher pitch, while two
reported no association. The findings regarding saltiness are mixed, with five studies
reporting null results, one reporting an association with a higher pitch and one with a
lower pitch. Umami was associated with a lower pitch across two studies, and one
reported no association. In the remaining studies where pitch-sound associations were
reported (n = 3), only information regarding relative (pairwise) differences was

available.
[Table 2]
3.2.2. Words, nonwords, and speech sounds

The bouba-kiki effect is a popular example of sound symbolism, that is, the
ability to associate a speech sound with no semantic meaning (e.g., “Bouba”) to a

certain attribute in another sensory modality (e.g., rounded shapes) (Ramachandran &
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Hubbard, 2001). In the case of taste, Gallace et al. (2011) found evidence of regularity
in the association between different foods and different nonwords. For instance, salty
potato crisps were significantly more “Takete” than brie cheese, which is more
“Maluma”. However, the taste ratings of these foods (e.g., salty/sweet) were not
significantly correlated with the choice of nonwords. Crisinel, Jones, and Spence
(2012), on the other hand, found evidence of systematic preferences for certain
nonwords in response to basic taste solutions. In this experiment, participants were
instructed to rate each aqueous solution using scales anchored by nonword pairs, such

L T] ” W

as “Lula-Ruki”, “Maluma-Takete”, “Bobolo-Decter”’, and “Bouba-Kiki”. Saltiness led to
significant differences from the midpoint of all nonword scales (i.e., more “Ruki”,
“Takete”, “Decter”, and “Kiki”), while sweetness was more strongly associated with
“Maluma” and “Lula” than “Takete” and “Ruki”, respectively. The “Bobolo-Decter” scale
was the only one to detect significant preferences in response to both the citric acid
solution (i.e., sourness) and the caffeine solution (i.e., bitterness). Ngo et al. (2013)
followed a similar approach in two experiments with British and Colombian participants.
The authors concluded that more “rounded” nonwords (such as “Bouba”) and low-
pitched sounds share some form of crossmodal correspondence with exotic juices that
are rated as being sweet and low in sourness. However, there were also some
differences between samples, such as an association between passion fruit and sharp
sounds for the British but not for Colombian participants. Overall, research with
nonwords suggests a tendency to associate sweetness with rounder sounds (e.g.,

“Maluma”) and sourness and saltiness with sharper sounds, although results seem to

depend on the nonword being tested.

The effects of sound symbolism are particularly evident in cultures where
certain words reflect underlying associations between speech sounds and sensory
attributes. For instance, instead of employing adjectives, Japanese speakers may opt

for a sound symbolic expression like “mofu-mofu” to describe the sensory experience
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of a warm, soft blanket (Sakamoto & Watanabe, 2013). Sakamoto and Watanabe
(2016) tested the crossmodal correspondence between speech sounds and tastes by
examining the spontaneous sound symbolic words (SSW) produced by native
Japanese speakers when tasting drinks such as tea and coffee. The authors analyzed
the phonemes in the first syllable of each SSW and found several correlations with
taste ratings. For instance, participants resorted to phonemes like /sh/ and /zy/ in
response to sweet tastes, /g/, /d/, /z/, and /e/ in response to salty and /d/, /z/, and /e/ in
response to sour. Interestingly, these phonemes are unrelated to the Japanese
adjectives for those tastes, except in the case of bitterness, in which SSW shared
similar sounds with the word “nigai” (i.e., bitter), namely /n/, /z/, and /i/. In another set of
studies with Japanese participants (Motoki et al., 2020), fictitious brand names were
created by systematically manipulating the type of vowels (front/back) and consonants
(fricative/stop and voiced/voiceless). The four experiments suggested regular patterns
of association between the brand names and expectations towards the products’ taste.
In the case of sweetness, three main effects were found, indicating that front (vs. back)
vowels, fricative (vs. stop) consonants, and voiceless (vs. voiced) consonants
increased the expected sweetness. In contrast, stop (vs. fricative) and voiced (vs.
voiceless) consonants were more associated with bitterness. Saltiness was associated
with voiced (vs. voiceless) and stop (vs. fricative) consonants in two studies, whereas
sourness presented a less clear pattern of association. Pathak et al. (2020) and Pathak
and Calvert (2021) later extended these findings to vowel length, showing that people
expect words containing long vowels to be associated with sweetness. These findings
were consistent across studies, either in evaluation tasks (e.g., asking participants to
rate the “sweetness” of a hypothetical brand name) or in free-choice tasks (e.g., having

participants invent their own brand names for a sweet product).

Simner et al. (2010) asked participants to match four tastants (sweet, sour,

bitter, salty) with sounds varying in several speech-related attributes and spectral
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balance. Increasing concentration of tastants corresponded to higher levels of all sound
attributes (vowel height, vowel front/backness, voice discontinuity, and spectral
balance). Significant main effects were also observed for taste type. For instance,
sweet tastes were associated with lower vowel height compared with the bitter, salty,
and sour tastes. The sweet taste was also associated with more continuous vowels
than the bitter and sour tastes and lower spectral balance compared with the sour
taste. Finally, three experiments have shown that basic tastes may also be associated
with voice qualities (Motoki, Pathak, & Spence, 2022). For instance, falsetto voices
were matched more strongly with sweetness, whereas creaky voices were more

associated with bitterness.

In terms of the associations between speech sounds and tastes, results were
particularly consistent for the sweet taste. This taste category seems to be well
characterized by long vowels (eight out of eight studies), voiceless consonants (four
out of four studies), fricative and front vowels (three out of four studies), and falsetto
voices (three out of three studies). The other tastes presented less consistent patterns
of association across studies, although some tendencies may also be observed, such
as voiced consonants for bitterness or modal voices for umami. These findings are

summarized in Table 3.
[Table 3]
3.2.3. Music and soundtracks

The use of musical expressions like the Italian term “dolce” (i.e., to play in a
slow, gentle manner) suggests that certain music attributes may be intuitively
associated with taste. To test if such vocabulary is conceptually meaningful rather than
accidental, Mesz et al. (2011) asked trained musicians to improvise in accordance with
taste words (sweet, salty, sour, and bitter). The resulting improvisations revealed
consistent patterns of articulation, duration, loudness, gradus, and dissonance. When

these improvisations were later presented to non-musical experts, the underlying taste
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was guessed with significantly above change accuracy. Based on the patterns of
association between taste and certain attributes of music composition, Mesz et al.
(2012) developed a composition algorithm and found that participants were able to
decode the taste associated with each algorithmically generated music with above-
chance accuracy. More recently, Wang et al. (2021) contributed to understanding the
auditory attributes of salty soundtracks. In this study, the authors found that emotional
(negative valence, high arousal, minor mode) and other sonic attributes (long decay,
high roughness, and regular rhythm) were systematically associated with the

perception of “saltiness” in music.

While several taste-inspired musical compositions have been created in the
past, they were usually tested independently. In an effort to compare soundtracks
produced by different researchers and designers, Wang et al. (2015) compiled 24
soundtracks used in previous studies. The results showed that the different
soundtracks elicited different taste associations. Of the 24 soundtracks, 21 led to a
significant association with one particular taste, and in 14 of them, the most chosen
taste word was the one intended by the composer. Sweet soundtracks were the most
easily decoded by participants (56.9% “correct” associations), followed by salty
(44.4%), sour (41.7%), and bitter soundtracks (31.4%). Following a different approach,
the Taste and Affect Music Database (Guedes et al., 2022) provides subjective ratings
and basic taste correspondences for a set of 100 music excerpts of different moods
and genres. Overall, all four basic taste categories achieved basic taste
correspondences above the chance level (25%), suggesting that music may
communicate gustatory attributes even when not composed with that purpose in mind.
Similar to Wang et al. (2015), sweetness was the most commonly identified taste,

followed by bitterness, saltiness, and sourness.

To further explore the influence of sound attributes on taste-sound associations,

Guetta and Loui (2017) tested the same violin melody, played in different styles,
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inspired by four basic tastes (sweet, sour, salty, bitter). Participants were able to match
the sound clips to taste words with above-chance accuracy. In another experiment
described in this same paper, participants correctly matched each melody style with a
corresponding chocolate sample (e.g., matching the sweet melody with the sweeter
chocolate). When separately comparing match rates for each taste group, only the
sweet category resulted in significantly above-chance performance. In a field study,
visitors of a science fair who were challenged to freely associate taste words with
several musical pieces revealed a significant preference for words like “chocolate” and
“tasty” when exposed to putatively sweet music, while sour music elicited associations
with words like “fruits” or “sour” (Kontukoski et al., 2015). Moreover, when these
participants were asked to mix different ingredients to create a drink to match the
music, differences in the drinks' sugar and acid content were found between the “sour”

and “sweet” music conditions.

The associations between soundtracks and taste may also have the potential to
influence choice behavior. Individuals exposed to a salty soundtrack were more likely
to select pictures of salty (vs. sweet) foods when asked to indicate what food they
would rather eat. The opposite pattern was found for sweet soundtracks (Padulo et al.,
2020). Sweet and salty soundtracks also led to higher visual fixation times in congruent
compared to incongruent foods (i.e., fixation on sweet foods was longer when listening
to sweet soundtracks; Peng-Li et al., 2020). Music genre may also contribute to
shaping food choices, as evidenced in two experiments where jazz and classical music
(vs. hip hop and rock/metal) were associated with a higher preference for healthy
savory foods. Classical music also led to a higher preference for sweet foods (healthy

or indulgent) compared to all other genres (Motoki, Takahashi, et al., 2022).

Among the articles included in the current review that empirically tested the
effect of sound in shaping taste perception, six reported results of pilot studies

validating the associations between music or soundtracks and basic tastes. For
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instance, Reinoso-Carvalho, Van Ee, Rychtarikova, Touhafi, Steenhaut, Persoone,
Spence, et al. (2015) reported the process of composing three soundtracks to match
chocolates with different bitter-to-sweet profiles. Wang et al. (2017) explored the
concepts of sweetness and spiciness in two soundtracks composed to enhance both
gustatory qualities in a new restaurant dish. In another pilot study with two pairs of
contrasting (soft’/hard and positive/negative mood) soundtracks, Reinoso-Carvalho,
Gunn, ter Horst, et al. (2020) found that the positive soundtrack elicited the sweetest

ratings and the negative soundtrack was more strongly associated with bitterness.

Wang and Spence (2016) created consonant and dissonant? versions of two
short melodies and, as expected, observed that they were associated with sweetness
and with sourness, respectively. Another experiment aimed at developing and testing
soundtracks to elicit smoothness/creaminess and roughness, respectively (Reinoso-
Carvalho, Wang, et al., 2017). Besides being rated as creamier, the smooth/creamy
(vs. rough) soundtrack was also rated as sweeter. Finally, Hauck and Hecht (2019)
tested how classical music pieces evoked taste and other sensory associations. This
pilot test resulted in the selection of two pieces (Alban Berg's “Three pieces for

orchestra” and Tchaikovsky’s “Waltz of the Flowers”) that differed significantly in

sensory associations, including sweetness, sourness, and bitterness.

Table 4 summarizes the current studies of music-taste correspondences.
Notwithstanding the diversity of approaches, the reviewed studies seem consistent in
showing that sounds and tastes were matched by participants in a nonarbitrary fashion.
The evidence seems stronger for the sweet taste, not only in terms of the studies
reporting easier recognition of this sensation in comparison with others (e.g., Guedes

et al., 2022; Knéferle et al., 2015; Wang et al., 2015) but also in terms of the relative

2 Consonance is typically associated with stability and pleasantness, while dissonance communicates
uneasiness and a need of resolution (Lahdelma & Eerola, 2020)
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predominance of studies targeting this taste (n = 21), compared to saltiness (n = 15),

sourness (n = 14), bitterness (n = 14) and umami (n = 0).
[Table 4]

3.3. Modulating basic taste perception with auditory stimuli

3.3.1. Music

There were 14 studies in our sample testing the effect of music on the
perceived taste of foods and beverages, either alone (n = 12) or in comparison with
other sonic stimuli (n = 2). Most of these focused on beverages with alcoholic content
(n =10), and the remaining studies focused on sweet foods, such as ice cream and

chocolate.

In the case of alcoholic beverages, two studies in wine-tasting settings
described a main effect of classical music on the sweetness rating of wines compared
to tasting in silence (Spence et al., 2013), as well as differences in perceived acidity
profiles when listening to a classical music piece that was selected to match the
sensory attributes of the wine, compared to tasting in silence (Wang & Spence, 2015).
An exploratory study found that a white chardonnay wine was perceived as sweeter
when a piece of classical music was played compared to silence, but no differences in
taste perception were found when compared to when a pop song was played (De Luca
et al., 2019). Using the Temporal Dominance of Sensations (TDS) method, Wang et al.
(2019) found that the presence of music led to significantly different dominance profiles
for sensory attributes of a red wine, particularly for the bitter taste. In Hauck and
Hecht's (2019) study, music (Berg vs. Tchaikovsky) influenced the perceived saltiness

and sourness of wines and aqueous solutions, but not sweetness and bitterness.

The valence of music affected the sweetness and bitterness (but not sourness)
ratings of beers (Reinoso-Carvalho et al., 2019). Pleasant (vs. unpleasant) music

enhanced sweetness perception and decreased bitterness ratings. In another study,
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the mere presence of music seemed to enhance sweetness ratings of alcoholic
beverages compared to control and other distracting conditions (Stafford et al., 2012).
Finally, Reinoso-Carvalho, Velasco, et al. (2016) found that tasting a beer with a
specific musical accompaniment was considered more enjoyable and led to higher

sourness ratings than in silence.

Three studies in our sample report the effects of emotionally laden music on the
taste of chocolate gelati using the TDS method. Two of these studies suggest that
listening to liked music is associated with longer dominance of sweetness, while
disliked music elicits a longer dominance of the bitter taste (Kantono et al., 2016,
2019). As in real-world settings, background music is often intertwined with ambient
sounds, Lin et al. (2022) tested the effects of combinations of liked and disliked music
with pleasant and unpleasant sounds. Once again, preferred music led to higher
dominance of sweetness, whereas bitterness was more evident in unpleasant sound
conditions (i.e., disliked music, unpleasant sounds, and a combination of both). Another
study examined the influence of sonic stimuli in a more ecologically valid setting
(Reinoso-Carvalho, Van Ee, Rychtarikova, Touhafi, Steenhaut, Persoone, & Spence,
2015). In this case, participants were customers of a chocolate shop who evaluated a
chocolate praline while listening to a customized musical accompaniment or the shop’s
own soundscape. In this context, listening to music did not significantly impact taste

ratings.

A summary of the findings is provided in Table 5. Given the large proportion of
studies with alcoholic drinks (beer and wine), it is not surprising that there were more
studies targeting sweet (n = 13), sour (n = 11), and bitter (n = 11) tastes compared to
saltiness (n = 3), and umami (n = 1). Overall, differences in bitterness profiles were
more consistent, with reported differences in seven studies, whereas changes in

sweetness perception were also reported in seven studies (although with a higher
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number of null results). In contrast, only three studies reported significant differences in

sourness.
[Table 5]
3.3.2. Soundtracks

Sixteen studies in our sample tested the effect of soundtracks on sensory
perception of foods and drinks. Generally, these auditory stimuli were produced by
researchers and sound designers to match or enhance tastes or flavors. One of the
first studies to empirically test this possibility showed that a bittersweet cinder toffee
was perceived as tasting significantly more bitter when participants listened to a bitter
soundtrack compared to a sweet soundtrack (Crisinel, Cosser, et al., 2012).
Héchenberger and Ohla (2019) conducted two experiments to replicate these results.
In the first experiment, the soundtracks influenced bitterness-sweetness ratings in the
expected direction (i.e., the samples were perceived as sweeter under the sweet sound
condition vs. the bitter sound condition). However, when a “no sound” condition was
included in the statistical analysis, the effect of sound was no longer significant.
Moreover, when independent taste rating scales were used in Experiment 2 (for sweet,
bitter, salty, and sour) instead of a bipolar bittersweet scale (Experiment 1), the effect

of sound was no longer significant.

Across three experiments, Reinoso-Carvalho, Wang, Van Ee, et al. (2016)
found that sensory (i.e., sweet, bitter, and sour) properties of soundtracks may transfer
to the sensory perception of beers. Interestingly, the modulatory effects of sounds for
two of the beers were significant when comparing pairs of soundtracks differing in taste
correspondences but not when comparing soundtracks and silence conditions.
Conversely, for the remaining beer, the soundtracks led to different taste ratings only

when comparing soundtrack and silence conditions.



CROSSMODAI INTFRACTIONS REFTWFEEN ALIDITION AND TASTF 25

One study testing the effect of a “creamy” (vs. “rough”) soundtrack on the taste
of chocolate showed that sound could modulate perceived creaminess, as well as the
perceived sweetness of the samples (Reinoso-Carvalho, Wang, et al., 2017). Another
study with “sweet” and “bitter” soundtracks found differences in taste ratings for bitter
chocolate but not for sweet chocolate (Reinoso-Carvalho, Van Ee, Rychtarikova,
Touhafi, Steenhaut, Persoone, Spence, et al., 2015). Interestingly, the modulatory
effects were more evident when comparisons were made using each participant’s
individual correspondences between the soundtracks and tastes (i.e., pairing the sweet
chocolate with the soundtrack that the participant selected as “sweet” in a pretest
instead of the group average). Furthermore, the time of presentation of the soundtracks
also leads to different modulatory effects. Specifically, while presenting the soundtracks
before or during tasting significantly modulated taste ratings, this effect did not hold

when a soundtrack was presented after tasting (Wang et al., 2020).

Although most soundtracks were created with taste associations in mind, two
recent studies have highlighted the role of emotional associations in eliciting changes
in taste perception. One study found stronger evidence for an effect of positive (vs.
negative) soundtracks on the perceived sweetness of chocolates than for soft (vs.
hard) soundtracks (Reinoso-Carvalho, Gunn, ter Horst, et al., 2020). Similar results
were obtained when comparing different cultures, namely, between Japanese and

Colombian participants (Reinoso-Carvalho, Gunn, Molina, et al., 2020).

Two additional studies in our sample tested the effect of consonant and
dissonant soundtracks on the taste of juices (Wang & Spence, 2015; 2018). Both
studies suggested that consonant soundtracks increased perceived sweetness, being
also perceived as more pleasant than dissonant soundtracks. The study by Wang and
Spence (2018) included both visual and auditory stimuli and found that valence
(positive vs. negative) was more determinant than sensory modality (visual vs.

auditory) in taste perception differences.
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One study conducted in a naturalistic eating setting tested the effect of spicy
(high pitch, fast tempo, and a distorted timbre) and sweet (high pitch, legato
articulation, and consonant harmony) soundtracks on the perception of a restaurant
dish (Wang et al., 2017). Here, although participants reported expecting the dish to be
spicier when listening to a spicy soundtrack, actual taste (i.e., sweetness) ratings were

unaffected by the soundtrack.

Table 6 summarizes the evidence in this category of studies. Once again, sweet
(n =16) and bitter (n = 12) sensations were examined more frequently, followed by
sourness (n = 8) and salty (n = 1). Most studies reported significant differences in
sweet (n = 13) and bitter (n = 9) attributes, whereas differences in sourness were

reported in five studies.
[Table 6]
3.3.3. Noise, tones, and soundscapes

Participants in Burzynska’s et al. (2019) study tasted two wines while in silence
and while listening to a low (100 Hz) or high (1000 Hz) frequency sine wave tone.
While the sound condition had a relative impact on some of the wine's attributes (e.qg.,
higher aromatic intensity with the lower frequency tone), the only dependent measure

related to basic tastes (acidity) was unaffected by the experimental manipulation.

Three studies examined the effect of noisy stimuli on taste perception. Woods
et al. (2011) showed that food was rated significantly less sweet and salty under loud
(vs. quiet) white noise. Yan and Dando (2015) tried to reproduce the auditory
experience of a noisy airline cabin and exposed participants to the simulated noise for
30 minutes before and during the tasting of five aqueous solutions. Although the noise
condition did not impact ratings for salty, bitter, and sour tastes, sweet taste perception
was significantly suppressed by noise, regardless of concentration levels. In contrast,

umami was perceived as more pronounced under the loud noise condition. Since it is
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common to conduct research on gustatory function with fMRI, Lorentzen et al. (2021)
tested whether the noise of an fMRI scanner could represent a confound in these
studies by impacting taste identification, intensity, or hedonic ratings. According to
these results, no significant impact of noise (compared to silence) was found for any

taste variables, regardless of the taste in question (sweet, salty, sour, or bitter).

Regarding soundscapes, Bravo-Moncayo et al. (2020) found that the taste of
coffee was evaluated as more bitter and with a more intense aroma when listening to a
filtered (less loud) version of a noisy food court soundscape, compared to an unfiltered
(louder) background noise. Two studies in our review tested the effect of soundscapes
on continuous dynamic measures of sensations using two different methods. In the
Temporal Dominance of Sensations (TDS) method, participants select the most
dominant sensory attribute at a given moment in time, while in the Temporal Check-All-
That-Apply (TCATA) method, participants may choose more than one attribute
simultaneously. One study employed the former method to assess differences in
perception of ice-cream flavor while listening to a café soundscape or the same
soundscape overlaid with bird, forest, and machine sounds (Xu, Hamid, Shepherd,
Kantono, Reay, et al., 2019). These soundscapes elicited different taste and flavor
trajectories and emotional experiences. For instance, when listening to the café-forest
soundscape, sweetness was more dominant and for a longer duration at the start of
consumption than the café-bird and café-machine soundscapes. The bitter taste was
perceived as more dominant at the end of the consumption period when listening to the
café control and café-machine soundscapes as compared to the café-birds and café-
forest soundscapes. Additionally, a correlation was observed between evoked
emotions and taste and flavor ratings, specifically between unpleasant emotions and
bitterness dominance and between pleasant emotions and sweetness dominance. A
similar result was obtained in a study using the TCATA method in which participants

identified sweetness more frequently in positive valence conditions, such as a park or a
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café soundscape (Lin et al., 2019). In contrast, bitterness was more pronounced in high

arousal, low valence conditions, such as bar, fast food, and food court soundscapes.

A summary of findings may be found in Table 7. Overall, the results seem to
indicate some inconsistency regarding the influence of noise on taste perception, which
could be attributable to methodological differences (e.g., stimuli characteristics). As far
as soundscapes are concerned, differences in sweetness and bitterness perception

were reported in accordance with the emotional tone of the stimuli.
[Table 7]
4. Discussion

The present work provides an overview of the current evidence on the
relationship between audition and taste. Although not always seen as such, audition
has been growingly acknowledged as a relevant sensory modality for taste (and flavor)
perception (Spence, 2016). According to these findings, there are at least two ways by

which audition and taste interweave.

First, it seems that there are regularities in how people match sounds to basic
tastes. The scope of sound-taste associations seems to range from more elementary
auditory stimuli, such as musical notes or speech sounds, to more complex stimuli,
such as music. One important consequence of the multimodal nature of human
perception is that stimulating one sensory modality may contribute to modulating the
perception of information in another modality (Evans & Treisman, 2010). That seems to
be the case with taste perception as well. Thus, a second complementary line of inquiry
is now shedding light on how the crossmodal correspondences between sounds and
tastes may result in different sensory experiences with foods and drinks. According to
the reviewed literature, there are several ways whereby sound may influence taste
perception. The most common strategies involve musical stimuli, either something one

could expect to hear in a restaurant, such as pop, jazz, or classical music (e.g., Hauck
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& Hecht, 2019) to less familiar, bespoke soundtracks that are intentionally composed to

convey basic taste attributes (e.g., Wang et al., 2015).

In most eating settings, people are exposed to other auditory stimuli as well.
Ambient noise in places like canteens or food courts is known to have a negative
impact on customers’ experience (Spence, 2014). However, it’s still unclear how it may
affect taste perception, as is evidenced by the mixed findings reviewed here. Indeed,
the answer may depend on the type of noise as well as the basic taste in question.
Research with soundscapes reinforces the need to pay attention to environmental
sounds in eating settings, as these may shape how tastes are perceived. Notably,
these studies (but also those with musical stimuli) seem to suggest that
emotional/affective dimensions may be relevant to understanding the implications of
sound for the taste experience. Particularly, pleasant emotions and affect may be
significant factors for enhancing sweetness perception, whereas unpleasant emotions
and affect seem to emphasize bitterness perception (Lin et al., 2019; Xu, Hamid,

Shepherd, Kantono, Reay, et al., 2019).
4.1. Psychoacoustic attributes of taste-evoking stimuli

One quintessential challenge in crossmodal research is determining what
attributes make up a sweet or a salty sound which can be approached by asking
professional musicians to create musical compositions based on taste attributes (e.g.,
Mesz’s et al. (2011). Another — more common — method is based on laypeople’s
intuitive matching of sounds to tastes (i.e., how sounds varying in sonic attributes such

as pitch or loudness are differently matched to tastes).

The most commonly studied acoustic attribute in this regard is pitch. Previous
research has shown that high-pitched sounds are crossmodally associated with
attributes like brightness (Marks & Pierce, 1989), higher spatial position (Rusconi et al.,
2006), or a small size (Bien et al., 2012; Fernandez-Prieto et al., 2015). Regarding

sound-taste associations, there seems to be a fair degree of consistency in how
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individuals match the sound frequency to some of the basic tastes. The majority of the
reviewed studies suggest an association between higher-pitched sounds and sweet
and sour tastes, whereas lower-pitched sounds are more frequently associated with
bitterness. It should be noted, however, that this pattern may depend, for instance, on
the type of instrument under analysis (Watson & Gunther, 2017). On the other hand,
the taste-pitch patterns seemed to hold regardless of whether taste stimuli were
presented as food words (Crisinel & Spence, 2009; 2010; Qi et al., 2020) or actual
gustatory stimuli (Crisinel & Spence, 2011; Reinoso-Carvalho, Wang, de

Causmaecker, et al., 2016).

Besides pitch, other acoustic attributes may be manipulated to mimic basic
tastes: For instance, Mesz et al. (2011) found that musicians systematically manipulate
attributes like duration, dissonance, articulation, and loudness. Knéferle et al. (2015)
later showed that individuals with no musical training are also able to match tastes to
sounds with different roughness, discontinuity, tempo, and sharpness. Wang et al.
(2015) provided an overview of the taste-evoking soundtracks released to date and
systematized some of the main acoustic attributes (pitch, instruments, harmony, and
articulation) of bitter, salty, sour, and sweet soundtracks. Although some attributes
were consistently associated with tastes (for example, sweetness and consonance),
others were less stable across taste categories (e.g., bitter soundtracks may be
consonant or dissonant, low-pitched or medium-pitched). For that reason, defining the

sonic attributes of taste-evoking stimuli remains a challenge.
4.2. Understanding taste-sound correspondences

Understanding the acoustic mechanics of a sweet or salty sound may help
understand how taste-sound correspondences unfold. However, it is also important to
question why gustation and audition interweave in predictable ways. Most studies

reviewed here do not explicitly seek to test conceptual hypotheses for sound-taste
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associations or sonic seasoning effects. Nonetheless, we should briefly mention some

likely conceptual explanations for the findings reviewed here.

At least four possible mechanisms underlying taste-sound correspondences
have been put forward, namely, statistical, intensity-matching, semantic, and hedonic
hypotheses (Knéferle & Spence, 2012). These mechanisms are summarized in Table
8, alongside illustrative examples taken from this review. The statistical co-occurrence
hypothesis posits that individuals learn to match attributes that tend to coexist
frequently together in natural environments. For instance, color-taste associations (e.g.,
between red-colored products and sweetness) are thought to depend on previous
knowledge that fruits tend to transition from colors at the green end of the spectrum to
colors at the red end of the spectrum as they ripen (Foroni et al., 2016; Maga, 1974). In
the case of sound-taste associations, such associative learning may not be as
straightforward since it is not easy to imagine the natural sound of bitter food. Still, it
has been proposed that innate orofacial gestures in response to pleasant and
unpleasant tastes may have associated speech sounds. For instance, protruding the
tongue outward and upward in response to a pleasant taste could result in higher
frequency sounds when exhaling (Knoferle & Spence, 2012). Motoki et al. (2020)
provide another illustration of a statistical mechanism. In their study of brand names
and taste expectations, the authors argue that people may learn to associate certain
food brand names with tastes based on real-world patterns (for example, based on the
common occurrence of brand names containing stop and voiced consonants for salty

products).

The intensity matching hypothesis posits that crossmodal correspondences may
stem from mappings based on magnitude judgments. The so-called “prothetic” (or
magnitude-related) hypothesis is in line with Wang'’s et al. (2016) findings, where
participants consistently matched higher sound loudness to higher concentrations of

tastants. Although intensity-matching seemed to explain (or, at least, show consistency
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with) the results observed for sound volume, the same was not the case with pitch.
While the expected pattern (higher tastants concentration to higher pitch) was
observed for some of the tastants, the opposite pattern was observed for others.
Moreover, the results also depended on the measure in question (i.e., objective

concentration measures or subjective intensity ratings).

On a different note, the fact that pitch is verbally described as differing in height
(i.e., “high or “low”) serves as an example of a semantic commonality in which the
same language terms are applied to describing different perceptual phenomena.
According to this view, an association between spatial position and sound frequency
could be attributed to this commonality (Knoferle & Spence, 2012). In different
languages, the word “sweet” is a common synesthetic metaphor for describing acoustic
qualities, such as a soft voice or a delicate way of playing an instrument (Mesz et al.,
2012). This association has been hypothesized to be involved in why some studies
report a seemingly easier recognition of sweet taste attributes in music pieces
compared with other taste categories (e.g., Guedes et al., 2022; Knéferle et al., 2015;
Wang et al., 2015). However, semantic commonalities fail to explain why individuals

are also able to match soundtracks to other basic tastes with above-chance accuracy.

The hedonic matching hypothesis is an alternative explanation of sound-taste
correspondences (Knoéferle & Spence, 2012). This proposition is based on the
assumption that some tastes are globally deemed more pleasant than others. Indeed,
the sweet taste is thought to be innately preferred due to its association with maternal
milk. In contrast, the bitter taste is often rejected as a protective caution against
possible toxicity (Ventura & Mennella, 2011). Although adults may show different taste
preferences, it is possible that conceptually, such a heuristic could account for some
taste-sound correspondences. It has been shown that the choice of instrument sounds
is associated with pleasantness ratings (e.g., piano associated with pleasantness and

sweetness; brass associated with unpleasantness and bitterness; Crisinel & Spence,
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2010; Crisinel & Spence, 2012). While the choice of instrument was significantly
affected by pleasantness, the same was not always true for the choice of pitch. As
Crisinel and Spence (2012) argue, the lack of a consistent association with pitch may
be due to participants' difficulty in agreeing on how pleasantness and pitch relate (i.e.,
some higher-pitched sounds may be more pleasant, whereas others may not). Guetta
and Loui (2017) also found support for a hedonic matching hypothesis in music-taste
matching, as individuals who judged a sweet chocolate ganache as more pleasant also
rated the sweet soundtracks as more pleasant. In contrast, those who preferred a salty
ganache also rated a salty soundtrack as more pleasant. Similarly, Guedes et al.
(2022) found several correlations between music-taste correspondences and emotional
and affective variables (e.g., soundtracks evaluated as sweet were more associated

with pleasant emotions, whereas the opposite pattern was found for bitterness).

Although the aforementioned conceptual hypotheses may help explain why
people associate stimuli pertaining to the auditory and gustatory modalities in some
instances, there are also findings that do not fit perfectly in the existing conceptual
frameworks. For example, Kndferle et al. (2015) argue that some crossmodal
associations (e.g., sour taste and high tempo) are not easily framed in either of the

existing working hypotheses and require further research and theoretical reflection.
4.3. Understanding sonic seasoning

Spence et al. (2019) have argued that the mere existence of a taste-sound
association does not assure that a given auditory stimulus will result in changes in taste
perception. Previously, five mechanisms underlying the modulatory role of audition in
taste perception have been posited (Wang, 2017): response bias, sensory
expectations, attention capture, physiological response, and emotion mediation (for a

summary, see Table 8).

In one study reviewed here, participants tasted chocolate with a soundtrack

delivered before, during, or after the tasting (Wang et al., 2020). Notably, taste ratings
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were affected when the soundtrack was delivered during the tasting but not after
tasting (Experiment 1), suggesting that sonic seasoning corresponds to an actual
perceptual effect rather than a mere response bias. No differences were observed
when the soundtrack was played before (vs. during) tasting (Experiment 2), which
seems consistent with the idea that auditory stimuli may alter taste expectations.
These, in turn, may influence how food or drinks are perceived (see also Wang et al.,
2017). These findings support a sensory expectations account but not a response bias

explanation.

An attention-capture account has been used to explain findings in TDS studies.
Wang et al. (2019) argue that crossmodal associations may direct individuals’ attention
toward congruent attributes of a gustatory stimulus, thus making it appear dominant in
the flavor matrix. Alternatively, evidence emerging from other TDS studies shows that
physiological responses may have an important role in modulating taste perception.
Listening to music and soundscapes has been shown to elicit electrophysiological
changes (e.g., skin conductance, heart rate, or respiratory rate), which seem to
correlate with changes in flavor perception (Kantono et al., 2019; Xu, Hamid,

Shepherd, Kantono, & Spence, 2019).

Based on the current evidence, physiological response mechanisms seem to
depend on a second explanatory variable, namely, emotion. What the literature on TDS
appears to suggest is that auditory stimuli change individuals’ affective states, which, in
turn, lead to a differentiated taste experience. Similar to what has been said about
crossmodal correspondences, pleasant emotions are tendentially correlated with
sweetness dominance, whereas unpleasant emotions highlight the bitter taste
(Kantono et al., 2019; Lin et al., 2019; Xu, Hamid, Shepherd, Kantono, & Spence,

2019).

Similar to what has been described for TDS studies, research with “static” taste

ratings also shows support for an effect of stimulus valence on sweetness ratings of
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juices and beers (Reinoso-Carvalho et al., 2019; Wang & Spence, 2018). Intriguingly
enough, it has recently been argued that the emotional connotations of music may
have a larger effect on taste ratings than crossmodal attributes alone. In two studies,
participants tasted chocolate while listening to a soft (vs. hard) soundtrack or a positive
(vs. negative) soundtrack (Reinoso-Carvalho, Gunn, Molina, et al., 2020; Reinoso-
Carvalho, Gunn, ter Horst, et al., 2020). Although the pieces of music with crossmodal
attributes were effective in modulating taste perception, the emotional music led to
larger differences in taste ratings. One could argue that this result was perhaps due to
the former pair of songs evoking textural rather than taste attributes more directly. Yet,
the soft music had been previously shown to correspond to a sweet sensation,

contrarily to the hard song, which was more associated with bitterness.

In a similar vein, the feelings evoked by auditory stimuli may also be transposed
to the hedonic evaluation of foods and drinks. This process, usually known as
“sensation transference”, may help explain why liked music affects not only how
participants evaluate the taste of foods but also how much they enjoy them (Guedes et
al., 2023; Kantono et al., 2016; Reinoso-Carvalho, Wang, Van Ee, et al., 2016).
Sensation transference has also been proposed as a potential mechanism to explain
differences in taste ratings, as the pleasantness of a song may also be transferred to
the evaluation of attributes such as sweetness or bitterness, which are positively and
negatively associated with pleasantness, respectively (Reinoso-Carvalho, Touhafi, et

al., 2016).

In future studies, it would be of interest to unravel the effects of emotional and
crossmodal attributes, for instance, by testing pairs of sweet (vs. bitter) soundtracks
with average valence ratings and positive (vs. negative) soundtracks controlling for
crossmodal correspondences. Disentangling these effects would provide a valuable
contribution to the field since knowing which attributes to look for in sound stimuli would

be of major importance for informing future studies and interventions. If emotional
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connotations were solely responsible for leading sonic seasoning effects, one would
perhaps expect emotional variables to fully mediate the effect of sound on taste ratings.
However, that was not the case in Wang’s et al. (2020) study, where soundtrack-taste
associations fully mediated this relationship while valence did not. Further research
would be needed to check whether the same findings would be obtained with different

stimuli and/or other affective dimensions (e.g., arousal, dominance).
Table 8

Summary of Putative Explanatory Mechanisms for Crossmodal

Correspondences and Sonic Seasoning Effects

Proposed
mechanism General principle Empirical example

Crossmodal correspondences’

Statistical co- Individuals match features of ~ Association of brand names

occurrence stimuli from gustatory and containing stop and voiced
auditory modalities based on  consonants with saltiness based
natural co-occurrences on the frequency of real-world

brands of salty products whose
names contain those sounds
(Motoki et al., 2020)

Intensity matching Increases in the magnitude of Consistent matching between
one attribute of gustation are  higher sound loudness and higher
mapped onto the magnitude  concentrations of tastants (e.g.,
of one attribute of audition sugar) (Wang et al., 2016)

Semantic matching  Correspondences stem from  The easier association of sound

the shared use of a same attributes to the sweet taste could
term or concept to describe be due to the use of the word
sensations from different "sweet" to describe musical
sensory modalities attributes (Guedes et al., 2022)

Hedonic matching Individuals match sounds and Matching of more pleasant

tastes based on shared instrument sounds (e.g., piano)
affective attributes, such as with pleasant tastes (e.g.,
pleasantness sweetness) (Crisinel & Spence,

2010; Crisinel & Spence, 2012)
Sonic seasoning?
Response bias Differences in taste ratings Taste ratings are affected when a

could reflect influences in soundtrack is delivered during the
individuals' evaluation
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process rather than actual
perceptual changes

Sensory Sounds induce sensory

expectations expectations which influence
the subsequent tasting
experience

Attention capture Auditory stimuli may direct

attention to specific
components of the taste

experience
Physiological Sounds may induce
response physiological responses

similar to those associated
with the taste experience

Emotion mediation = Sounds influence participants'
emotions, and these, in turn,
shape the subsequent taste
evaluation

tasting but not after (Wang et al.,
2022 - Study 1)

No significant differences in taste
ratings when a soundtrack is
delivered before rather than during
eating (Wang et al., 2022 - Study
2)

Sonic attributes commonly linked
with sourness are associated with
the perceived dominance of this
taste in wine (Wang et al., 2019)

Sounds elicit electrophysiological
changes (e.g., heart rate), which
correlate with changes in flavor
perception (Kantono et al., 2019;
Xu, Hamid, Shepherd, Kantono, &
Spence, 2019)

Correlation between pleasant
emotions induced by music/
soundscapes and sweetness
perception (Lin et al., 2019;
Reinoso-Carvalho et al., 2019).

' See Knoferle & Spence (2012)
2 See Wang (2017)

4.4. The nature-nurture of crossmodal perception and individual differences

There is a longstanding debate around the universal/innate or learned/culture-

dependent nature of crossmodal associations. Support for an innatist outlook of

crossmodal perception may come from comparative studies (e.g., Ludwig et al., 2011)

as well as developmental research showing the early emergence of crossmodal

mappings (Dolscheid et al., 2014; Walker et al., 2010). On the other hand, it has been

shown that individuals are able to learn to integrate stimuli from different sensory

modalities that were previously unrelated, such as stiffness and luminance (Ernst,

2007). Perhaps one of the most famous examples of multisensory links, the “Bouba-

Kiki” effect, has been cited as a widely shared crossmodal association (Cwiek et al,,

2021). Interestingly, Bremner et al. (2013) found that the Himba, a remote population in

Namibia with no written language, were able to match sounds and shapes just as
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Western participants do. However, they matched sweeter chocolates with angular
rather than rounded shapes, contrary to what is commonly found with Western

participants.

Currently, cross-cultural comparisons of taste-sound associations are scarce.
This is potentially problematic, considering that while some aspects of music
perception seem cross-culturally shared, others are not (Kndferle et al., 2015; Qi et al.,
2020). Similarly, if some crossmodal correspondences depend on linguistic features,
such as shared concepts to describe stimuli in different modalities (e.g., the “sweet”
word may be used to describe tastes, aromas, and sounds), the generalizability of
findings could be constrained by language boundaries as well (Wang, 2017). In the
case of the taste-pitch correspondence, Qi et al. (2020) found that Chinese participants
behaved similarly to Western participants in matching higher pitch with sweet and sour
tastes and lower pitch with bitter. Ngo et al. (2013) found that Colombian and British
participants agreed on matching sweeter juices (e.g., pineapple, mango) with rounder
sounds (e.g., “Bouba”) and lower-pitched sounds (although no actual sound stimuli
were used here, but rather a visual scale ranging from “low-pitched” to “high pitched”).
Some specificities were also observed, such as British participants associating passion
fruit juice with sharp sounds (e.g., “Takete”), while Colombian participants did not show

a clear preference for rounded or sharp sounds.

Regarding the ability to decode taste attributes in more complex sound stimuli
(e.g., soundtracks), Knoéferle et al. (2015) found that participants from India and the
USA performed with above-chance accuracy. Even so, US participants showed higher
accuracy, particularly for the sweet taste. In another study, Chinese and Danish
participants showed a similar ability to decode sweet and salty soundtracks (Peng-Li et
al., 2020). When these soundtracks were played, there was a higher likelihood of
selecting a congruent food (e.g., choosing a sweet food when listening to a sweet

soundtrack), regardless of culture. However, some differences emerged when including
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a silence condition. Notably, Danish participants were more likely to choose salty foods
when listening to the salty soundtrack (vs. silence), whereas no differences were
observed for Chinese participants. When a sweet soundtrack was played (vs. silence),
participants were more likely to choose a sweet food than a salty one. However, this

difference was only marginal for Danish participants.

Recently, soundtracks previously associated with soft (vs. hard) sensations
were shown to have a negligible effect on basic taste ratings of chocolates in a study
with South Korean participants (Reinoso-Carvalho, Gunn, ter Horst, et al., 2020).
Instead, emotional (i.e., positive vs. negative) music led to more pronounced sonic
seasoning effects. Similar results were obtained in a direct cross-cultural comparison
with Japanese and Colombian participants (Reinoso-Carvalho, Gunn, Molina, et al.,
2020). This result was somewhat surprising, given that soft’/hard soundtracks had been
previously shown to affect the taste evaluation of chocolates in a study with Western
participants (Reinoso-Carvalho, Wang, et al., 2017). However tempting as it may be to
interpret these results in light of cultural differences, there are important methodological
differences between these studies that should be considered. Notably, soundtrack
condition varied within-participants in the latter study, whereas the former two followed
a between-participants design. Moreover, Reinoso-Carvalho et al. (2017) contrasted
only the two (soft and hard) soundtracks. Thus, it is yet unknown whether the sonic
seasoning effects of crossmodally-corresponding music and emotional music differ

between cultures.

Apart from cultural differences, a more empirical inquiry is needed regarding the
role of individual differences in multisensory perception (for a recent discussion, see
Spence, 2022). For instance, in one study, participants with no musical training were
more likely to associate one music piece with sweetness, whereas musically trained
individuals exhibited more frequent bitter taste associations (Wang et al., 2015). In the

first large-scale norming study with sound-taste correspondences, some weak but
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significant correlations were observed between taste ratings and facets of musical
sophistication (Guedes et al., 2022). In addition, associations between taste
preferences and taste correspondences were also observed. For example, participants
who reported a higher preference for sour foods provided more frequent sourness
correspondences. In another study, taste sensitivity (namely, bitter sensitivity) was
shown to influence taste-pitch mappings, as more sensitive individuals matched bitter
solutions with lower-pitched sounds (although the small number of participants in this

group advises caution in interpreting this result, Wang et al., 2016).

One important matter for debate is whether researchers should treat auditory
stimuli nomothetically (i.e., assuming that sounds communicate crossmodal and/or
emotional attributes similarly to all individuals) or ideographically (i.e., seeking to treat
each individual differently according to their idiosyncratic evaluation of sounds). One of
the reviewed studies suggests that this may be an important distinction since individual
pairings (in this case of soundtracks and chocolates) may originate somewhat different
sonic seasoning effects compared to pairings based on the sample’s average
(Reinoso-Carvalho, Van Ee, Rychtarikova, Touhafi, Steenhaut, Persoone, Spence, et
al., 2015). Similarly, opting for self-selected sound stimuli may be a proper strategy for
eliciting emotional effects. In effect, individual music preferences can modulate
subjective reactions to musical stimuli (Fuentes-Sanchez et al., 2022). Hence, while
some people may feel displeased by a heavy metal song, others may report an
intensely enjoyable experience. Following this notion, previous studies have taken an
idiographic approach to determine the most adequate stimuli based on individual
selections of liked and disliked music genres (Kantono et al., 2016, 2019; Lin et al.,
2022). From an applied perspective, the two approaches may serve complementary
goals. While an idiographic strategy may best fit the purpose of individualized
interventions, understanding shared mappings between sounds and tastes may be

relevant for interventions in collective meal contexts, such as restaurants or canteens.
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4.5. Limitations

The current paper is based on a systematic outlook on the growing body of
literature regarding audition-gustation interactions. This approach aimed at ensuring a
comprehensive understanding of the current state of knowledge while minimizing the
risk of bias that hinders the reliability of traditional reviews. By defining the interactions
between these two sensory modalities as the scope of the review, the resulting findings
encompass a vast and diverse body of literature. While this may be advantageous in a
relatively young field of inquiry, it also has limitations regarding the conclusions to be
drawn from the reviewed data. The heterogeneity of data in a broad-scope review may
challenge data synthesis and interpretation (Higgins et al., 2019) and can, perhaps,
open more questions than it answers. In effect, future narrow-focused reviews are still
needed to address more specific questions, such as those regarding the efficacy of
specific sound-based interventions for changing taste-related outcomes. Although the
current review protocol opened the spectrum of studies to be considered for analysis,
there are still limitations, for instance, in terms of the lack of grey literature. The current
protocol relied on central sources (i.e., databases) to obtain data, thus excluding
findings that may have been disseminated outside the traditional scientific publishing
channels (Mahood et al., 2014). In addition, the formulation of the search string may
have resulted in a larger representation of crossmodal research based on auditory
stimuli such as soundtracks or musical notes, compared to other stimuli such as
phonemic sounds. Thus, it would be appropriate to complement the findings of this
review with further readings of research in the field of sound symbolism (e.g., Athaide &
Klink, 2012; Klink, 2000; Motoki et al., 2021; Pathak et al., 2021, 2022; Pathak &

Calvert, 2020).

An additional limitation concerns the “file drawer problem” (otherwise known as
publication bias), which refers to the null results that remain unpublished or unwritten

(Franco et al., 2014). Thus, it is possible that some studies resulting in statistically
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insignificant results were not captured by the present review, which could result in an

over-representation of “positive” results.

This search strategy allowed the identification of a significant body of peer-
reviewed studies, which were summarized in a table of data extraction (provided as a
supplement to this review). The data extraction strategy aimed at obtaining a synthesis
of findings as well as information regarding methods, procedures, and other general
characterization data. One less explored aspect of the data extraction protocol regards
the theoretical underpinnings and conceptual hypothesis underlying the studies. Since
many of the reviewed papers did not explicitly test explanatory mechanisms nor derive
their hypothesis from known theoretical frameworks, the data extraction protocol did
not include the assessment of theoretical/conceptual data. Future works may wish to
bridge this gap, for instance, by integrating findings according to overarching

theoretical frameworks (for an example, see Motoki et al., 2022).
4.6. Applicability and future directions

The current review aimed at summarizing the existing evidence on sound-taste
associations as well as reflecting on the future directions of the field. As the interest in
this area of research seems to be gaining momentum (as seen by the large slice of
studies published in the past five years), it is perhaps the moment to seek to bring
coherence to the field. For example, as a growing number of auditory stimuli becomes
available, it is relevant to test them comprehensively, under similar circumstances, and
based on comparable measurement scales (e.g., Guedes et al., 2022; Wang et al.,
2015). Similarly, replication studies also contribute to the robustness of findings and the
confidence in how to read them (Héchenberger & Ohla, 2019; Watson & Gunther,
2017). Currently, there is a great diversity in the use of measurement scales, as well as
in research designs, which hinders the comparability of different studies. For example,
in sonic seasoning studies, it is unclear whether comparisons are to be made between

contrasting stimuli (e.g., a sweet vs. a bitter song) or between music/soundtracks and
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other sonic stimuli (e.g., white noise, silence). So far, the different options regarding
what is to be compared with what have led to disparate findings. In some cases,
including a silence condition instead of comparing pairs of contrasting soundtracks may
be sufficient to overshadow the effects of music (Héchenberger & Ohla, 2019; Reinoso-
Carvalho, Wang, van Ee, et al., 2016). It is also highly questionable whether two sweet
soundtracks are as equivalent as to be used interchangeably. The fact that music
differs in taste associations but also other conceptual dimensions should be taken into
account when comparing findings, as two sweet soundtracks are hardly perceived
alike. Validating stimulus sets and testing sonic stimuli across contexts will perhaps
allow for greater comparability and, consequently, a more robust quantitative synthesis
(such as meta-analyses). Similarly, the full reporting of results (including non-significant
findings) and pre-registration of studies will undoubtedly contribute to a more coherent
and robust body of evidence. Moreover, reporting effect sizes (or improving data
availability to allow calculation) will be of most importance to future efforts toward

providing quantitative syntheses of findings.

Another relevant challenge concerns the diversification of samples, given the
widely discussed pitfalls of convenience sampling of undergraduate students that
seems to plague the reproducibility of behavior research in general (Peterson &
Merunka, 2014). Several studies reviewed here rely on samples of visitors or
customers of shops, restaurants, or public events. Yet, it is unknown whether these
provide an adequate approximation to the general population (e.g., in terms of
sociodemographic characteristics, such as educational attainment, but also in
engagement or openness to multisensory eating experiences). Likewise, while several
of the reviewed studies were conducted in so-called real-world settings (e.g., stores,
restaurants), experimental apparatus are still often artificial and lab-like in some
respects (e.g., individual booths, use of headphones). Isolating sonic stimuli from the

broader context is somewhat problematic since real eating environments are likely to
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involve a combination of music, speech sounds, and background noise (although, for
an approximation, see Lin et al., 2022). Of particular importance is the prevalent use of
headphones in most studies. It is likely that this feature of most sonic seasoning
studies (not commonly shared in real-world situations) may be important to bring about
the desired crossmodal effects, not only by directing attention to the auditory stimuli but
also by evoking the notion that gustatory and auditory stimuli origin from the same
location (i.e., inside the head, Spence et al., 2019). In sum, the question of ecological
validity will be a likely challenge for future studies that will require an effort to bring

research closer to real-life circumstances.

To date, there have been exciting applications of sonic stimuli to improve the
multisensory experience with foods. One popular example, the dish “Sound of the Sea”
by British chef Heston Blumenthal® illustrates how audition may be convened to design
novel and memorable multisensory experiences in fine dining settings (Spence &
Shankar, 2010). With growing digitalization and technological advancements, it also
becomes possible to deliver accessible multisensory experiences at home. In the past
years, a variety of applications have been released to enhance customers’ experience
of products like champagne, beer, or chocolate through sound (for a review, see
Spence et al., 2019). Initiatives like these undoubtedly contribute to the enjoyment of
the eating situation, which may be an important motivation for changing eating habits.
As far as sonic seasoning is concerned, there is a sharp predominance of research on
highly palatable products, including alcoholic beverages and sweet products. For other
sensory modalities, multisensory strategies have been called upon as potential
avenues for enhancing sensory acceptance and enjoyment of healthier products, such
as sugar-reduced foods (Alcaire et al., 2017; Hidaka & Shimoda, 2014; Hutchings et

al., 2019). It is feasible to hypothesize that sound stimuli may also contribute to

3 The signature dish consists of sea products served in a shell containing an iPod. A seaside soundscape
overlaying sounds of waves and seagulls is delivered through headphones.
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mitigating the effects of sugar or salt reduction, both on sensory and hedonic grounds.
Recently, Peng-li et al. (2021) demonstrated that music might be selectively
engineered to communicate healthiness attributes and, consequently, shape healthier
food choices. Similarly, background music and noise may systematically nudge
participants toward healthier food choices (Biswas et al., 2019). It would be interesting
to test whether crossmodally-corresponding background sounds in meal settings could
also contribute to promoting healthier eating by means of their effect on taste
perception. A recent experiment suggested that this may be a feasible endeavor for
sugar consumption, as sweet music was shown to influence taste perception and the

acceptance of products with lower sugar levels (Guedes et al., 2023).
5. Conclusions

The literature on the multisensory interactions between audition and taste
perception is rapidly growing. In this work, we sought to provide an outlook of the
current understanding of how sound and taste relate by systematically reviewing the
existing body of literature. This review allowed the identification of a great variety of
points of contact between the two sensory modalities. Two main lines of research were
outlined, namely, showing that people systematically associate attributes from
gustatory and auditory domains and that taste perception may be liable to the influence

of auditory stimuli.

This review sought to synthesize the current evidence to inform future empirical
inquiry. Practitioners interested in developing multisensory integration techniques to
improve taste perception may also find this review useful for informing the scope and

methodological approach of their work.
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Synthesis of Studies Testing the Association of Tones, Notes, and Musical
Instruments with Basic Tastes

Basic taste
Study Auditory stimuli  Gustatory stimuli Results
Sweet Sour Salty Bitter Umami

Crisinel and High-pitched BT-tasting and X X Stronger association between lower-

Spence and low- SO-tasting food pitched sounds and visually presented

(2009) pitched sounds names BT-tasting foodstuffs and between
higher-pitched sounds and SO-tasting
foodstuffs.

Crisinel and High-pitched SW and SA food X X The association between SW tastes and

Spence and low- words high-pitched sounds and between SA

(2010a) — pitched sounds tastes and low-pitched sounds was

Study 1 stronger than the association between
SW tastes and low-pitched sounds and
between SA tastes and high-pitched
sounds.

Crisinel and Same as in SA, SW, BT, X X X X SW and SO tastes were associated with

Spence Study 1 and SO food high-pitched sounds. No pitch-taste

(2010a) — words and associations for BT and SA.

Study 2 neutral words

Crisinel and Musical notes ~ Gustatory stimuli X X X X X The association of SW and SO tastes to

Spence representing the high-pitched notes was confirmed. By

(2010b) five basic tastes contrast, UM and BT tastes were
preferentially matched to low-pitched
notes. All tastes gave rise to significant
preferences in the choice of instrument
(medium effect sizes for SW and BT,
small effect sizes for SA and SO).

Crisinel and Musical notes ~ Milk with X X X X Basic taste ratings were not independent

Spence different flavors of the choice of instrument (small effect

(2011) and fat contents sizes for SA, medium for SW and SO,
and large for BT). Flavor significantly
affected pitch choice, but no data was
available for basic taste ratings.

Crisinel and Musical notes  Chocolate with X X X X SW ratings were positively correlated

Spence different cocoa with pitch, whereas BT ratings were

(2012) - Study content negatively correlated with pitch. Taste

1 ratings were not associated with the
choice of instrument. While there was an
overall correlation between pleasantness
ratings and the chosen pitch, it
disappeared when a single stimulus was
considered in isolation.

Crisinel and NA NA X X X X The proportion of participants choosing a

Spence taste-related adjective was not

(2012) - Study significantly higher than chance for either

2 of the two pairs (SO-BT or SW-SA).

Knoferle et al.  Short chord NA X X X X SW was associated with a higher pitch,

(2015) progression low roughness, and low discontinuity. BT
was associated with a lower pitch, high
roughness, high discontinuity, and low
tempo. SO was associated with high
pitch, high roughness, and high tempo. A
main effect was found for sharpness,
although most pairwise comparisons
were nonsignificant. The attack/onset
time of the sounds was not reliably linked
to any of the basic tastes.

Qietal. Musical notes  Chinese words X X X X X Lower pitch was more preferentially

(2020) to describe SO, matched to a BT or SA taste than SO,

SW, BT, SA, SW, or UM. Certain types of Chinese

and UM tastes

instruments were preferentially matched
to taste terms, except for SO (yunluo and
guzheng for SW, dizi and erhu for BT,
dizi for SA, yunluo for UM).
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Ot

Reinoso-
Carvalho,
Wang, de
Causmaecker,
et al. (2016)

Velasco et al.
(2014)

Wang et al.
(2016) - Study
1

Wang et al.
(2016) - Study
2

Watson and
Gunther
(2017)

R L o TV DAPDAUFE RN T

Sounds with Beers
different pitch
levels

High-pitched NA
sound and low-
pitched sound

Musical notes ~ Samples of BT,
SW, SO, SA,
and UM
solutions

Same as in Same as in
Study 1 Study 1

Musical notes  SW, SA, and BT
samples

Basic taste

X

[ = PN TN

People tended to match beers with BT-
range profiles at significantly lower pitch
ranges when compared to the average

pitch of a much sweeter beer.

SW tastes were better expressed through
rounded shapes, typefaces, and names
(soft, rounded), while SO tastes were
better conveyed through more angular
shapes, typefaces, and names (sharp,
angular). In addition, sounds having a
low pitch enhanced the perception of SW
whereas high-pitched sounds enhanced
the perception of SO.

Taste quality significantly affected
participants’ choice of pitch and volume
ratings. SW and SO solutions were
matched to a significantly higher pitch
than the BT, SA, and UM solutions. The
SO solution was matched to a
significantly higher volume than the SA,
SW, and UM solutions. Lower
concentration solutions were matched to
lower volume and higher concentration
solutions were matched with higher
volume. The perceived intensity of the
samples was correlated with pitch choice,
except for SO and UM.

Taste quality significantly affected
participants’ choice of pitch and volume
ratings. SW and SO solutions were
matched to a significantly higher pitch
than the BT, SA, and UM solutions. Pitch
was positively correlated with SO taste
intensity and negatively with UM
intensity.

This study replicated previous findings of
low-pitch/BT and high-pitch/SW
crossmodal correspondences. Results
differed according to instrument type
(trombone or clarinet).

Note. NA = Non-applicable; SW = Sweet; SO = Sour; SA = Salty; BT = Bitter; UM = Umami.
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Synthesis of Studies Testing the Association of Words, Nonwords, and Speech
Sounds with Basic Tastes

Basic taste
Study Auditory stimuli Gustatory stimuli Results
Sweet Sour Salty Bitter
Salt was consistently associated with
Soft-sounding sharper sounds (Ruki, Takete, Decter,
nonwords 12 gustatory Kiki). Sugar was significantly more
(Maluma, Lula, stimuli to associated with the soft-sounding words
Crisinel, Bouba, Bobolo) represent the Lula (vs. Ruki) and Maluma (vs. Takete),
Jones, et and hard-sounding five basic tastes X X X but not Bobolo or Bouba. SO and BT
al. (2012) nonwords (Kiki, and more were more associated with Decter (vs.
Ruki, Takete, complex flavors Bobolo), but no differences were
Decter) presented observed in the other scales. UM did not
as scale anchors give rise to any significant preference in
any of the scales.
There were crossmodal associations
Nonwords (Kiki— between complex foods/flavors and
Gallace et  Bouba, Maluma- 12 different words, but no significant correlations
al. (2011) Takete, Lula—Ruki, foods X x were found between basic taste ratings
Decter—Bobolo) (e.g., SA-SW) and word scales (e.g.,
Bouba-Kiki).
Front (vs. back) vowels, fricative (vs.
stop) consonants, and voiceless (vs.
o voiced) consonants respectively
Fictitious brand increased the expected SW. Fricative
names )
) (vs. stop) consonants and voiceless (vs.
Motoki et manipulated for voiced) consonants respectivel
vowel (front/back) ) P Y
al. (2020) - and consonant Taste words X X X increased the expected SO. Back (vs.
Study 1 sounds front) vowels and voiced (vs. voiceless)
(fricative/stop consonants respectively ilncr_eased
) Lo expected SA. Stop (vs. fricative)
voiced/voiceless) . )
consonants and voiced (vs. voiceless)
consonants respectively increased the
expected BT.
The main effects indicated that front (vs.
back) vowels, fricative (vs. stop)
Fictitious brand consonants, and voiceless (vs. voiced)
names consonants respectively increased the
Motoki et manipulated for expected SW. Stop (vs. fricative)
al. (2020) - vowel and Taste words X X X consonants increased the expected SO.
Study 2 consonant sounds Stop consonants increased the expected
(different sets of SA more than fricative consonants. Stop
words) (vs. fricative) vowels and voiced (vs.
voiceless) consonants respectively
increased expected BT.
Experiment 3a found that fricative (vs.
stop) consonants and voiceless (vs.
voiced) consonants respectively
increased the expected SW. Stop
consonants and voiced consonants
respectively increased the expected SA
Fictitious brand more than fricative or voiceless
Motoki et names consonants. Voiced (vs. voiceless)
al. (2020) - manipulated for consonants increased the expected BT.
Study 3a, vowel and Taste words X X X No main effects were observed for
3b cqnsonant sounds expected SO.
(different sets of
words) Experiment 3b found that front (vs. back)
vowels and voiceless (vs. voiced)
consonants respectively increased
expected SW. Front (vs. back) vowels
increased the expected SO. Voiced (vs.
voiceless) consonants increased
expected SA and BT.
Motoki, 24 vocal stimuli Falsetto voices were matched more
Pathak, differing in the strongly with SW than the other voices;
and types of phonation NA M « « creaky voices were matched more
Spence (modaL WhisperyY strongly with SA and BT than the other
(2022) - creaky, and voices; creaky and falsetto voices were
Study 1 falsetto) matched more strongly with SO than

were the modal voices; modal voices
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Basic taste
were matched more strongly with UM
than were the falsetto and creaky voices.
Falsetto voices were matched more with
SW than the other voice types; creaky
Motoki, Eight vocal stimuli sounds were matched more with SO
Pathak, . than the modal and whispery voices;
and (modal, whispery, modal and creaky voices were matched
S creaky, and NA X ith SA than the falsetto voices;
pence falsetto) selected more with an the falsetto voices;
(2022) - from Study 1 creaky voices were matched more with
Study 2 BT than the other voices; modal, falsetto
and whispery voices were matched more
with UM than creaky voices.
';A;tr?:ll(’ ) Falsetto voices were matched more‘with
and ’ . Pictures of SW, SW and SO foosis than the other voice
Spence Same as in study 2 SO, SA, BT, and X types; modal voices were matched more
(2022) - UM foods with SA,_BT, and UM foods than the
Study 3 other voice types.
For Colombian participants, words
containing more ‘rounded’ speech
Line scales sounds (e.g., Bouba and Maluma) and
corresponding to low-pitched sounds all share some form
Ngo et al. speech sounds Six sweetened of crossmodal correspondence with
(2013) - (e.g., Bouba-Kiki) L tastes/flavors that are rated as being low
Study 1 and pitch (e.g., low Juices in SO. Words containing more ‘sharp’
pitch vs. high speech sounds (Kiki and Takete) and
pitch) high-pitched sounds share some form of
crossmodal correspondences with SO
tastes/flavors instead.
For the participants tested in Oxford,
words containing more ‘rounded’ speech
sounds (e.g., Bouba and Maluma) and
low-pitched sounds all share some form
Ngo et al. . . of crossmodal correspondence with
(2013) - 1Same as in Study gtaurge ?S in tastes/flavors that are rated as being SW
Study 2 Y and low in SO. Words containing more
‘sharp’ speech sounds (Kiki and Takete)
and high-pitched sounds share some
form of crossmodal correspondences
with SO tastes/flavors instead.
Ten hypothetical
(P;athak and brand name (HBN) Participants rated HBNs with long (vs.
alvert irs differing i NA short) vowels as more appropriate for a
(2021) - pairs differing in s pprop
Study 1 vowel type (short very (vs. less) SW chocolate
vs. long)
Participants chose a significantly higher
Pathak and number of long (vs. short) vowels for
Calvert NA NA creating BNs of very SW chocolates and
(2021) - used a significantly higher number of
Study 2 long vowels for creating BNs for very (vs.
less) SW chocolates.
Chocolate Participants associated HBNs with long
Pathak and 20 hypothetical images vowels with the floral (very SW) shape
Calvert brand names (florallvery SW significantly more than with the circular
(2021) - (HBN) used in and circular’SW (SW) shape and associated the floral
Study 3 Study 1 shapes) shape more with HBNs with long vowels
than with the HBNs with short vowels.
D values significantly different from zero
suggested a stronger association of HBN
Pathak and with long vowels with SW products than
Calvert 10 HBN with long ~ SW vs. non-SW with non-SW products. Participants were
(2021) - vowels products faster in associating SW products with
Study 4 the HBN with long vowels (than with the
non-SW products). Differences in error
rates were not significantly different.
Pathak et The study found a stronger association
al. (2020)-  Ten bi-syllabic SW and non-SW of long vgwels with expegctations of SW

Study 1

word pairs differing

products

compared to short vowels.
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A

Pathak et
al. (2020) -
Study 2

Pathak et
al. (2020) -
Study 3a

Pathak et
al. (2020) -
Study 3b

Sakamoto
and
Watanabe
(2016)

Simner et
al. (2019)

Ao ool

in vowel type
(short vs. long)

NA

Nine bi-syllabic
word pairs from
Study 1

Nine bi-syllabic
word pairs from
Study 1

NA

Four different
sound continua
selected to
examine different

acoustic qualities:

F1, F2, voice
discontinuity, and
spectral balance

[ OSSN T

Images of six
SW food items
(natural and
man-made) and
six non-SW
items (natural
and man-made)

SW and very
SW products

BT and very BT
products

Six drinks
presented in
their original
form or with the
addition of soy
sauce, water, or
carbonated
water

Four tastants
(SW, SA, BT,
SO) in two
concentrations
(medium, high)

Basic taste

Participants used a significantly higher
number of long vowels to create novel
words for SW (vs. non-SW) food
products.

Long (vs. short) had a stronger
association with very SW (vs. SW)
products.

Vowel length was not significantly
associated with BT (vs. very BT)
products.

This study explored the perceptual
structure of gustation categories by
analyzing a variety of phonemes of
Japanese sound symbolic words
spontaneously produced to express
taste/textures. The results showed that
each sound was associated with a few
specific taste evaluation scales. Most
phonemes were associated with taste
scales as well as texture scales.

Increasing concentrations of taste
corresponded to increasing values in F1,
F2, and spectral balance, and more
staccato vowel sounds. SW tastes were
judged to be low in frequency in F1, F2,
and spectral balance. In the latter two
sliders, they were judged lower than SO
tastes, and in the first slider, they were
judged lower than BT, SA, and SO
tastes. An additional tendency in F2 was
for BT to be rated lower than SO. In
other words, these sliders revealed a
sequence from SW to BT to SO (with SA
numerically between BT and SO).
Finally, the SW taste was judged to
match smoother, more continuous vowel
sounds than the BT and SO tastes,
which were judged to match more
staccato sounds.

Note. NA = Non-applicable; SW = Sweet; SO = Sour; SA = Salty; BT = Bitter; UM = Umami.
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Synthesis of Studies Testing the Association of Soundtracks, Music, and Sound
Clips with Basic Tastes

Basic taste
Study Auditory stimuli Gustatory stimuli Results
Sweet Sour Salty Bitter
All four tastes presented choice rates
above what would be expected by
chance (i.e., 25%). Significant
correlations were observed between
Guedes et al. 100 instrumental NA M X M x taste correspondences and
(2022) musical excerpts emotional/affective dimensions (e.g.,
between SW ratings and pleasant
emotions). Sweet soundtracks were more
easily identified, followed by BT, SA, and
SO.
Guetta and 8 violin music clips for Participants were able to match the clips
Loui (2017) - SW, SA, BT, and SO NA X X X X to taste words with above-chance
Study 1 tastes accuracy.
Participants represented complex
Guetta and a_uditory stimuli consistent with taste )
Loui (2017)- Same as in Study 1 NA X X X X dlm.enS|olns. The style of mu5|callplay|ng
Study 2 (arhcglahon, nu_an_ces,Aacpents, r|c_hne§s)
contributed to distinguishing the stimuli
from one another.
Guetta and 4 types of (SW, Participants matched chocolates with
Loui . SO, SA, BT) sounds with above-chance accuracy.
oui (2017)- Same as in Study 1 X X X X -
Study 3 chocolate Match rates were significantly above-
ganache chance for the SW category only.
Hauck and Two soundtracks differed significantly in
Hecht (2019) 5 classical music pieces NA X X X X 14 out of 16 dimensions, including SW,
- Pilot study SO, and BT.
The participants decoded the correct
4 soundtracks varying taste word for each piece of music at a
Knéferle et the low-level properties level that was significantly above chance.
al. (2015) - of a 30-second Fi)ece of NA X X X X The observed matching performance was
Study 2 music p most accurate for the SW taste, slightly
less accurate for the SA taste, and least
accurate for the BT and SO tastes.
Both the U.S. and the Indian sample
exceeded chance level in the number of
correct mappings. US participants,
Knéferle et cpnt_rc_)lling for music experie_nce, were
al. (2015) - Same as in Study 2 NA M X M X significantly better at matching the
Study 3 sounds to the correct taste words.
Compared to BT sounds, SW sounds
were significantly easier to match, while
SO and SA sounds were significantly
harder to match.
Exposure to the SW or SO musical
pieces elicited some congruent taste
associations in the free association task
SW and SO (e.g., chocolate for SW music) and in the
Kontukoski et 4 musical pieces (2 SW liquid X X food-pairs task (e.g., stronger choice
al. (2015) and 2 SO) ir? redients preference for lemon for SO music). SW
9 or SO elements in the music were
reflected in sugar content and acid
content of foods developed in association
with music.
Mesz et al E?oudrunc?gslgil ;)rlleces Results showed that participants could
’ . NA X X X X decode well above chance the taste word
(2012) algorithm (SO, BT, SW, "
SA) of the composition.
Mesz et al. Trained musicians In free improvisation, taste words elicited
improvised on a MIDI f f .
(2011) - kevboard with piano NA X X X X consistent musical patterns: BT
Study 1 Y P improvisations were low-pitched and

timbre

legato (without interruption between
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Mesz et al.
(2011) -
Study 2

Motoki,
Takahashi et
al. (2022) -
Study 1

Motoki,
Takahashi et
al. (2022) -
Study 2

Padulo et al.
(2020)

Peng-Li et al.
(2020)

Reinoso-
Carvalho,
Gunn, ter
Horst, and
Spence
(2020) - Pre-
test

Reinoso-
Carvalho,
Van Ee,
Rychtarikova,
Touhafi,
Steenhaut,
Persoone,
Spence, and
Leman
(2015) -
Control study

Reinoso-
Carvalho et
al. (2017) -
Pilot study

Wang et al.
(2017) - Pilot
study

Wang et al.
(2015)

) R TPt O T

3 melody improvisations
corresponding to each
taste word (SO, BT,
SW, SA)

20 soundtracks of four
genres (Jazz, Classical,
Hip-hop, and
Rock/Metal)

Same as Study 1

4 SA, 4 SW, 4 neutral
(environmental
soundtracks), and 4
silent soundtracks

A SW and a SA
soundtrack

2 songs produced to
correspond with
softness and hardness
and 2 songs to prompt
positive and negative
emotional effects

3 (SW, BT, and
Medium) soundtracks

2 soundtracks
corresponding to
smoothness/creaminess
and roughness

A SW and a spicy
soundtrack

5BT,5SA,7S0,and 7
SW soundtracks
previously produced by
various researchers and
designers

[ O ST N T

P

A

16 (healthy
savory,
indulgent
savory, healthy
SW, and
indulgent SW
foods) food
names

Same as Study
1

128 (SW/high-
calorie, SW/low-
calorie, SA/high-
calorie, SA/low-
calorie) food
images

16 SW and SA
food images

P4

A

NA

Basic taste
X X
X
X
X X
X X

PRI

notes), SA were stéccato, SO were high-
pitched and dissonant, and SW were
consonant, slow, and soft.

Non-musical expert listeners classified
with high performance the taste word
which had elicited the improvisation.

Listening to Classical music increased
people’s preferences for both healthier
and indulgent SW foods as compared
with the other musical genres. Positive
valence mediated the relationship
between music genre and indulgent and
healthy SW foods.

Listening to Classical music increased
people’s preferences for both healthier
and indulgent SW foods compared to the
other musical genres. Positive valence
mediated the relationship between music
genre and indulgent and healthy SW
foods.

Results indicate that low- and high-
calorie SA food selection was greater
while listening to SA soundtracks, while
low- and high-calorie SW food selection
was greater while listening to SW
soundtracks compared to neutral
soundtracks.

Across both cultures, participants spent
more time fixating on SW food while
listening to SW music and SA food when
listening to SA music, while no
differences were observed in the no
music condition. Participants’ choices in
each sound condition were consistent
with fixation time spent.

A main effect of music was found for the
cross-modal ratings. The positive song
evoked the sweetest ratings, followed by
the soft song. Negative and hard songs
evoked the most BT ratings.

Participants’ evaluations of the musical
selections differed significantly, with the
SW soundtrack rated as the sweetest,
the BT soundtrack as the most BT, and
the medium soundtrack falling in
between.

The creamy soundtrack was rated as
significantly sweeter than the rough
soundtrack.

The spicy and SW soundtracks were
matched significantly more frequently to
spicy and SW tastes, respectively, than
all other options.

Out of the 24 soundtracks, only three had
nonsignificant preferences in the choice
of taste matches. Overall, the SW
soundtracks most effectively evoked the
taste intended by the composer, whereas

A
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Basic taste
the BT soundtracks were the least
effective.
Wang and
Spence Consonant and Participants reliably associated the

(2016) - dissonant versions of NA consonant soundtracks with SW and the
Control two short melodies dissonant soundtracks with SO.
experiment

36 short sound clips The results revealed that SA was

varving in 13 musie;al associated most strongly with a long
W rying ir ) decay time, high auditory roughness, and

ang et al. (e.g., articulation, NA a regular rhythm. Regarding emotional

(2021) tempo, consonance) i ’ )

and emotional (valence associations, SA was matched with

; negative valence, high arousal, and
and arousal) attributes minor mode
Note. NA = Non-applicable; SW = Sweet; SO = Sour; SA = Salty; BT = Bitter.
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Synthesis of Studies Testing the Effect of Music on Basic Taste Perception

Basic Taste

Study Auditory stimuli  Gustatory stimuli Results
Sweet Sour Salty Bitter Umami
The white wine was perceived to be more
delicate and sweeter if accompanied by a
De Luca et al. Ilf’eppy andl White and red classical (vs. p_op) music backgroqnd. The
ively vs. Fine . X X red was perceived as less alcoholic when
(2018) ! wine " ; f
music pop music (vs. silence) was transmitted,
but no differences in taste ratings were
observed.
There was a significant main effect of
music on rating dimensions. The
Two classical Red wine, white univariate effect of the factor ‘music’ was
Hauck and B ) L ) ) .
Hecht (2019) music pieces wine, sugar X X . X significant in SO and SA dlme_nsm_ms but
- Main stud selected in a water, and citric not BT and SW. The two music pieces
y . . X N "
pilot study acid solution were previously shown to differ
significantly in BT, SW, and SO but not
SA.
14 sound
segments in
different music
genres (with Electrophysiological measures can covary
the least liked, sensory changes while listening to music.
Kantono et al. more liked, and Bittersweet Ratings of positive emotions were
(2019) closest to the gelato samples X X associated with SW perception, while
mid-range ratings of negative emotions were
liking score associated with BT perception.
selected for
each
individual)
The TDS difference curves showed
Music samples  Three (dark/BT, significant differences between gelati
Kantono et al. representing bittersweet, X M X X X samples and music conditions. SW was
(2016) 14 musical milk/SW) perceived more dominant when neutral
genres chocolate gelati and liked music were played, while BT
was more dominant for disliked music.
14 segments of
music of
different Consuming ice cream during the liked
genres, 14 music condition resulted in the longest
sounds, duration of perceived SW, whereas BT
mixtures of was dominant under the disliked music
) liked music Bittersweet a_nq unpleasgnt sou'nld (DMUS) and
Lin et al. and pleasant chocolate ice X X disliked music conditions, respectively.
(2022) sound (LMPS), Positive emotions correlated with SW and
) cream ) o )
and mixtures of cocoa in the positively valenced auditory
disliked music conditions. Negative emotions were
and unpleasant associated with BT and roasted
sound (DMUS) tastes/flavors under the negatively
unique to the valenced auditory conditions.
individual
panelists
Reinoso- A fragment of
c the song The presence of the song seemed to
arvalho, “ .
Velasco. et chans of Dark ale beer X X X have a modulatory effect on the perceived
. Light" by The SO of the beer, but not SW and BT.
al. (2016) Edi
itors
Customers reported a better tasting
experience when the sounds were
Reinoso- presented as part of the food’s identity
Carvalho, and were willing to pay significantly more
Van Ee, A fragment of for the experience. The participants who
Rychtarikova, “w, 9 heard the kitchen soundscape (condition
) em Morena, Chocolate X I
Touhafi, Vem’ by Jorge  sample X X X X B) instead of the song (conditions A, C,
Steenhaut, Bem and D) rated the chocolate as tasting less
Persoone, SW, although this comparison failed to
and Spence reach statistical significance. The
(2015) comparisons between the ratings on BT,

SO, and SA levels among conditions
were inconclusive.
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Reinoso- No differences were found between
Carvalho et Positive and Beer (BT-dry sensory ratings of _the bee_rl(SW, BT, and
. . SO) when comparing positive versus
al. (2019) - negative music pale lager) ) )
negative or sound versus silence
Study 1 L
conditions.
Participants rated the beer as tasting
Reinoso- Two positive sweeter while listening to the positive (vs.
Carvalho et and one Beer (pale- negative) music and more BT while
al. (2019) - negative music lager) listening to the negative (vs. positive)
Study 2 track music. No differences were observed for
SO ratings.
Participants rated the beer as tasting
Reinoso- Two positive sweeter while listening to the positive (vs.
Carvalho et P Beer (strong negative) music and more BT while
and one . ) . o
al. (2019) - negative music dark ale) listening to the negative (vs. positive)
Study 3 9 music. No differences were observed for
SO ratings.
Four wines with - . 4 .
distinctive Participants perceived the wine as tasting
Spence et al. ) sweeter and enjoyed the experience more
(2013) - Four classical - sensory while listening to the matching music than
music pieces characteristics B | -
Study 2 (e.g., acidit while tasting the wine in silence. No
SV\?) Y significant difference in acidity.
. Five freshly . I ) .
A piece of repared drinks SW perception was significantly higher in
music and prep the music than in control and other
Stafford et al. ricl of cranberry distracti diti BT rati
(2012) news articles juice and vodka istracting conditions. ratings were
recorded by a in different lower in the music group compared to the
male voice proportions control.
Two pieces of The wine tasted while listening to
Wang and classical music White and red Debussy was rated as significantly more
Spence (chosen to wine acidic than while listening to
(2015) match each Rachmaninoff, regardless of the type of
wine) wine.
Two pieces of There was a higher dominance duration
music that for BT in both music conditions (vs.
Wang et al. varied in Red wine silence) but no differences between the
(2019) tempo, mode, two soundtrack conditions. No significant

and
instrumentation

differences were observed in dominance
durations of SW and acidity.

Note. NA = Non-applicable; SW = Sweet; SO = Sour; SA = Salty; BT = Bitter.
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Table 6

INTEFRACTIONS REFTWFEEN ALIDITION AND TASTF

R7

Synthesis of Studies Testing the Effect of Soundtracks on Basic Taste Perception

Basic taste
Study Auditory stimuli Gustatory stimuli Results
Sweet Sour Salty Bitter
Crisinel, The samples were rated as significantly
Cosser, et al. (BTia(r:LO)nQSSEZt)rZZSSSW Cinder toffee X X more BT when listening to the BT (vs.
(2012) P SW) soundtrack.
Héchenberger Samples tasted sweeter with a SW
and Ohla 9 BT (low-pitch trombone) sound and more BT with a BT sound,
(2019) - Stud and SW (high-pitch Cinder toffee X X but this effect disappeared when a “no-
1 Y piano) soundtracks sound” control was included in the
statistical model.
Héchenberger
and Ohla Same as in study 1 Same as in M X M M Taste quality-specific intensity was not
(2019) - Study Y study 1 influenced by sound.
2
Four chocolates
) Two soundtracks with 2 shapes The participants reported thatlthe
Reinoso- corresponding to (angular vs. chocolates tasted sweeter while
Carvalho et . round) and two X X listening to the creamy soundtrack and
smoothness/creaminess o g™ .
al. (2017) formulas (71% more BT while listening to the rough
and roughness o
vs. 81% cocoa soundtrack.
content)
The chocolates were rated as having a
more intense flavor for those listening
Reinoso- to softer (vs. harder) music. There was
Carvalho, no evidence that participants rated the
Gunn, ter 2 soft{hard songs and2  Two types of . chocolate’s SW, BT, or SO differently
(positive/negative) chocolates (milk X X X - ;
Horst and while listening to soft (vs. hard) songs.
songs and dark) )
Spence The chocolate was rated as tasting
(2020) sweeter when evaluated with positive
(vs. negative) music, but no differences
were observed for SO and BT.
Chocolate was rated as sweeter with
positive music (regardless of chocolate
Reinoso- 2 softhard songs and 2 Two types of and cylture) apd more BT with the
Carvalho, (positive/negative) chocolates (milk X X negative music (except for dark
Gunn, Molina s?)n s 9 and dark) chocolate in the Japanese sample). No
et al. (2020) 9 differences concerning the sensory
evaluation of the chocolates were
significant with soft/hard music.
The BT chocolate was rated as sweeter
Reinoso- when listening to the subject SW
Carvalho. Van soundtrack [vs. silence] and as more
Ee ’ BT with the BT song [vs. medium
Rychtarikova, 3 soundtracks BT, medium, sou_nd], with the subject BT song [vs.
) . subject sweet sound], and with the
Touhafi, congruent with SW, BT, and SW X X f - .
’ subject medium sound [vs. subject SW
Steenhaut, and medium chocolates chocolates )
Persoone sound)]. Differences were found only for
Spence e{nd the BT chocolate and more strongly for
Lgman 62015) the subject-matched soundtracks (i.e.,
participants' individual music-chocolate
matches).
Reinoso-
Carvalho, The participants rated the beer as
Wang, van significantly sweeter when listening to
Ee, et al. SW and BT soundtracks  Beer x x the SW soundtrack than when listening
(2016) - Study to the BT soundtrack.
1
EERZIS& The participants rated the beer as
! SW and SO significantly sweeter when listening to
Wang, van Ee Beer X X . .
etal. (2016) - soundtracks the SW soundtrack than when listening
Study 2 to the SO soundtrack.
Reinoso- No significant differences were found in
Carvalho, SO and BT soundtracks Beer X X any of the taste ratings.

Wang, van Ee
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etal. (2016) - -
Study 3
Reinoso-
Carvalho,
Wang, van Ee  NA
etal. (2016) -
Control
Wang and Consonant and
Spence dissonant versions of a
(2018) short melody
Wang et al. Spicy and SW
(2017) - Study soundtracks and white
2 noise
Wang and Consonant and
Spence dissonant versions of
(2016) - Study two short piano
1 melodies
Wang and Consonant and
Spence dissonant versions of
(2016) - Study one melody with piano
2 and trumpet sounds
Wang et al.

A SW and BT
(2020) - Study ¢ 1n dtrack

1

Wang et al.
(2020) - Study Same as in study 1
2

Same as in
Studies 1-3

Juice mixture

A dish with SW
and spicy
components

Juice mixtures

Two blends of
fruit juice

70% chocolate

Same as in
study 1

The ratings differed significantly only
for the beers in experiment 3,
compared to silence. The beer was
rated as significantly more BT and SO
in single taste scales while listening to
the BT soundtrack, compared to
silence. The beer was also rated as
more SO on the BT-SO scale while
listening to the BT soundtrack.

Participants rated the juice as sweeter
and less SO while exposed to more
positive (vs. negative) visual and
musical stimuli.

Soundtracks modified people's
evaluation of the expected and actual
spiciness of foods but not of expected
or actual ratings of SW taste.

Participants rated the fruit juice as
tasting sourer while listening to the
dissonant music than while listening to
the consonant music. The correlations
between music pleasantness ratings
and SO-SW ratings were significant.

Participants rated the juice as tasting
significantly sweeter while listening to
consonant (vs. dissonant) music. The
correlation between ratings of music

pleasantness and ratings on the SO-
SW scale was significant.

The chocolates experienced with the
sweet soundtrack were rated as
sweeter than the chocolates
experienced with the BT soundtrack.
The taste-congruent soundtracks had
no such effect on taste ratings for those
participants who heard the soundtrack
only after tasting.

Participants rated the chocolates as
tasting sweeter when they had listened
to the SW soundtrack — either before or
during tasting — compared to the BT
soundtrack.

Note. NA = Non-applicable; SW = Sweet; SO = Sour; SA = Salty; BT = Bitter.
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Table 7

Synthesis of Studies Testing the Effect of Notes, Noise, and Soundscapes on
Basic Taste Perception

Study Category

Auditory stimuli

Basic Taste

Gustatory stimuli
Sweet Sour

Results

Bravo-
Moncayo
etal.
(2020)

Noise

Burzynska
etal.
(2019)

Notes and
tones

Lin et al.

(2019) Soundscape

Lorentzen
etal. Noise
(2021)

Woods et

al. (2011) Noise

Xu et al.

(2019) Soundscape

Yan et al.

(2015) Noise

Three versions
of a food court
noise (baseline
unfiltered noise
- UBN;
passive-
controlled
noise - PBN,
and active-
controlled
noise - ABN)
Sine waves
with a bass
frequency of
100 Hz and
1000 Hz

Environmental
sounds: café,
fast food
restaurant, bar,
food court, and
park

One “quiet”
sound setting
and one
recording of
fMRI noise

White noise
(Quiet, loud) or
no noise
(Baseline)

Café
soundscape
presented
alone (control)
or overlaid with
bird (café-bird),
forest (café-
forest), and
machine
sounds (café-
machine)

Cabin noise

Coffee X X
Two red wines X
Chocolate

X
gelato
Five

concentrations

of four basic

tastants (SW, X X
SA, SO, and BT)
from the Taste-
Drop-Test
Savory/crunchy
(salted crisps),
savory/soft (mini
cheese),
SW/crunchy
(Biscuits), and
SWisoft
(flapjack) stimuli

Chocolate ice
cream

Aqueous
solutions for the
five basic tastes
at three
concentration
levels

Consumers rated the coffee as
more BT while listening to the
filtered (vs. unfiltered) noises.
The differences in acidity and
SW were not significant.

The acidity ratings of both wines
did not differ significantly across
sound conditions.

BT, roasted, and cocoa notes
were more evident when the bar,
fast food, and food court sounds
were played. SW was cited more
in the early mastication period
when listening to park and café
sounds. The valence evoked by
the pleasant park sound was
positively correlated with SW,
whereas the arousal associated
with bar sounds was correlated
with BT, roasted, and cocoa
attributes.

Loud acoustic fMRI noise did not
affect gustatory perception for
any of the tastants.

Background noise reduced the
reported intensity of SW and SA,
regardless of hardness (crunchy
or soft).

SW and creaminess were
dominant at the start of the
consumption episode while
listening to the café-forest
soundscape. BT was perceived
at the end of the consumption
period in café/control and café-
machine soundscapes. Listening
to the café-machine soundscape
evoked negative emotions
associated with BT and
creaminess, which were also
associated with increased heart
rate (HR) and respiration rate
(RESP). When listening to the
café-forest soundscape, ice
cream was associated with SW
and positive emotions.

Loud noise suppressed SW taste
perception across all
concentrations and enhanced
UM in medium and high
concentrations. SO, BT, and SA
tastes were unaffected.

Note. NA = Non-applicable; SW = Sweet; SO = Sour; SA = Salty; BT = Bitter; UM = Umami.
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Highlights

=  This review found 60 articles examining the interplay of audition and taste
= Basic tastes are crossmodally associated with sounds (e.g., musical notes, music)
= Auditory stimuli (e.g., soundscapes, music) influence taste perception
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