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Abstract
Concepts are grounded in mental simulation of sensory information, but the exact role it plays
in everyday cognition is unknown. Here we investigate its role in an important conceptual
domain relevant for everyday behavior—food. We conducted two pre-registered studies to

test whether multimodal mental simulation is linked to attractiveness of food concepts. In
Study 1, using the Lancaster Sensorimotor norms for a variety of concepts, we found
unhealthy food concepts are more strongly associated with gustation, olfaction, and
interoception, than healthy food concepts. Importantly, these associations mediated the
relationship between food healthiness and food attractiveness. In Study 2, we collected new
sensory ratings with food words only, and found unhealthy food concepts were more strongly
associated with all perceptual modalities than healthy food concepts. Again, these associations
mediated the relationship between healthiness and attractiveness. The mediating role of
sensory associations to food attractiveness was also affected by context. Specifically, when
participants thought about food in an eating context cued by verbal instruction, mediation by
perceptual strength was weaker. Overall, we find multimodal sensory experience underlies
people’s belief that unhealthy food is more attractive than healthy food. This suggests mental

simulation has an important role in goal-directed behavior.

Keywords: sensory language; food; conceptual representation; sensorimotor norms; mental

simulation

Public significant statement: Unhealthy food words are more strongly associated with sensory
experience than healthy food woods. This stronger sensory association explains why

unhealthy food is considered more attractive than healthy food. This has implications for



improving eating behavior as it suggests sensory associations could be used strategically to

make healthy food more attractive.



1. Introduction
Concepts are grounded in sensorimotor systems (Barsalou, 1999; Meteyard, Cuadrado,
Bahrami, & Vigliocco, 2012). A concept like moon, for example, may be represented through
activations in the brain’s visual system, whereas a concept like ve/vet may instead be
represented more dominantly as tactile activation. Activation of the brain’s sensory systems
via language is known as mental simulation. Mental simulation can be considered a form of
mental imagery that occurs during language comprehension. Some have argued mental
simulation is less consciously activated than mental imagery (Barsalou, 1999), while others
have debated whether mental imagery can also occur involuntarily (e.g., Pearson, Naselaris,
Holmes, & Kosslyn, 2015). Evidence from behavioral studies support recruitment of
sensorimotor systems during language comprehension (e.g., Kaschak, Zwaan, Aveyard, &
Yaxley, 2006; Meteyard, Bahrami, & Vigliocco, 2007; Zwaan & Taylor, 2006) and imaging
(e.g., Hauk, Johnsrude, & Pulvermiiller, 2004; Kiefer, Sim, Herrnberger, Grothe, & Hoenig,
2008; Martin, Haxby, Lalonde, Wiggs, & Ungerleider, 1995), yet there is little understanding
of the precise role mental simulation plays in everyday cognition and how mental simulation
during language comprehension may affect real-world behavior. In this study, we explore
whether mental simulation is related to the attractiveness of food.

Food is a domain where mental simulation of sensory information is relevant. Eating is
a multisensory activity, beginning with the visual appearance of the food, moving to food
aroma through the nose and mouth, to the mouthfeel, and overall taste (Auvray & Spence,
2008; Shepherd, 2006; Spence, 2015). Imagining flavor is also more vivid than imagining
odor (a component of flavor) alone (Andrade, May, Deeprose, Baugh, & Ganis, 2014),
suggesting there is elaborate sensory activation when thinking about eating food. This sensory
experience can be reactivated with food cues, such as viewing pictorial images of food (Chen,

Papies, & Barsalou, 2016; Simmons, Martin, & Barsalou, 2005; Spence, Okajima, Cheok,



Petit, & Michel, 2016; van der Laan, de Ridder, Viergever, & Smeets, 2011). Overall,
research suggests the experience of food leaves a strong sensory stamp in memory which can
be reactivated later via mental simulation.

Understanding the role of mental simulation in the representation of food is important
to address ongoing struggles in public health, such as unhealthy food choices. Obesity is a
serious concern, in particular, the overconsumption of high-calorie, energy-dense foods. One
explanation for the overconsumption of unhealthy food is that it is considered tastier, and
therefore more attractive, than healthy food (Raghunathan, Naylor, & Hoyer, 2006). In
particular, people prefer food they perceive to be unhealthy not “despite its unhealthiness”,
but “because of it” (Raghunathan et al., 2006, p. 170). Several studies have shown that people
expect food to taste better, enjoy food more, and choose it more often when it is portrayed as
unhealthy rather than healthy (e.g., described as containing more versus less fat, or described
explicitly as "very healthy" versus "unhealthy"; Raghunathan et al., 2006). Moreover, belief
in this so-called “unhealthy = tasty intuition” is associated with reduced consumption of
vegetables and a higher BMI (Briers, Huh, Chan, & Mukhopadhyay, 2020). The degree of this
association differs between consumers and between product categories (Haasova & Florack,
2019). Nonetheless, better understanding of the mental representation of food, and how such
associations with food attractiveness and healthiness are grounded in the cognitive system can
potentially help design interventions to change unhealthy eating habits, for example, by
making attractive features of healthy food more salient.

Beyond taste, sensory information in other modalities may also be important in the
attractiveness of unhealthy and healthy food. Initial evidence suggests people differentially
associate healthy and unhealthy food concepts with the senses. Papies (2013) asked
participants to generate features for unhealthy attractive foods (e.g., chips, cookies) and

healthy, neutral foods (e.g., cucumber, apple) and found people listed features related to the



sensory experience of eating food (e.g., crunchy, sticky) more for unhealthy foods than
healthy foods. This suggests mental simulation of sensory information more strongly
underlies unhealthy food concepts than healthy food concepts. A similar finding has been
observed for drinks: participants list more sensory experiences for sugary drinks compared to
water and alcohol (Keesman et al., 2018), and listing such consumption simulation features
predicts desire and ingestion (Papies, Claassen, Rusz, & Best, 2021). Although these
experiments demonstrate the tremendous variability of participants’ representation of food
and drinks, with hundreds of unique features listed per item, the role of individual sensory
modalities was not explored.

If unhealthy foods are mentally represented more strongly by mental simulation—
specifically simulations of eating experience—then this could explain why unhealthy food is
more attractive. Specifically, the grounded cognition theory of desire suggests mental
simulation of consumption behavior (such as eating) leads to desire (Papies, Barsalou, &
Rusz, 2020; Papies, Best, Gelibter, & Barsalou, 2017). The theory outlines how appetitive
cues (e.g., seeing food, looking at images of food, or reading food words) can activate mental
simulation of consuming food. This mental simulation is thought to contain rich sensory
information extracted from previous eating experiences. Re-enacting pleasurable sensory
content activates reward signals in the brain which can trigger desire for the associated food
(Papies, 2013), making the food appear more attractive. This proposal has similarities with the
elaborated intrusion theory of desire which places conscious mental imagery as a key element
in both associative and elaborated mental representations preceding states of desire
(Kavanagh, Andrade, & May, 2005). Supporting the two theories, participants salivate more
when they mentally simulate consuming food vividly compared to when they simply look at
the same foods (Keesman, Aarts, Vermeent, Hafner, & Papies, 2016). Food cravings also

increase after imagining eating food compared to imagining being on holiday (Harvey,



Kemps, & Tiggemann, 2005), and increase more for vice products (considered high in
hedonic reward, e.g., a packet of crisps) than virtue products (considered high on a utilitarian
dimension, e.g., a green smoothie) (Munoz-Vilches, van Trijp, & Piqueras-Fiszman, 2019,
2020).

Multisensory mental simulation may increase food attractiveness even more than
mental simulation of taste alone (Elder & Krishna, 2010). Indeed, visual and olfactory mental
imagery unrelated to food has been shown to reduce food cravings, implicating a causal role
of visual and olfactory mental imagery in food cravings (Kemps & Tiggemann, 2007). One
limitation to previous studies examining a broader range of sensory modalities is they
typically only test one or a few food items in a single study. This limits the generalizability of
findings and means the reliability of outcomes is unknown. Moreover, it remains unclear
which specific sensory modalities are involved in food attractiveness.

Beyond explicit mental imagery or mental simulation instructions, there is evidence
food descriptions highlighting sensory properties can increase the attractiveness of healthy
and sustainable food (Papies, Johannes, Daneva, Semyte, & Kauhanen, 2020; Turnwald et al.,
2019; Turnwald & Crum, 2019; Turnwald, Jurafsky, Conner, & Crum, 2017). Across several
studies, taste-focused or “indulgent” language in cafeteria food labels (e.g., Sizzlin’ Szechuan
Green Beans with Toasted Garlic) led to increased selection and consumption of vegetables
compared to health-focused language (e.g., Nutritional Green Beans; Turnwald et al., 2019;
Turnwald, Boles, & Crum, 2017; Turnwald & Crum, 2019, see also Papies, Johannes, et al.,
2020). This suggests such descriptions activate mental simulations of sensory information
which increase the attractiveness of vegetables and subsequently increase selection and
consumption. Although the food descriptions used in the studies were carefully designed in
order to evoke positive taste and reward expectations, it is unclear exactly what semantic

aspects of the descriptions led to increased attractiveness. Descriptions could be successful



because they activate representations of taste, other sensory modalities, or something else
such as emotion associations or general positive affect. For example, it has been shown that
the relationship between explicitly imagining eating a cereal bar and desire for the cereal bar
is mediated by the valence of the imagined eating experience (Mufioz-Vilches et al., 2020).
1.1.The current study

In order to specifically test the role of mental simulation evoked by descriptions, the
present study assessed the contribution of sensory associations to a range of healthy and
unhealthy food concepts presented as individual words, and tested the role of mental
simulation across sensory modalities in food attractiveness. To do this, we examined ratings
of sensory strength across perceptual modalities using sensorimotor ratings of food words
(also known as modality ratings; Lynott & Connell, 2009; Lancaster Sensorimotor Norms:
Lynott, Connell, Brysbaert, Brand, & Carney, 2020). Sensorimotor ratings reflect
participants’ sensory associations with word meanings across the perceptual modalities of
vision, audition, gustation, olfaction, haptics, and interoception, and are therefore thought to
reflect mental simulation. By rating experience on a 5-point scale, a fine-grained measure of a
concept’s multimodal representation can be obtained. Sensorimotor ratings can tell us about
the role of sensory modalities in word meaning (Strik Lievers & Winter, 2018; Winter, 2016,
2019; Winter, Perlman, & Majid, 2018), predict behavioral responses to words (Connell &
Lynott, 2014; Lynott & Connell, 2009; Lynott et al., 2020; Speed & Brysbaert, 2020; Speed
& Majid, 2017; Vergallito, Petilli, & Marelli, 2020) and explain language use (Winter, 2016,
2019; Winter, et al., 2018), and are therefore a valid methodological tool with which to
explore mental simulation.

We first used the existing sensory modality ratings of English words from Lynott et al.
(2020) for healthy and unhealthy food concepts to assess whether the mental representation of

food differs depending on its healthiness. In order to assess whether mental simulation plays a



role in the desire for food, we collected ratings for the attractiveness and healthiness of a
range food concepts. We then tested whether the relationship between healthiness and
attractiveness is mediated by mental simulation, as predicted by the grounded cognition
theory of desire (Papies et al., 2017). Specifically, we hypothesized: (Hla)' unhealthy foods
would be associated more strongly with gustation, olfaction, and interoception, than healthy
foods. We also assessed two composite measures of perceptual strength: modality exclusivity
and Minkowski3. Modality exclusivity refers to how multimodal a word meaning is, and
Minkowski3 is a composite measure of perceptual strength in which the influence of weaker
modalities are attenuated. We investigate these two measures because elsewhere they have
been shown to sufficiently capture the role of sensory information in word processing in a
single variable (Lynott et al., 2020). We predicted that (H2a) unhealthy food words would be
more multimodal than healthy food words and (H3a) have higher Minkowski3 scores.
Following the “unhealthy = tasty intuition” (Raghunathan et al., 2006) we hypothesized (H4a)
unhealthy foods would be perceived as more attractive than healthy foods. In addition, we
predicted (H5—7) simulation across sensory modalities would be associated with increased
attractiveness of food (Papies, 2013). Crucially, we hypothesized (H8) unhealthy foods are
more attractive because they are more associated with gustatory, olfactory, and interoceptive
simulation. In other words, we predicted the relationship between food healthiness and
attractiveness is mediated by sensory simulation. Overall, then, we aimed to establish whether
mental simulation plays a role in food attractiveness.

This study builds on previous work in several important ways. First of all, we assessed

sensory associations and attractiveness for a large number of food concepts. Previous studies

! Hypothesis numbers refer to hypotheses outlined in the pre-registration

(https://osf.io/e7wt8/). Here we present hypotheses with healthiness as a categorical variable,

however we also hypothesized a negative effect of healthiness as a continuous variable.
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are often limited to only a few foods or a single experimental trial per participant (Elder &
Krishna, 2010; Harvey et al., 2005; Keesman et al., 2016; Kemps & Tiggemann, 2007,
Muioz-Vilches et al., 2019; Raghunathan et al., 2006), which precludes conclusions about
generalizability across foods. Second, we looked at the individual effects of each sensory
modality rather than focusing only on taste or the more abstract concept of food. Finally,
when participants were asked to rate food attractiveness, we did not give explicit instructions
to mentally simulate or imagine. This means we can assess the sensory contributions to food
concepts in a more naturalistic, unconscious, manner, in line with a critical distinction made
between mental simulation (unconscious) and mental imagery (conscious; Barsalou,1999; but
see ongoing discussions about the relation between mental simulation and mental imagery
e.g., Ibafiez et al., 2022).

2. Study 1

2.1. Methods

We used existing sensory norms from Lynott et al. (2020) that contained sensory ratings for a
large number of words, as well as collecting new ratings of healthiness, attractiveness, and
familiarity from a new set of participants. This study was approved by the University of York

Psychology Departmental Ethics Committee.

2.1.1. Transparency and Openness

This study was preregistered with the Open Science Framework (OSF; https://osf.io/e7wt8/).

2.1.1.1. Data

All data are available at https://osf.io/z9%¢yg/.

2.1.1.2. Analytic methods
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The analytic codes to produce the analyses are available as SPSS syntax (SPS) or

RMarkdown files at https://osf.io/z9¢yg/.

2.1.2. Participants

Eighty-four English speaking participants were recruited to take part in an online
questionnaire through Prolific Academic. For the first set of analyses (H1-3) we used existing
data from Lynott et al. (2020). For the analyses of attractiveness (H4-8), according to a power
analysis with G*Power, 54 participants were required to detect a medium effect size for a
regression with one predictor (healthiness or perceptual strength). One participant was
removed for indicating English was not their native language. The remaining 83 participants
(52 females, Mage = 35.6, range = 18 — 66) were all native speakers of English and were born

in the UK.

2.1.3. Material

We selected food words from the Lancaster Sensorimotor Norms (Lynott et al., 2020), which
provide ratings for over 40,000 English words for each sensory modality. Each word is rated
in terms of how much is it associated (i.e., perceptual strength) with the following sensory
modalities on a scale from 0 (not experienced at all with that sense) to 5 (experienced greatly
with that sense): gustation, vision, olfaction, haptics, interoception (sensations inside the
body, e.g., heartbeat, stomach ache), and audition.

Four hundred and thirty-four food nouns were selected from the norms. The food
nouns selected are available as part of the available data (see link in Author Note). To reduce
the duration of the study and potential fatigue effects, words were randomly divided into two
lists to be rated by participants using a Qualtrics survey (Qualtric, Provo, UT, USA). The
following variables were retrieved from the Lynott et al. (2020) norms to be used for the

operationalization of perceptual strength: mean perceptual strength in each modality
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(gustation, vision, olfaction, haptics, interoception, audition), modality exclusivity, and
Minkowski3 distance.

Modality exclusivity describes the multimodality of a word, i.e., to what extent the
word is associated with multiple senses. It is calculated by dividing the range of sensory
ratings by the sum of sensory ratings, with a value of 0 indicating an entirely multimodal
concept and 1 indicating a completely unimodal concept. For example, the word everything
has a modality exclusivity score of 0.21 (i.e., fairly multimodal), and the word rainbow has a
modality exclusivity score of 1 (i.e., experienced only through vision). Minkowksi3 represents
a composite of ratings across sensory modalities. It is a distance measure of the 6-dimensional
vector of sensory ratings in which higher ratings contribute more to distance and the influence
of weaker dimensions are attenuated. That is, high-value dimensions (i.e., sensory modalities
with high ratings) will make a stronger contribution to this measure than low-value

dimensions.

2.1.4. Procedure

Participants were presented with each of 217 words one at a time in a random order. They
were asked to rate each word for healthiness, attractiveness, and familiarity in three separate
blocks. Familiarity was always rated in the third block, since it was not a critical dependent
variable and would be used instead to screen out unsuitable items. The order of healthiness
and attractiveness rating was counterbalanced across participants. Participants made their
ratings on a scale from 0 (very unhealthy, very unattractive, very unfamiliar) to 100 (very

healthy, very attractive, very familiar) by clicking on a scale.

2.2. Results

Following our preregistered data exclusion criteria, thirty-six words were removed from

analysis for having a mean familiarity rating of less than 50. Individual trials were removed if
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a participant rated a word’s familiarity less than 50 (9.4% of trials). No participants had low
mean familiarity ratings or unusual patterns of response across all items. We also looked at the
items rated highest and lowest on healthiness (broccoli and cotton candy) and attractiveness
(chocolate and tripe) and checked that participants’ ratings were in line with these. One
participant rated fripe as 72 on attractiveness (i.e., unlike the mean rating), however their other
responses were not deemed unusual so we did not remove their data.

For further analyses, ratings of healthiness, attractiveness, and familiarity were
averaged over participants for each word, as is typical in analyses of psycholinguistic norms
(e.g., Brysbaert, Warriner, & Kuperman, 2014; Lynott & Connell, 2009). We categorized
food as healthy or unhealthy to conform with the distinction in the literature between
unhealthy food being tastier than healthy food. Words with a mean healthiness rating less than
50 were categorized as “unhealthy”, and words with a mean healthiness rating greater than 50
were categorized as “healthy”. The healthy category was coded as 1 and the unhealthy
category as -1. We chose to split the data this way to correspond with the rating scale
participants used where 50 would be the boundary between a healthy and unhealthy category.
A median split would assume our food items contained the healthiest and unhealthiest foods,
which may not be the case. This led to 219 words categories as “healthy” (M= 73.04, SD =

11.84) and 179 as “unhealthy” (M =29.56, SD = 11.85).

2.2.1. Data Analysis

We first compared perceptual strength between healthy and unhealthy foods across sensory
modalities to establish whether previous reports of unhealthy foods being tastier is supported
by the sensory norms across a range of food concepts. We used a mixed ANOVA in SPSS to
test for main effects of healthiness as a between-item variable (healthy vs. unhealthy) and

perceptual modality as a within-item variable (gustation, vision, olfaction, haptics,
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interoception, audition)?, and the interaction between the two variables on perceptual strength
ratings. Then, in order to assess whether differences in sensory associations between healthy
and unhealthy food mediate food attractiveness, we first established whether unhealthy foods
are indeed perceived as more attractive that healthy foods using an independent t-test. Next
we ascertained whether perceptual strength predicts food attractiveness, as hypothesized by
the grounded cognition theory of desire (Papies et al., 2017), using simple linear regressions.
Finally, we conducted a mediation analysis to test whether the relationship between

healthiness and attractiveness is mediated by perceptual strength.

2.2.2. HI-3: Are healthy and unhealthy foods differentially associated with the perceptual

modalities?

There was a significant effect of perceptual modality, F(5, 1980) = 3425, p <.001, n,> = .896,
but not healthiness, F(1, 396) =2.62, p = .11 Crucially, there was a significant interaction
between perceptual modality and healthiness, F(5, 1980) =4.93, p =.001. To decompose this
interaction, we tested the effect of healthiness for each perceptual modality separately using
independent t-tests.

There was no effect of healthiness in the auditory, visual, or haptic modality.
However, as predicted, there was an effect of healthiness in the gustatory, t =2.27, p=.02, d
= .23, olfactory, t = 2.57, p = .01, d = .26, and interoceptive modalities, ¢ = 3.35, p <.001, d =

.33. Across the three modalities, ratings were higher for unhealthy than healthy food (see

2ANOVA was used instead of linear mixed effects models because we did not have participant
level data. Perceptual strength ratings are average ratings per word from the Lancaster
Sensorimotor norms (Lynott et al., 2020). In addition, the perceptual ratings and attractiveness
ratings are taken from different sets of participants. Therefore an item-level analysis was

appropriate.
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Figure 1). Overall, unhealthy foods were more strongly associated with gustation, olfaction,
and interoception, compared to healthy foods.? Independent t-tests showed no difference
between healthy and unhealthy food in modality exclusivity, t = .06, p = .95, d = .004, or

Minkowski3, t=1.41,p=.16,d = .14.
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Figure 1. Mean perceptual strength rating across modalities for healthy and unhealthy food in
Study 1: gustation, vision, olfaction, haptics, interoception, audition. Asterisks indicate a

significant difference.*

2.2.3. H4: Are unhealthy foods more attractive than healthy foods?

3All results are the same when using healthiness as a continuous rather than categorical variable
in simple regression models, except that in addition to a negative effect of healthiness on ratings
of gustation, olfaction, and interoception, a positive effect of healthiness on ratings of vision

was found.

“ Sensory icons in all figures are taken from iStock.com/OndiejPros
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An independent t-test found that, as predicted, unhealthy foods were rated as significantly

more attractive than healthy foods, 1 =5.03, p <.001, d = .51 (see Figure 2).
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Figure 2. Mean attractiveness ratings for healthy and unhealthy food words

2.2.4. H5-7: Does perceptual strength predict attractiveness?

Simple regression models were conducted for each perceptual modality separately, with
perceptual strength as a predictor and attractiveness as the dependent variable. There was no
effect of auditory strength on attractiveness, but ratings of visual, f =.274, SE=1.21, ¢t =

5.68, p <.001, gustatory, = .385, SE =0.89, t = 8.29, p <.001, olfactory, f=.253, SE =

0.83,1=5.21, p <.001, haptic, f = .224, SE=0.97, t = 4.58, p < .001, and interoceptive, f =

185, SE=1.59, t=3.75, p <.001, strength all positively predicted attractiveness. Overall,
food words were rated as more attractive the more strongly they were associated with
gustation, vision, olfaction, haptics, and interoception. Similarly, food words with higher

Minkowski3 values were rated as more attractive, f = .419, SE =0.84, t = 9.20, p <.001.

There was no effect of modality exclusivity on attractiveness, f = -.025, SE = 14.73, p = .62.

17



2.2.5. H8: Is the relationship between healthiness and attractiveness mediated by perceptual

strength?

As pre-registered, we conducted mediation analyses to test whether the relationship between
healthiness and attractiveness is mediated by perceptual strength. Mediation models were
constructed based on significant relationships observed in the analyses above. The indirect
relationships between healthiness and attractiveness (mediated by perceptual strength) were
tested in R (R Core Team, 2020) using the mediation package (Tingley, Yamamoto, Hirose,
Keele, & Imai, 2014), based on 10,000 simulations. The negative relationship between
healthiness and attractiveness was significantly mediated by ratings of gustatory, f = .082, p =
.02 (17% mediation®), olfactory, = .058, p = .01 (11% mediation), and interoceptive, S =
.050, p =.003 (9% mediation) strength.

The models indicate the negative relationship between healthiness and attractiveness is
partially mediated by perceptual strength. Specifically, the finding that unhealthy foods are
perceived to be more attractive can at least partially be explained by the fact that they are

more strongly associated with gustatory, olfactory, and interoceptive experience.

2.3. Discussion

Study 1 showed unhealthy food concepts are more strongly associated with gustatory,
olfactory, and interoceptive experience than healthy food concepts, and they are also
perceived as more attractive. This is in line with the “unhealthy = tasty” intuition reported in
the literature (Raghunathan et al., 2006), as well as studies reporting unhealthy food is more

likely to engage consumption simulations than healthy food (Keesman et al., 2016; Papies,

SProportion mediated is calculated as the indirect effect between healthiness and
attractiveness (mediated by perceptual strength), divided by the direct effect between

healthiness and attractiveness.
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2013). Here we extended this finding to a range of food concepts and specified which sensory
modalities are involved. Crucially, we found the attractiveness of unhealthy food is explained
by the sensory associations such food has with gustatory, olfactory, and interoceptive
experience, as predicted by the grounded cognition theory of desire (Papies et al., 2017). This
suggests language may increase desire for food via mental simulation.

Study 2 was designed to conceptually replicate this finding with a new set of
participants. A second goal of Study 2 was to explore the effect of context on mental
simulation for food concepts, specifically in terms of situatedness. Previous work has shown
the degree of mental simulation can be affected by the context in which a word is presented
(Hoenig, Sim, Bochev, Herrnberger, & Kiefer, 2008; van Dam, van Dijk, Bekkering, &
Rueschemeyer, 2012; Zwaan, 2014; see also Ibanez et al., in press). For example, a concept
like hammer is more likely to engage action simulations if the context focuses on action-
related meaning (Hoenig et al., 2008). On the other hand, visual simulations are more likely to
be engaged if the context focuses on vision-related meaning. In relation to food specifically, it
has been suggested that consumption simulations (mental simulations of consuming food) are
flexible: they can differ depending on both state and trait differences, such as hunger levels
(Papies, Barsalou, et al., 2020; Papies, Pronk, Keesman, & Barsalou, 2015), suggesting they
may be affected by context. This is particularly important when considering the potential use
of sensory descriptions in real-world contexts such as on menus or food packaging, where
individuals are making food choices.

As a first step to address the potential role of situatedness, we manipulated the
instructions given to participants. We examine whether just thinking about eating food cued
via verbal instruction changes the nature and strength of mental simulation. Specifically, we
tested whether the context of imagining eating a food increases simulation in the sensory

modalities most involved in eating compared to a neutral context, without imagining eating.
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In the eating context, participants were asked to rate how much they experience foods through
the six perceptual modalities while eating. In the neutral context there was no focus on eating:
the instructions were the same but did not include the words “while eating”. This simple
instruction manipulation is comparable to other context manipulations in the field where
salience of perceptual information is manipulated via task instructions, e.g., instructing

participants to attend to visual or action attributes (Hoenig et al., 2008; van Dam et al., 2012).

3. Study 2

In Study 2 we conceptually replicated Study 1 by collecting sensory and attractiveness ratings
from a new set of participants. This time participants only rated food words, whereas in the
original dataset of sensory ratings from the Lancaster Sensory Norms (Lynott et al., 2020)
participants rated concepts across a range of semantic domains. In addition, we tested the role
of context on mental simulations for food. One group of participants was instructed to rate
how much they experience food across sensory modalities when eating (eating context) and
another group received the same instructions without the phrase “when eating” (neutral
context). As well as replicating an effect of healthiness on perceptual strength (H1a)%, we also
predicted sensory ratings would be higher in the eating context (H1c), as implied by previous
research showing increased simulation when attention is drawn to different contexts (e.g.,
Hoenig, Sim, Bochev, Herrnberger, & Kiefer, 2008; van Dam, van Dijk, Bekkering, &
Rueschemeyer, 2012; Zwaan, 2014). In addition, we predicted a larger difference between
healthy and unhealthy foods in the eating context (H1d—e) because participants would
engage in a deeper level of mental simulation of eating which would potentially make

rewarding features of unhealthy foods more salient (Keesman et al., 2016). As in Study 1 we

SHypothesis numbers refer to hypotheses outlined in the pre-registration

(https://osf.io/5mx38).

20



expected unhealthy foods to be perceived as more attractive than healthy foods (H2a), and for
perceptual strength and Minkowski3 to positively predict perceived attractiveness (H3 and
H4). We predicted that these relationships would be stronger in the eating context (H3b and
H4b). Finally, we hypothesized the association between healthiness and attractiveness would
be mediated by perceptual strength of gustation, olfaction, and interoception (H5a) and this

mediation would be stronger in the eating context compared to neutral context (H5b).

3.2. Method

This study was approved by the University of York Psychology Departmental Ethics

Committee.

3.2.1. Transparency and Openness

This study was preregistered with the OSF (https://osf.io/5mx38).

3.2.1.1. Data

All data are available at https://osf.i0/z9%¢yg/.

3.2.1.2. Analytic methods

The analytic codes to produce the analyses are available as RMarkdown files at

https://osf.i0/z9eyg/.

3.2.2. Participants

One hundred and sixty-nine English speaking participants were recruited in the same manner
as Study 1 (107 females, Mage = 35.4, range = 18 — 76). A power analysis with G*Power for a
regression analysis with two predictors (healthiness, context) and a medium effect size of .25,

indicated a required sample size of 65. In our pre-registration we aimed for 168 participants
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for greater experimental power. Eighty-five participants were assigned to the eating context,
and 84 to the neutral context. Note, in the original Lancaster Sensorimotor norms (Lynott et

al., 2019) an average of 24 participants rated each word for sensory associations.

3.2.3. Material

The same words from Study 1 were used, with the 36 low familiarity words removed from the
questionnaire, leaving 398 words. The list of food nouns is available (see link in Author
Note). Words were again categorized as healthy or unhealthy using the ratings from Study 1.
To reduce the duration of the study for participants, and thereby minimize potential fatigue
effects in the task, words were divided into three lists with each participant rating words in

only one list.

3.2.4. Procedure

For each food word, participants were instructed to rate how much they experience that food
through the six perceptual modalities (feeling through touch, hearing, sensations inside your
body, seeing, smelling, tasting) using a 0 (not experienced at all with that sense) to 5
(experienced greatly with that sense) scale, following the original procedure outlined in
Lynott et al. (2020). Critically, in the eating instruction context participants were specifically
asked how much they experience that food through the six perceptual modalities while eating.
In the neutral instruction context, the wording was exactly the same but did not include the
phrase “while eating”. Participants were also asked to rate how familiar they are with the
meaning of each word, how frequently they eat each food, and how attractive the food is to
them. A 0 (very unfamiliar/never/very unattractive) to 5 (very familiar/very frequently/very

attractive) scale was used.

3.3. Results
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Nineteen words were removed from analysis for having a mean familiarity rating of less than
2.5 (4.8% trials). In addition, we removed individual trials for which a participant had given a
familiarity rating of less than 2.5 (9.9% of the remaining trails). Due to experimenter error
both noodle and noodles were included in the study. We analyzed these words as separate

items.

3.3.1. Data analysis

In order to assess whether healthy and unhealthy foods were differentially associated with
perceptual modalities, and whether this is influenced by context, we conducted linear mixed
effects models for perceptual strength ratings in R (R Core Team, 2020) using the lme4
package (Bates, Maechler, Bolker, & Walker, 2015). Perceptual modality, healthiness
category, context, and their interactions were included as a fixed factors. To assess
attractiveness ratings we used linear mixed effects models with healthiness, context, and their
interaction as fixed factors. To assess whether perceptual strength predicts attractiveness we
conducted separate linear mixed effects models for each perceptual modality with
attractiveness as the dependent variable and perceptual strength, context, and their interaction
as fixed effects. For all analyses participants and items were modelled as random intercepts
only, since not all models with random slopes converged. To test for the main effects of the
fixed factors and their interactions we compared models including each predictor to a simpler
model without the predictor of interest, using likelihood ratio tests with chi-square. Finally,
we conducted separate mediation models for the eating context and the neutral context to
ascertain whether the relationship between healthiness and attractiveness is mediated by

perceptual strength.

3.3.1. Hla—e: Are healthy and unhealthy foods differentially associated with perceptual

modalities?
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In the analysis of perceptual strength, there was a main effect of perceptual modality 5°(5) =
51777, p <.001. Foods were most strongly associated with gustation, followed by vision,
olfaction, haptics, interoception, and least strongly with audition. In contrast to Study 1, there
was a main effect of healthiness y°(1) = 67.87, p <.001. Unhealthy foods were given stronger
sensory ratings than healthy foods (see Figure 3). Contrary to our hypothesis, there was no
significant effect of context, y°(1) = 2.97, p =.09, but there was a trend for words to be given
higher sensory ratings in the eating than neutral instruction context.

There was an interaction between modality and healthiness »° (5) = 108.27, p <.001.
To follow up on this interaction, we tested for the effect of healthy category separately for
each modality. Overall, there were higher ratings across all modalities for unhealthy food (see
Table 1). Note this is different to what was observed in Study 1, where unhealthy words

received higher ratings in gustation, olfaction, and interoception only.
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Figure 3. Mean perceptual rating across modalities (gustation, vision, olfaction, haptics,
interoception, audition) for healthy and unhealthy food in Study 2. Asterisks indicate a

significant different. Error bars reflect standard error.

Table 1. Effect of healthiness on perceptual ratings for each modality. Healthiness is a

categorical variable with “healthy” coded as 1 and “unhealthy” as -1.

Modality b SE t D
gustation =22 .04 6.89 <.001
vision -22 .04 4.18 <.001
olfaction -24 .07 5.63 <.001
haptics -23 .08 5.34 <.001
interoception -13 .05 4.18 <.001
audition -.15 .04 7.06 <.001

There was also a three-way interaction between perceptual modality, healthiness, and
instruction context, y*(5) = 44.26, p < .001. To follow-up, we tested the interaction between
perceptual modality and healthiness for each context separately. There was a significant
modality by health category interaction for the eating instruction context, y° (5) = 106.74, p
<.001, and the neutral context, y° (5) = 47.80, p <.001. We then assessed the effect of healthy
category for each modality at each level of instruction. For all conditions, unhealthy foods had
higher ratings than healthy foods. Full analyses can be found in Table 2 and data is depicted

in Figure 4.
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Table 2. Effect of health category on perceptual ratings for each perceptual modality and

within each instruction context condition.

Eating context

Neutral context

Modality b SE t D b SE t D
taste -21 .04 6.81 <.001 -23 .05 6.02 .001
vision -24 .04 7.69 <.001 -19 .05 5.58 .001
odor -23 .07 533 <.001 -25 .07 5.47 .001
touch -30 .09 6.34 <.001 -.16 .08 3.76 .001
interoception -13 .04 5.24 <.001 -.13 .04 4.50 .001
audition -.16 .05 3.91 <.001 -.15 .05 4.04 .001
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Figure 4. Perceptual ratings by modality and instruction context for healthy and unhealthy
food. Perceptual modalities depicted in the following order: gustation, vision, olfaction,

haptics, interoception, audition
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In contrast to Study 1, Study 2 found perceptual ratings in all modalities were higher
for unhealthy compared to healthy food. Therefore, although not included in our initial
hypotheses, following Study 1, we assessed whether healthiness and instruction context would
predict Minkowski3 values, as this measure takes into account strength across modalities. We
found a significant effect of healthiness on Minkowski3, y° (1) = 63.13, f=-.30, SE=.03, t =
-8.28, p <.001. There was no effect of context, y° (1) =3.75, f=-.16, SE= .08, t=-1.94, p =
.054, and no interaction between healthiness and context on Minkowski3, y° (1) = .01, p = .91.

Thus, unhealthy food is associated with more perceptual strength than healthy food, as

summarized with Minkowski3 (see Figure 5).

8_
6 oz - -
e f// =
. =
ﬁ % healthy
§4 :| unhealthy
-
£
=
2
0_
eét neultra\
Context

Figure 5. Mean Minkowski3 score per word by healthiness (healthy vs. unhealthy) and

instruction context (eating vs. neutral)

3.3.2. H2: Are unhealthy foods more attractive than healthy foods?
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As in Study 1, healthiness significantly predicted attractiveness y° (1) =42.58, #=-.31, SE =

.08, t=-6.70, p <.001. Unhealthy foods were rated as more attractive than healthy foods (see

Figure 6).
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Figure 6. Mean Attractiveness per word by healthiness (healthy vs. unhealthy) and instruction

context (eating vs. neutral).

3.3.3. H3—4: Does perceptual strength predict attractiveness?

Figure 7 depicts the effect of perceptual strength on attractiveness for each sensory modality.
There was a significant effect of gustatory strength, y° (1) = 3936.4, p <.001, with higher
gustatory ratings leading to higher ratings of attractiveness. There was also a significant effect
of instruction context, y° (1) = 5.12, p =.02, with greater ratings of attractiveness in the eating
context than neutral context. There was also a significant interaction between gustatory
strength and context, ¥° (1) = 6.09, p =.01. To follow up on the interaction we looked at the

effect of gustatory strength separately for each context. There was a significant effect of
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gustatory strength in the eating context, f = .38, SE =.01, r =38.45, p <.001, and in the
neutral context, f = .51, SE = .01, t=56.26, p <.001, but the effect was stronger in the
neutral context.

Visual strength was a significant predictor of attractiveness, y° (1) = 2341.7, p <.001,
with higher ratings of vision leading to higher ratings of attractiveness. There was no effect of
instruction context, y° (1) = 1.42, p =.23, but there was a significant interaction between visual
strength and context, ° (1) = 21.09, p <.001. Visual strength was a stronger predictor in the
neutral context, f = .42, SE = .01, t = 40.40, p <.001, than eating context, f = .35, SE= .01, ¢
=32.15, p <.001.

There was significant effect of olfactory strength (1) = 1727.8, p <.001, with higher
olfactory ratings leading to higher ratings of attractiveness. There was no effect of instruction
context, y° (1) = 2.38, p =.12, but there was a significant interaction between olfactory
strength and context, ¥° (1) = 9.72, p =.002. Following-up this interaction, we found a
significant effect of olfactory strength in the eating context, f =.29, SE =.001, 1 =25.08, p <
.001, and the neutral context, f = .33, SE =.009, ¢t = 32.85, p <.001, but the effect was
slightly stronger in the neutral context.

There was a significant effect of haptic strength y° (1) = 1088.7, p <.001, with higher
haptic ratings leading to higher ratings of attractiveness. There was no effect of instruction
context, y° (1) = 0.45, p =.50, but there was a significant interaction between haptic strength
and context, y° (1) = 15.28, p =.002. Again, we found a stronger effect of haptic strength in
the neutral context, f = .30, SE =.01, t =25.83, p <.001, than eating context, 5 = .26, SE =
01,1=22.75, p <.001.

There was a significant effect of interoceptive strength ° (1) = 1288.4, p <.001, with
higher ratings of interoception leading to higher ratings of attractiveness. There was no effect

of instruction context, y° (1) = 2.36, p =.12, but there was a significant interaction y° (1) =
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25.21, p <.001. The effect of interoceptive strength was stronger with the neutral context, f =
.36, SE = .01, t=29.86, p <.001, than eating context, f# =.29, SE=.01,¢=21.89, p <.001.

There was a significant effect auditory strength y° (1) = 332.04, p <.001, with higher
ratings of audition leading to higher ratings of attractiveness. There was no effect of
instruction context, y° (1) = 0.59, p =.44, and no interaction between auditory strength and
context, y° (1) = 0.004, p = .95.

Minkowski3 was also a significant predictor of attractiveness, f = .48, SE = .001, y°
(1)=4231.5,t=69.21, p <.001. There was also a significant interaction between instruction
context and Minkowski3, y° (1) = 7.34, p =.007. We therefore assessed the effect of
Minkowski3 for each context. There was a significant effect of Minkowski3 in both contexts
but the effect was stronger in the neutral context, f = .52, SE =.009, t = 55.41, p <.001, than

eating context, f = .44, SE = .01, t =43.80, p <.001.

31



51 51
4 4
w w
@ @
=3 c 31
@ @
= =
© °
< <
1+ 14
01 01
0 1 2 3 4 5 0 1 2 3 4 5
Gustation Vision
51 54
4 4
2 2
i}
2 3 S 31
[iF} g Neutral
-é — context
[&] (&)
g 2 g 21 Eating
E o context
1 1 11
01 0
0 1 2 3 4 5 0 | 2 3 4 5
Olfaction Haptics
54 51
4 4
w w
3 @
c 31 c 31
Q Q
= =
© °
021 g2
£ =
< <
11 1 1
0 01
0 1 2 3 4 5 0 1 2 3 4 5
Interoception Audition

Figure 7. Unstandardized model estimates and confidence intervals for the effect of

perceptual strength on attractiveness for neutral context (blue) and eating context (green).

32



3.3.4. H5: Is the relationship between healthiness and attractiveness mediated by perceptual

strength?

To assess whether the negative relationship between healthiness and attractiveness is

mediated by perceptual strength, mediation models were conducted separately for each

perceptual modality and by each instruction context (see Table 3). Mediations were

significant in all perceptual modalities, with the strongest mediator being gustation, followed

by vision, olfaction, haptic, interoception, and audition. Mediation was stronger in the neutral

context than eating context in all modalities. Thus, across modalities, the relationship between

healthiness and attractiveness is explained by perceptual strength.

Table 3. Mediation models for each perceptual modality in the neutral and eating context. All

mediations were significant at the p <.001 level. CI = confidence interval.

Neutral context

Eating context

Proportion Proportion Proportion

Modality mediated CI mediated CI mediated CI

gustation 0.36 32, .40 0.44 38, .50 0.30 25, .34
vision 0.33 .30, .37 0.34 29, .39 0.32 28, .36
olfaction 0.24 21,.27 0.29 24, .34 0.20 .16, .23
haptics 0.25 17,.22 0.20 .16, .24 0.28 25, .33
interoception 0.16 14, .22 0.18 14, .22 0.14 A1, .17
audition 0.09 .08, .11 0.10 .07, .12 0.09 .07, .11
Minkowski3 0.51 47, .56 0.54 48, .63 0.47 42,.53

3.4. Discussion

In this study, unhealthy food concepts were strongly associated with perceptual strength

across all sensory modalities. This is in contrast to Study 1 where the effects were limited to
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olfaction, gustation, and interoception. This suggests mental simulation of the senses
increases when eating-related sensory information is made more salient, since Study 2
featured only food words. The context set by the instructions also played a role in mental
simulation. Ratings across all modalities predicted food attractiveness, but the strength of this
effect was stronger in the neutral than eating context, in all modalities except audition. One
possible explanation for this is that foods are already most attractive when participants
consciously imagine eating them (cf. Harvey et al., 2005), which leaves less space for
spontaneous, nonconscious mental simulation to play a role. Finally, the link between
healthiness and attractiveness was explained by perceptual strength in all modalities. Again,
this effect was stronger in the neutral than eating context. We suggest an explanation for this

in the General Discussion.

4. General discussion

In this study we examined the relationship between mental simulation and food concepts that
varied in healthiness, and found unhealthy foods were more strongly associated with sensory
information than healthy foods. Moreover, these differences in sensory associations predicted
the attractiveness of healthy and unhealthy food. This suggests unhealthy food concepts are
perceived as more attractive because they are more strongly associated with sensory
experience. This provides converging psycholinguistic support for the “unhealthy = tasty”
intuition (Raghunathan et al., 2006) across a large number of food concepts, but suggests this
might better be characterized as “unhealthy = strongly sensory”, broadening the focus from
taste to the senses more generally. Overall, our evidence suggests mental simulation plays an
important role in food cognition, and therefore has real-world relevance. The results imply
that manipulating the affordances for mental simulation could affect how attractive food is
perceived to be, for example. This could be used to increase the attractiveness of healthy food

or could be used as a strategy to decrease the attractiveness of unhealthy foods.
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Our findings also contribute to research highlighting the role of context in mental
simulation (Hoenig et al., 2008; Ibafez et al., 2022; Lebois, Wilson-Mendenhall, & Barsalou,
2015; van Dam et al., 2012; Zwaan, 2014), and show for the first time that context can also
affect sensory modality ratings, which is important to keep in mind for future research.
Comparing Study 1 and Study 2, we found the relationship between healthiness and
perceptual ratings differed depending on whether or not food words were presented alone and
referred to as “food words” (Study 2) or were presented with words from other semantic
categories (Study 1, which used the Lancaster Norms; Lynott et al., 2020). In Study 1 we
found ratings of gustatory, olfactory, and interoceptive strength were higher for unhealthy
foods than healthy foods, whereas in Study 2 ratings were higher for unhealthy than healthy
foods across all sensory modalities. Presenting only food words may have accentuated the
eating-relevant features of these concepts, which appear to differ between healthy and
unhealthy foods. This suggests that word ratings, such as sensorimotor ratings, may differ
depending on the composition of the word set to be rated, and more broadly, that mental
simulation differs by linguistic context. While recent work has shown the presence of a
congruent eating context can increase mental simulations and, assuming a positive simulated
experience, affect perceived attractiveness (Papies, van Stekelenburg, Smeets, Zandstra, &
Dijksterhuis, 2022), no previous work has shown such an effect of linguistic context (i.e.,
appearing in an all food word context vs. mixed word context). We also demonstrated a
second effect via linguistic manipulation, i.e., verbal instruction. In Study 2, the mediation of
perceptual strength on attractiveness tended to be stronger without the eating instruction
context. This may be because sensory associations are already heightened when participants
are thinking about eating so that variation in perceptual strength across words makes little

difference to overall attractiveness.
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Our results suggest mental simulation increases food attractiveness, but it is also
possible that mental simulation is stronger because food is attractive. It seems plausible, at
least for some sensory modalities, that attractiveness evaluations would precede mental
simulation. It has been proposed for example that odor is primarily perceived in terms of
valence (Khan et al., 2007; Sakamoto & Watanabe, 2016; Yeshurun & Sobel, 2010; Zarzo,
2008) and odor valence is perceived before odor quality (Majid, Burenhult, Stensmyr, de
Valk, & Hansson, 2018). It has also been proposed that odor language activates emotional
simulations rather than simulations of odor quality (Speed & Majid, 2018, 2020). However,
our account of the present findings is in line with the grounded cognition theory of desire
(Papies et al., 2017) and the elaborated intrusion theory of desire (Kavanagh et al., 2005), and
previous studies that have explicitly manipulated mental simulation and found effects on
desire (Harvey et al., 2005; Keesman et al., 2016; Munoz-Vilches et al., 2019, 2020). There is
also evidence that mental simulation affects emotional responses. One study found individuals
with aphantasia (lack of visual mental imagery) show no physiological response to frightening
stories (Wicken, Keogh, & Pearson, 2019), which suggests visual mental imagery is a
necessary component to elicit an emotional reaction. In sum, our findings are consistent with
theories proposing a functional role for sensory-specific mental simulations in motivation.
Future studies could build on this to investigate whether perceived attractiveness may affect
mental simulation: for example, mental simulation may be reduced in participants who find a
food unattractive because of their dietary preferences.

There are limitations in the conclusions we can take from this study. We measured
attractiveness on a rating scale, which could be susceptible to participant bias. For example, a
participant may not want to admit how attractive they find a stereotypically unhealthy food.
The next step in this line of research would therefore be to record more implicit measures of

desire, e.g., salivation (Keesman et al., 2016) or brain activation (Pelchat, Johnson, Chan,
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Valdez, & Ragland, 2004), which has not yet been applied to linguistic stimuli in this context.
Another limitation of the current study is the fact we did not measure actual consumption
behavior. Again, doing so could reduce the effect of participant bias, and would enable a more
ecologically valid test of our hypothesis. Finally, future research could attempt a causal test of
the role of sensorimotor simulations in appetitive motivation.

Nonetheless, our results have a number of new and important implications for
understanding and changing eating behavior. The fact that we found effects for food words
without images suggests the way we spontaneously think about food is important for the
decisions we go on to make about consumption. Critically, our findings suggest that processes
of mental simulation contribute to unhealthy food being considered more desirable than
healthy food. This lends further support for emerging approaches that tackle unhealthy eating
by encouraging different ways of thinking about healthy food. One way in which researchers
have attempted to shift consumer behavior is to use taste-focused language to label healthy
and sustainable food (Papies, Barsalou, et al., 2020; Turnwald et al., 2019; Turnwald, Boles,
et al., 2017; Turnwald & Crum, 2019). Taste-focused language should activate simulations of
eating and the associated taste experience, which should subsequently increase desire for
healthy food. This has been shown to be effective in cafeteria settings when people choose
food, but it is not clear whether these effects can be generalized to broader settings, for
example, advertising or food packaging. Not only is it important to make healthy food more
attractive in cafes and restaurants, it is also crucial to encourage healthy food choices in
supermarkets and at home. This study suggests sensory modality ratings could be useful when
designing such communication strategies to promote healthy food. Future work could also
investigate to what extent sensory modality ratings for other word classes, such as adjectives
(e.g. Twisted carrots and dynamite beets; Turnwald, Boles, et al., 2017), also predict desire for

food.
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To conclude, our results suggest unhealthy food concepts are more strongly associated
with mental simulation across all sensory modalities than healthy food concepts. Critically,
mental simulation across the senses appears to explain why unhealthy food concepts are
perceived as more attractive than healthy food concepts. We show this for the first time across
a range of food concepts. Beyond merely a process of language comprehension, mental

simulation likely plays an important role in everyday, goal-directed behavior.
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