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Summary

Across diverse lineages, animals communicate using chemosignals, but only humans communicate about chemical
signals. Many studies have observed that compared to other sensory modalities, communication about smells is relatively
rare and not always reliable. Recent cross-cultural studies, on the other hand, suggest some communities are more
olfactorily-oriented than previously supposed. Nevertheless, across the globe a general trend emerges where olfactory
communication is relatively hard. We suggest here that this is in part because olfactory representations are different in
kind: they have a low degree of embodiment, and are not easily expressed as primitives thereby limiting the mental
manipulations that can be performed with them. New exploratory data from Dutch children (9—12-years-old) and adults
supports that mental imagery from olfaction is weak in comparison to vision and audition, and critically this is not
affected by language development. Specifically, while visual and auditory imagery becomes more vivid with age,
olfactory imagery shows no such development. This is consistent with the idea that olfactory representations are different
in kind to representations from the other senses.

Introduction

The body mediates between the world and the mind. It also serves as a way to conceptualise and communicate about
aspects of the world. Take terms that refer to body parts—face, back, hand. These terms pick out parts of our own bodies;
they also structure our understanding of other entities—from spatial locations to emotions. Face is used to refer to a part
of my head, but also a way to locate an entity (e.g., The car faces the building), and a way to talk about emotions (e.g.,
She didn’t want to lose face). At every instance, from infancy to adulthood, the body is the first line of information used
in thinking and reasoning about the world outside it. Could body odours also play such a role in human cognition?

The renowned Australianist Nick Evans has noted that for many indigenous Australians there is a recurrent emphasis that
the smell of sweat conveys the essence of person [1]. Traditionally, it was customary for indigenous people to seek
permission to use resources or enter land and sea from custodians of that land. A person’s identity and right to be on that
land could be recognised in part by a person’s scent. In order for an individual to travel safely through land that was not
his customary territory, the traveller might be anointed by a custodian’s sweat. That is, the smell of sweat communicates
between individuals; it is also recognised by the land. For the Dalabon—one such indigenous Australian people—the
importance of this custom is reflected in their language. The term ngenbun means: ‘(custodian) put their sweat on a new
person to protect them as they enter the former's country’ [2]. Communication is happening through chemosignals and
about chemosignals.

The example cited above seems to bely the widely touted claim that the language of smell is impoverished [3-5].
Olfactory notions can, in fact, be lexicalised in sophisticated ways that reflect how people in distinct niches have come to
utilise and think about odours. Compare the Dalabon to the Kapsiki of Cameroon [6]. In this society when a person dies,
it is customary for the blacksmiths (who are also undertakers) to dress the corpse in clothes and other accoutrement, and
then dance with the corpse for days while the body putrefies in the tropical heat. On the first day the close kinsfolk begin
the ritual mourning that the blacksmiths have prepared, on the second the whole village joins, and by the third day the
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surrounding villages also perform mourning dances with the corpse. This funereal ritual is important so that everyone
who knew the deceased can witness for themselves that the person is dead; and for the deceased to see all those they
knew when alive (for other odorous rituals at death, see [7]). While the blacksmiths do not think the smell of the
putrefying corpse is worth mentioning, non-blacksmiths think it the most vile of odours, and refer to ‘the smell of
putrefaction, the smell of a corpse’ with the term ndaléke. This term is one of 14 in this language that refers to various
sorts of culturally relevant odours [6].

Worldwide, distinct communities show an orientation to bodily smells— sweat, urine, faeces, menstrual blood, foul
breath, foot, genital odours [8,9]. In Cantonese, for example, jyunl refers to an extreme stink, which includes as
prototypical exemplars strong farts, athlete’s foot, and corpse; suk/ can indicate sweat odours; and ngaat3 urine odour
[10]. For the hunter-gatherer X0 of Botswana, terminology abounds for genital odours—e.g., unpleasant genital odours
(e.g., |nu?a and !gd?ba), unwashed vagina smell (giih?u), semen smell (!ctia)—urine smells, i.e., ‘regular’ (Iga?a) vs.
‘stale and pungent’ (g6h?lo), and excrement smells (e.g., |gkx?aa and |gah?a) [11]. Chemical communication is not
restricted to bodily odours, however. Different languages have developed lexicons to communicate about odours that are
of relevance to their cultural and ecological niche [12,13].

While diverse cultures have been documented each with its own rituals, social practices and linguistic expressions for
odours, only hunter-gatherer communities to date have been shown to communicate about smells with the same
efficiency as visual entities under experimental conditions [14—16]. In one study, the hunter-gatherer Semaq Beri were
compared to their closely-related neighbours the swidden-horticulturalist Semelai [16]. Both live in the tropical rainforest
of the Malay Peninsula, speak closely related languages, but differ in subsistence and concomitant cultural practices.
When tested with standardized colours (visual stimuli) and odours (delivered via sniffin’ sticks, marker pens filled with
an odorant [17]), the non-hunter-gatherer Semelai showed a marked asymmetry, with high agreement for how they talked
about colours, but low agreement for odours. In contrast, the hunter-gatherer Semaq Beri demonstrated equal
performance for colours and odours. In a fully enculturated and embodied context, such as exemplified with the Dalabon
and Kapsiki examples, the odour is part of a multimodal package. Myriad situational cues scaffold the odour concept. But
when presented in isolation, as in the experimental paradigm described here, it seems challenging for most people to
name odours. In various empirical studies across diverse communities, people find it harder to name odours than shapes,
colours, sounds, textures, or tastes [14], and when comparing everyday language use, olfactory talk is infrequent in
comparison to the other senses [18—20]. There are notable exceptions, of course, like the Semaq Beri and others [15,20]—
and we come back to these in the general discussion—but there is also a general trend that calls for explanation. Why is
communication about smells difficult?

Various proposals have been put forward [5]. According to some, odour naming is hard because of the underlying neural
architecture: either olfactory areas of the brain are too weakly connected to language areas [21], too directly connected
[22], or the cortical resources that process odours and language hamper one another [23]. Here, we propose a different
line of argumentation, and suggest odour naming is hard partially because of the nature of the underlying representations
(see [24] for a similar conclusion but for different reasons). Namely, compared to other perceptual modalities odour
representations are more weakly represented because:

1. There are differences in the embodiment of the olfactory sense compared to other senses (i.e., the capacity to
literally take advantage of the information provided by the body, as well as the ability to recreate sensory
information with the body or secondarily with tools)

2. There are differences in access to phenomenal sensory primitives (i.e., abstract and concrete descriptors that can
be used to communicate sensory stimuli both to others and to oneself)

If correct, then mental imagery emerges as one interesting avenue to explore these ideas, specifically to test the nature of
the underlying (olfactory) representations. In this opinion paper, we expand on these theoretical ideas and present a first
exploratory study that develops some of these themes. Critically there is a reciprocity between mental imagery and
language where mental imagery shapes as well as is shaped by language, but to what extent and how depends largely on
the language and sensory modality [25,26]. Specifically, we propose that differential affordances between the senses
based on the availability of (1) and (2) above—i.e., degree of embodiment and availability of sensory primitives—Ileads
to an asymmetry between the senses. That is, olfactory representations, and by extension olfactory imagery, should be
weaker than imagery of the other senses due to differences in the opportunities to train olfactory-specific simulation
across the life-span. To elaborate on this argumentation, we first present some necessary background to mental imagery.
We then exemplify the differences in the embodied and conceptual representations of sensory modalities which we
believe impact mental imagery. Finally, we provide empirical evidence for this asymmetry by demonstrating that
language development does not shape odour imagery as would be predicated if imagery were only dependent on generic
language functions.

Mental imagery of odours
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Numerous studies report that olfactory imagery is the least vivid of all senses, followed by touch and taste sensations,
with visual and auditory imagery being the most vivid [27-30]. Conversely, only a very small portion of people are
unable to conjure visual images [31], but many more report they cannot simulate olfactory sensations at will [27,28].
Parallel cross-cultural data on imagery is lacking, but one study found that even though there was some evidence for the
cross-cultural malleability of imagery, olfactory images were nevertheless systematically rated as the least vivid in
different communities [32]. This suggests that odour representations are generally more elusive than their visual or
auditory counterparts. For the last five decades a substantial body of research has targeted the mechanisms underlying
mental imagery across sensory modalities [33—35]. So it is surprising that only a fraction of these studies have focused on
why differences between modalities emerge in the first place, and why odour images are so much harder to conjure.

One thing that makes odour images particularly difficult to conjure is that odour perception is inherently multimodal in
nature, as alluded to earlier. It depends on context [36], interacts with other senses [37,38] including the trigeminal
system [39], and is critical to flavour perception [40]. Even if it was possible to remove all of these complexities, and ask
people to imagine monomolecular odours they had recently smelled, the vividness of those images pales in comparison to
imagery of other sensory modalities. It has been proposed that limited neocortical resources make conscious processing
of mental representations of odours difficult, if not impossible [41].

At the same time, others have noted that mental imagery is possible, but that the differences between odour imagery and
imagery for the other senses may lie in the underlying relationships between perception and other cognition. Imagery
appears to be partially dependent on modality-specific working memory systems [42,43]. This is problematic for the
olfactory image [28] because—in contrast to vision [44], audition [42] and somatosensation [45]—working memory
capacity for odours is limited, and as a consequence appears to recruit language [46—48]. Studies have shown a
correlation between olfactory imagery and proficiency in naming odours [49], with odours that are easy to name being
easier to imagine, and vice versa [50]. While this evidence is usually taken to imply that odour imagery relies on
language, this seems at odds with the corollary that odour naming is difficult in the first place. Instead, it is likely that
some third factor underlies both ease of odour imagery and odour naming, namely how deeply entrenched the underlying
odour representation is in the first place.

Consistent with this, olfactory experts (such as perfumers) who are much better at odour imagery, undergo considerable
perceptual training and show both cortical and functional changes [51,52]. Critically, the cortical changes seem to be
restricted to primary and secondary olfactory areas, but not areas involved in semantic processing. In fact, the functional
brain architecture during odour imagery in expert perfumers suggest a negative association between the level of odour
expertise and involvement of semantic memory networks [52]. In a similar vein, it has been shown that for people with
acquired anosmia the duration of olfactory loss affects brain activity during odour imagery, with longer periods of being
without the sense of smell being associated with increased activation in areas underlying episodic memory [53].

Embodiment of the mental image

Embodied theories state that mental imagery cannot be studied as an internal process alone, but that it—Ilike real
perception—must be considered in a framework that involves the body and goal-directed sensory-motor actions within
specific environments [34,54,55]. However, the importance of the literal physicality of the body in providing both
reference stimuli and volitional sensory feedback during the process of mental imagery has not been fully appreciated.
We believe that this notion is important for understanding the observed asymmetry between the senses. Importantly we
show this asymmetry—grounded initially in the body and then extending outside of it—Ilimits the possibilities for
rehearsing odour representations.
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Degrees of embodiment

Acces to sensory stimulus from
uterus and body

Recreating bodily states present

Sound, colour, shape, texture, taste,
odour, temperature

Saccades, sniffing, frowning, motor
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during sensory perception bumps

Pleasure, disgust, pain, happiness,
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Recreating emotional bodily states
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body, produce textures with body parts
and sounds with mouth or body parts

Recreating and mimicking sensory
stimuli with body parts

Dyeing-, drawing-, sound-, haptic-, and

Manipulating cultural artifacts :
olfactory technologies

Figure 1. Degrees of embodiment of sensory stimuli.

From top to bottom of Figure 1, there is increasing embodiment. Weak embodiment is exemplified by the recreation of
bodily states present during perception (e.g., sniffing). Strong embodiment, in contrast, involves direct simulation of the
stimulus by the body—with or without tools. For example, it is possible to mimic visual objects by gestures, drawing in
the air or literally on the skin by scratching with the fingernails or by using cultural artefacts like a pencil. It is also
relatively easy to recreate auditory information using the vocal cords or by using other body parts to mimic a sound; or to
create touch sensations, like pain, temperature, texture by pinching, stroking, or rubbing.

At its most basic form the only perceptual information present to a human at all times, is the one provided by the body—
the shapes, colours, sounds, textures, temperatures, tastes, and smells that the body has at any given moment. In utero, the
foetus is a passive recipient of stimuli from the external world, notably from the chemical senses via the mother’s
ingestion [56], and through audition particularly language and music [57]. In infancy, the child begins to develop the
capacity to voluntarily control and manipulate her sensory input, but the affordances available to do that for each
modality is not equivalent. With her body alone, the infant can produce different sounds; and view and touch different
parts of her body. Differential input provides opportunity to distinguish, compare, and contrast the corresponding sensory
stimulus; to practice and consolidate the underlying representations. But the opportunity for controlled, differential
chemosensory input from the body is limited. This means that the opportunities to consolidate smell and taste
representations from the body alone are also curtailed. Differential opportunities to manipulate sensory stimuli continue
into adulthood, with many more technologies enabling visual and acoustic manipulation than olfactory (Figure 1).

We propose that for senses that have strong embodiment (e.g., vision and audition) there will be a direct connection
between a sensory image and the body. To put it another way, the image should to some extent be possible to reproduce
with the body both directly (e.g., mimicking sounds) and indirectly (e.g., creating sounds with instruments). The
important notion is not that this process should result in a perfect reconstruction of the primary sensory stimulus in the
real world, but simply that there is the possibility to reproduce it. The possibility is the key.

Conversely, for weak embodiment there is no direct connection between an image and the body. The only link is indirect
and related to other factors (i.e., states) that could be present during actual perception of the sensory stimuli (e.g., eye-
saccades for vision [58] or sniffing for odour perception [59,60]), or the simulation of bodily emotional states (e.g., goose
bumps or facial expression). Whereas weak embodiment results in fewer opportunities to train the mental image, high
embodiment allows for frequent, and also incidental opportunities for practice of imagery. So, for olfaction early
chemosensory communication between the foetus and the mother in combination with post-birth continuous exposure to
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one’s own body odour and self-sampling [61] will provide the first reference stimulus that can be used for volitional
olfactory imagery.

Phenomenal sensory primitives in odour imagery and directed communication

Our second argument comes not from the asymmetry in embodiment, but from the asymmetry in the mental tools
available to think about the various senses. Mental imagery can in many regards be considered a pure act of memory,
where perceptual information is retrieved from long-term memory and manipulated with the help of working memory
[33]; but mental imagery is also used to imagine things never before experienced [62]. For the latter, the creation of a
mental image does not rely on a specific episodic memory, but can be derived from the manipulation of sensory
“primitives”. For vision and audition, this feat is relatively straight-forward. A visual entity can be decomposed into many
phenomenal dimensions (e.g., shape, colour, texture) each with its own set of dimensions. On this, the physical and
phenomenological dimensions should not be confused (e.g., light wavelength vs. colour category), and although they can
correlate, this is not necessary [63,64]. For vision and audition the phenomenal sensory primitives can be used to
decompose and reassemble holistic images from a specific semantic category (e.g., the sight and sound of a dog), and
they can also be used to create new complex sounds and images with no specific referent in memory.

What about odours? They do not seem to lend themselves to the same decomposition [65]. The quest for odour primitives
has long been intimately connected to the development and categorization of semantic descriptors for odours [66—69].
These descriptors, often mapped onto odour wheels, contain both abstract (e.g., pungent) and concrete (e.g., fish) terms
[66,70]. Odour terms like fish or orange can help a person access a ‘fish” or ‘orange’ odour from memory (although see
[71]), and enable mental mixtures of the two, even if the mixture is perceptually novel [72]. However, it is harder to
envisage how a person who has never smelled a fish or an orange odour could simulate them. What phenomenal sensory
primitives from the odour wheel would a fish or orange odour be decomposed into? An alternative approach to the odour
wheel is provided by Yeshurun and Sobel [73] who propose that the dimensionality of odours should be constrained to its
pleasantness. Here the mental imagery of a specific smell is simply the mental imagery of the odour’s hedonic valence.

In visual imagery, an understanding of shape primitives such as those given by geons [74] (e.g., circles, cones, cylinders)
is sufficient to enable mental simulation of a wide range of shapes and objects. Importantly, the geons could be used to
communicate shapes to a person that has no prior knowledge about a specific novel object Is the olfactory equivalent of
geons—“odons” (i.e., odour primitives)—possible? Perhaps not. Neither odour wheels, nor the pleasantness of an odour
can be considered geon-like. If we turn to the natural vocabularies in languages other than English, even for those with
dedicated olfactory lexicons, the odour terms are typically complex packages of information that do not readily lend
themselves to an analysis in terms of odons. More generally, as odour perception is inherently multimodal in nature, and
depends on context as well as on the interaction with other senses an odon-like structure seems unlikely.

Figure 2 provides the reader with examples to illustrate some ways in which visual, but not odour images, can be readily
communicated. The first example is a thought experiment that can be used to illustrate the qualitative differences between
the modalities. Read steps 1-7 below before looking at the last picture in the sequence in panel Figure 2A.

1. Imagine a white two-dimensional surface.

2. Imagine a rectangle on this surface so that the longest sides are parallel to the horizontal plane.

3. Next, imagine two identical circles each with a diameter one fourth the length of the long-side of the rectangle. Put
these two circles on the top horizontal line of the rectangle so they do not touch each other. The circles should be in
contact with, but not overlap the rectangle.

4. Next imagine a new rectangle half the length and width of the first rectangle. Place this rectangle directly underneath
the first one, so it is centred to it with its long side on the horizontal plane touching, but not overlapping, the big
rectangle’s length along the bottom.

5. The final image should have two circles on the top, a big rectangle in the middle, and a small rectangle at the bottom.
6. What do you see?

7. Turn it 180°, what do you see now?
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Figure 2. Directed communication and simulation.

(A) Hlustration of how the manipulation of primitives (in this case rotation) can shift an abstract mental image into a
representation of a semantic object (e.g., when this thought exercise is run on undergraduate students informally in class
by the first author, the majority of students imagine a car only after rotation). (B) In this scenario person A has semantic
knowledge of cars (i.e., including perceptual facts, ideas, and beliefs about cars). Person A uses her knowledge about the
visual representation of cars to decompose a car into visual primitives, such as geons, and expresses these and their
spatial relationships to person B. Importantly, person B has knowledge only of the primitives, but no semantic knowledge
of cars. However, person B can still simulate features of the object and communicate it to person C who has the
appropriate primitives and semantic knowledge and thus can simulate and recreate the original object. (C) Can equivalent
communication be envisaged for olfaction? If so what kind of odons would be required to do so? We believe this type of
task would be difficult to conduct with olfaction.

Language development does not shape olfactory sensory simulation

The combination of low embodiment and little accesses to sensory primitives, taken together, give rise to few
opportunities to train the olfactory image. In contrast, the visual and auditory modalities lend themselves to multiple—
volitional and incidental—opportunities to further reify the underlying representations. This predicts that visual and
auditory modalities, for example, would give rise to stronger mental imagery than olfaction as has been found previously.
It is not clear what implications this has for development exactly—particularly with respect to olfaction which is our main
focus here—so we conducted an exploratory study to unpack this further. To the best of our knowledge there is currently
no data on how the vividness of simulated sensory stimuli change as a function of biological and cognitive development.
Here we took a first step towards redressing this gap, and compared children’s sensory imagery to adults.

If some form of odour imagery is possible in childhood, it could be linked to perceptual training, but not necessarily
involve language or semantic memory networks. One could alternatively argue that the construction of an odour image is
initially dependent on the ability to verbalise odours (to access it from memory), but with proficiency the olfactory image
gets less dependent on semantic feedback [27]. Both perspectives would predict that olfactory imagery becomes more
vivid over development, although not necessarily linearly. Alternatively, there is a fundamental asymmetry in the
senses—as outlined above—which means the odour image is consistently weak across development. As a first step
towards addressing these questions, we tested children in middle-childhood between the ages of 9 and 12-years. In this
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age range, children are still acquiring language, and doing so at a remarkable rate. The average 9-year-old has a
vocabulary of around 11,000 words, by 11 they know 20,000 words, and by the time they graduate high-school, they will
have adult-like mastery of around 60,000 words [75,76]. This suggests that middle-childhood is a good time window to
study the development of imagery. In line with earlier results, we predicted that for adults, vision and audition would give
rise to more vivid imagery and smell the least vivid imagery. In this exploratory study we ask whether the same pattern
holds for children, and whether there are any clear developmental trajectories in imagery abilities, particularly for smell.

Sensory imagery in children and adults

Method

Participants

Sixty-one adult participants (46 women, 15 men) were tested, age range 18 to 52 (M=22.39) at Radboud University,
Nijmegen and were recruited through the university SONA system (a participant database) on a voluntary basis. In
addition, we tested 9-year olds (n = 38; 21 girls, 17 boys), 10-year-olds (n = 52; 29 girls, 23 boys), 11-year-olds (n = 72;
41 girls, 31 boys), and 12-year-olds (n =27; 11 girls, 16 boys) from 3 local schools with comparable socio-economic
background nearby Nijmegen whose parents and teachers consented to participating (see Supplementary Table 1.1. for
age distributions). This convenience sample meant there were unequal age groups. All participants were native Dutch
speakers. Adult participants were paid for their participation; while children received a certificate and stickers.

Materials

We adapted the short version of the Plymouth Sensory Imagery Questionnaire (Psi-Q) [77] for use in our study which
was conducted in Dutch. The original questionnaire contained 21 items in English tapping vision, sound, touch, taste,’
smell, bodily sensations and emotion; but we focused on the first five perceptual modalities only. The final questionnaire
consisted of the 15 items, 3 targeting each perceptual modality, as in the short form of the Psi-Q [77]: vision (a bonfire, a
sunset, a cat climbing a tree); sound (the sound of a car horn, hands clapping in applause, an ambulance siren); touch (fur,
warm sand, a soft towel); taste (black pepper, lemon, mustard); smell (newly cut grass, burning wood, a rose). The
original questionnaire was translated to Dutch and back-translated to verify its closeness to the original text. Note, while
it is typical to distinguish ‘taste’ from ‘flavour’ in scientific terminology, the Dutch term smaak encompasses both, and
we do not distinguish them within this experiment. The imagery questionnaire was compiled in two different orders:
people were asked to provide imagery ratings for vision, sound, smell, taste and touch in one questionnaire; and vision,
touch, taste, smell and sound in the other. Questionnaire order was counterbalanced across subjects. To simplify for use
with children, we reduced the Likert scale from the original 11-point scale to a 5-point scale.

The questionnaire began with a practice example asking participants to imagine seeing a banana, and asked them to
indicate on a 5-point scale how clear the image was with 1 being the lowest rating and 5 the highest. With this first
example, there was also accompanying text to help clarify the scale: (1) I cannot form an image of the item clearly, I can
only think about it; (2) I can form the image of the item vaguely; (3) I can form the image of the item a little bit; (4) I can
form the image of the item pretty clearly; and (5) I can form the image of the item clearly, as vivid as in real life. Also
accompanying this first practice example was a picture of a banana under each number on the scale, depicting the banana:
under (5) the banana was a clear sharp picture, which faded in steps under numbers (4)-(2) until there was an empty box
under (1). Participants were asked to indicate how clear a banana was for them under the corresponding number on the
scale. For the experimental items, participants were only given the numerical scale ranging from 1-5 with no
accompanying text or pictorial aid.

Procedure

Adult participants were tested individually and given a printed questionnaire which they filled in themselves in a self-
paced manner. Children were tested in small groups. The experimenter first explained the questionnaire to them. Children
were then handed individual questionnaires to fill in by themselves; in addition individual questions were read out by the

! Dutch does not make a linguistic distinction between taste and flavour. Both are referred to with smaak which is the
term used in this study. We follow the Psi-Q convention of referring to “taste” in this article, although the test items
tested clearly tap into the multisensory experience of flavor.

7
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experimenter to aid comprehension. Children were encouraged to ask questions if anything was unclear. Additional
experimenters were on hand to answer individual questions.

Results

Overall, internal consistency for the 15 questionnaire items was high (Cronbach’s alpha = 0.811); the sampling adequacy
good (KMO = 0.822) with anti-image correlations in the range 0.736—0.886. A factor analysis using maximum likelihood
extraction identified 4 factors with an eigenvalue higher than 1 and which captured 54.6% of the cumulative variance,
goodness of fit test: x3(51) = 73.07, p = .023. All items loaded positively on the first factor indicating perhaps a single
factor of general imagery vividness. Factor 2 distinguishes vision from sound and touch and then smell and taste; Factor 3
distinguishes smell from taste (see Figure 3, and Supplementary Table 1.2 and Figure 1.1 for all factors and factor
loadings).

06
smell_grass
-
04 sm:all_rose
02
smell_wood -
. sound_applause vision_sunset
. sound_siren .
- . vision_cat e
o * * vision_honfire
‘E 0.0000 taste_leman sound_car -
w . touch_sand
. touch_fur
-
L]

02 taste._mustard touch_towsl

0.4 tastE_pepper

-06

-0.6 -04 02 0.0000 02 04 08
Factor 2

Figure 3. Factor analysis of imagery items.

A plot of the second and third factors extracted from a factor analysis with maximum likelihood extraction. Factor two
distinguishes items loading on vision, touch and sound, and then smell and taste. Factor 3 distinguishes most sharply
between smell and taste items.

In order to compare the ability to imagine each sensory modality across development, we calculated an average score per
modality based on individual’s responses to items. Altogether there were 34 missing data points: one 12-year-old did not
provide a response for imagining the sight of the sunset, one adult did not respond to any touch item, and 18 children and
adults did not provide a response for the taste of pepper and another 12 for the taste of mustard. Where there was either
no response or only a single value for a modality, we imputed the mean of the group for that individual. A 5 (modality:
Vision, Sound, Touch, Taste, Smell) by 5 (age: 9-year-old, 10-year-old, 11-year-old, 12-year-old, and adult) ANOVA,
with modality as within-participant factor and age group as between-participant factor was performed. There was a main
effect of modality F(4,980)=74.38, p<.001, n,>=.23, no effect of age F(4,245)=1.32, p=.26, n,°=.021, but there was a
significant interaction between modality and age F(16,980)= 2.46, p=.001, n,°>=.039 indicating that some sensory
modalities give rise to more vivid imagery with age, but others do not (see Figure 4, and Supplementary Table 1.2.).

Comparing the relative ease of imaging each of the sense modalities, we see a consistent pattern—the chemical senses are
the most difficult to imagine. Using pairwise comparisons with Least Significant Different adjustment for each age group,
we see no difference in adults between vision and sound (p=.96), but people reported visual images as more vivid than all
the other modalities, i.e., touch (p<.001), taste (p<.001), and smell (p<.001). In turn, sound was also easier to imagine
than touch (p<.001), taste (p<.001), and smell (p<.001). Touch was easier than taste (p=.001), and smell (p<.001);
whereas there was no difference in imagery for smell and taste (p=.15). For the children we see a very similar pattern for
smell and taste which are always the least vividly imagined, and never differ from one another. There was some more
variation in how vividly the other senses were imagined at each age, with vision, sound and touch vying for the top spot.
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For 12-year-olds, there was no difference between vision and sound (p=.07), touch (p=.60), or taste (p=.08), but visual
images were more vivid than smell (p<.001). Sound imagery was no more vivid than touch (p=.19), but was compared to
taste (p<.001), and smell (p<.001). Touch was more vivid than taste (p=.018) and smell (p<.001); but smell and taste did
not differ significantly (p=.07).

For 11-year-olds, visual imagery was less vivid than sound (p<.001) and touch (p<.001), but like the adults visual images
were more vivid than taste (p<.001) and smell (p<.001). Sound imagery was no more vivid than touch (p=.48), but was
more vivid than taste (p<.001), and smell (p<.001). Touch was more vivid than taste (p<.001) and smell (p<.001); and
smell and taste did not differ (p=.24).

For 10-year-olds, visual imagery was also less vivid than sound (p<.001) and touch (p<.05), not different from taste
(p=.08), but more vivid than smell (p<.004). Sound imagery was no more vivid than touch (p=.20), but was more vivid
than taste (p<.001), and smell (p<.001). Touch was more vivid than taste (p<.001) and smell (p<.001); and smell and taste
did not differ (p=.24).

For 9-year-olds, there was no difference in imagery between vision and sound (p=.40) or touch (p=.51), but visual images
were more vivid than or taste (p<.001) and smell (p<.001). Sound imagery was no more vivid than touch (p=.86), but was
more vivid than taste (p<.001), and smell (»<.001). Touch was also more vivid than taste (»<.001) and smell (p<.001);
and smell and taste did not differ significantly (p=.96).

If we look, instead, at each modality separately, we see there is no difference between children and adults in imagery for
smell F(4,245)= 0.95, p=.44, n,°=.015 or taste F(4,245)=0.51, p=.73, 1,°=.008; there was a marginal effect of touch
F(4,245)=2.34, p=.056, 1,°=.037; and clear evidence of a developmental change for vision F(4,245)= 4.01, p=.004,
Np>=.061 and sound F(4,245)= 2.49, p=.04, n,°>=.039. Pairwise comparisons with Least Significant Different adjustment
showed that 10, 11, and 12-year-olds had less vivid visual imagery than adults (all p<.003), with 9-year-olds not differing
significantly (p=.077). For sound, only 9-year-olds differed and had less vivid imagery than adults, (p=.01), and for touch,
only 11-year-olds differed significantly from adults (p=.01). We did not have a hypothesis about gender differences in
imagery across age groups but this information can be found in Supplementary Table 1.4.

Overall, then, smell and taste imagery remains equally poor for adults and children; whereas within the same age-range
we see evidence of a developmental change with more vivid imagery for sight and hearing especially coming into
adulthood.
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Figure 4.Vividness of mental imagery across age groups.

Boxes indicate the 25" (left horizontal vertical line), median (bullet circle) and 75% (right vertical line) percentiles of the
distribution. Left whiskers indicate the maximum value of the variable located within a distance of 1.5 times the inter-
quartile range above the 75" percentile; right whiskers indicate the corresponding distance to the 25th percentile value.

Discussion

Our data show that odour and taste images are the least vivid during development and importantly do not change from
middle-childhood. This is noteworthy, because imagery in other modalities (e.g., vision, sound) do appear to change in
the same time window. This tells us two things. First, differences in perceptual experience (middle-childhood to
adulthood) do not seem to matter for the vividness of odour images. Second, the changes in cognitive capacity that
emerge through development, specifically in relation to language acquisition [75,76] and working memory [78], also do
not seem to significantly impact olfactory imagery. This is important because, as we discussed earlier, all three have been
implicated in ease of odour imagery in adults.

We conclude that opportunities to practice olfactory imagery early in life are more limited than for visual or auditory
imagery. One reason for this developmental asymmetry in training may lie in the asymmetry between sensory modalities
in degrees of embodiment and sensory primitives, as outlined above. At this moment we do not know which one of these
two factors is the most critical, and whether they work singly or in combination to affect practice opportunities. It is likely
that it is a combination. For future work, studying the use of sensory primitives in mental imagery by children is likely to
be challenging, but the study of embodied practices is more tractable. For example, representational gestures such as
object- and event-related hand movements depicting referents start as early as 12 months of age [79,80], and the
possibility of sound imitation is present at birth [81] (e.g., during auditory-oral matching, when the infant reproduces
mouth movements necessary to produce sounds she just heard). At an early stage, then, children are able to use volitional
sensory mimicry (e.g., sound) as sensory feedback (i.e., perceptual training) to build up the to-be-imaged stimulus and to
facilitate recollection of a specific sensory stimulus from long-term memory [82]. Olfaction does not lend itself to the
same embodied possibilities. While in some cultures we see that bodily odours can be expressed in language, the body
itself does not lend itself to the manipulation of these signals in the same way as for visual or auditory signals. One could
speculate that imagery of body odours is different to other odours, since children may be able to manipulate body odours
to some extent. Although, to the best of our knowledge there are no data on mental imagery of body odours, this special
issue presents novel data that humans regularly sniff themselves across the body to sample their own odour [61]. This
fascinating observation could suggest that body odours are different in kind. Much like body parts—such as hands—are
used to conceptualise and communicate about the world, people may unconsciously use body odours to anchor and
organise their olfactory cognition, including odour imagery, memory, and naming. Importantly our data suggests that
mere sensory exposure is not enough to enhance simulation; something else is required. We propose that in cases where
olfactory exposure significantly affects imagery it is likely to be when deliberate practice occurs, as found with adult
professionals (e.g., perfumers, but see [83]); although it has to be said that the studies to date suggest that even in adult
professionals with extensive training, mental imagery for olfaction remains relatively poor [52,65,84].

Limitations

The present study is exploratory and as such the empirical findings ought to be replicated in larger sample and in different
populations. The reported statistics were not corrected for multiple comparisons which may lead to Type I errors, and so
should be treated with appropriate caution. This is likely, for example, in the apparent significantly weaker visual than
sound imagery for 10 and 11-year-olds, where we do not find differences between these two modalities for 9 and 12-year-
olds or adults. This apparent difference is not grounded in any developmentally plausible theory. In addition, children
were tested in groups, while adults were tested individually. It is possible this led to weaker imagery ratings from
children; although the results showed no main effect of age on vividness of imagery, only a modality by age interaction. It
seems unlikely that group testing would specifically have given rise to weaker imagery for the chemical senses, as we
find in this study, but further testing is required to rule this out. As another consideration, the use of a visual example as
the practice trial could have biased our data. We applied this approach because using a picture with vivid vs. faded
depictions of a banana was a practical and a concrete way to illustrate what was meant by imagery vividness for young
children. However, we do not believe this fact can account for the pattern of data we see in our study because visual
imagery was not the most vivid for children across the board. Finally, we believe it is unlikely that potential differences in
olfactory threshold between children and adults underlie these results. Although studies have found prepubescent children
are less sensitive than adults for some types of odors, particularly sweaty and musk-like odorants (e.g., androstenone,
pentadecanolide, oxahexadecanolide) [85—87]; for most odors relevant for our study, i.e., associated with common odors
(e.g., eugenol; PEA, rose odor; R-(+)-carvone, chewing gum-odor), the weight of the evidence suggests no age difference
[88-92]; with one study even showing that children are more sensitive than adults to fishy odor (i.e., trimethylamine)
[93]. More importantly, even extreme changes in odour capacity—such as that observed in anosmics—have only
moderate effects on subjective vividness ratings of odour imagery [53]. With all these caveats in mind, we believe that
our data nevertheless is clear in demonstrating that in all groups smell (and taste) give rise to less vivid imagery than
vision and sound.

10



OO N W N —

44
45

46
47

48
49

50
51

52
53

Future directions

The evidence presented here comes from a Western society with no real cultural or linguistic elaboration in the olfactory
domain. It remains an open question as to whether communities with developed cultural practices and linguistic resources
in this domain would show the same patterns in imagery. Though previous evidence suggests that olfactory imagery is
difficult across cultures [32], no targeted comparison with established olfactorily-oriented cultures have been conducted
as of yet. It is possible, for example, that in hunter-gatherer communities, the use, interaction, and embodiment of odours
in everyday life shapes olfactory cognition deeply, even at a representational level. For example, the fact that some
cultures monitor and manipulate odours to avert sickness suggests a level of conscious awareness beyond what is
displayed by lay people in the West. Similarly, we saw that many communities have developed lexicons for smells
emitted by different parts of the body. If this is something children are being enculturated to early in life, perhaps it
deepens the degree of embodiment.

One could question whether the low imagery vividness for odours is due to the choice of items used. This seems unlikely.
To the best of our knowledge odour imagery has systematically been rated as the least vivid perceptual modality across
all published studies comparing sensory modalities, even in those where the same object (e.g., wine) is rated for its visual
versus olfactory appearance [94]. With that said future studies could use items that have been matched for familiarity
across modalities and participant groups (e.g., children and adults). It should also be noted that although questionnaires,
such as the Psi-Q, are without question the most common way to assess imagery, this approach is far from ideal as it is
subjective. Importantly, questionnaires, and especially those that use labels to elicit an odour image, are problematic as
they cannot separate the odorant from the odour [95]. They also miss other complexities that separate olfaction from other
senses such as vision. For example, whereas visual phenomena have been analysed as being more objective; olfaction is
said to be constrained, and not processed as an autonomous stimuli but as highly dependent on the experiential context
[96]. Even if there are better ways to assess odour imagery, such as comparing imagined and real odour mixtures [72],
these approaches are unfortunately too complex for children. However, using more objective measures of odour imagery
might capture developmental aspects that are otherwise hidden. One way to target this could be to use imagery-triggered
salivation with a naturalistic multimodal procedure commonly employed in consumer research employing, for example,
pictures of food in odour imagery and non-imagery trials [97]. These are questions for the future.

In conclusion, whatever the underlying neural architecture [21-23,41], differences in the degree of embodiment and
underlying sensory primitives impact mental imagery, and possibly indirectly odour communication.
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