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Little is known about the perceptual characteristics of mental images nor how they vary across
sensory modalities. We conducted an exhaustive survey into how mental images are experienced
across modalities, mainly targeting visual and auditory imagery of a single stimulus, the letter

X:ls;ii’ry “0”, to facilitate direct comparisons. We investigated temporal properties of mental images (e.g.
Multimodal onset latency, duration), spatial properties (e.g. apparent location), effort (e.g. ease, spontaneity,
Aphantasia control), movement requirements (e.g. eye movements), real-imagined interactions (e.g. inner
Hyperphantasia speech while reading), beliefs about imagery norms and terminologies, as well as respondent
Vividness confidence. Participants also reported on the five traditional senses and their prominence during
Phenomenology thinking, imagining, and dreaming. Overall, visual and auditory experiences dominated mental
Individual differences events, although auditory mental images were superior to visual mental images on almost every

metric tested except regarding spatial properties. Our findings suggest that modality-specific
differences in mental imagery may parallel those of other sensory neural processes.

1. Introduction

Whether from gazing onto its whiskered head, patting its soft fur, or listening to its thrumming purr, each sensory modality can
provide us with a stream of modality-specific information from which we can deduce the same modality-independent conclusion: we
have encountered a cat. Yet, long after our cat has left the scene, we might still be able to see, hear, and pat it again in our thoughts.
This phenomenon, where thoughts involve a sensory experience of what we are thinking about, even when it is not there, is known as
mental imagery. Though mental imagery can hypothetically occur in any sensory modality, it is frequently studied in the visual and
auditory modalities (including as a consequence of inner or covert speech when imagining speech sounds specifically). However, it is not
clear how the subjective experience of mental imagery differs between these different sensory modalities. This limits the inferences
which can be drawn about whether mental images are subject to the same modality-specific processing idiosyncrasies as their veridical
counterparts, hindering our understanding of the mechanisms behind mental imagery. Consequently, here we sought to determine and
compare the perceptual characteristics of imagined stimuli in multiple modalities, mainly focusing on visual and auditory experiences.

While the subjective experience of mental imagery in the visual and auditory modalities has been compared previously, com-
parisons are usually specific to one or two factors, or have been carried out with respect to comparing imagery vividness (e.g. Andrade
et al., 2014; Gissurarson, 1992; Schifferstein, 2009; Sheehan, 1967; Switras, 1978; Talamini et al., 2022). However, mental image

* Corresponding author.
E-mail addresses: alexander.sulfaro@sydney.edu.au (A.A. Sulfaro), a.robinson4@ugq.edu.au (A.K. Robinson), thomas.carlson@sydney.edu.au
(T.A. Carlson).

https://doi.org/10.1016/j.concog.2023.103598
Received 18 July 2023; Received in revised form 13 October 2023; Accepted 23 October 2023

Available online 11 December 2023
1053-8100/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:alexander.sulfaro@sydney.edu.au
mailto:a.robinson4@uq.edu.au
mailto:thomas.carlson@sydney.edu.au
www.sciencedirect.com/science/journal/10538100
https://www.elsevier.com/locate/concog
https://doi.org/10.1016/j.concog.2023.103598
https://doi.org/10.1016/j.concog.2023.103598
http://crossmark.crossref.org/dialog/?doi=10.1016/j.concog.2023.103598&domain=pdf
https://doi.org/10.1016/j.concog.2023.103598
http://creativecommons.org/licenses/by/4.0/

A.A. Sulfaro et al. Consciousness and Cognition 117 (2024) 103598

vividness is infrequently defined or disambiguated such that ratings of imagery vividness have quite limited explanatory power (Dean
& Morris, 2003; Richardson, 1988; Slee, 1988). It is therefore difficult to draw interpretable conclusions from comparing imagery
vividness in different modalities. More interpretable measures of how mental images are experienced do exist, such as for visual
imagery (see Pearson et al., 2013 for an extensive list) and auditory imagery (see Alderson-Day & Fernyhough, 2015; Hubbard, 2010
for reviews). Yet, these measures tend to be tailored to a single modality rather than for comparisons between modalities. Hence, it is
still largely unknown how the quality of mental imagery is affected by the modality in which it occurs.

Here, we sought to surmount these existing challenges in an online questionnaire asking participants to report on how they
experience their thoughts, focusing on visual and auditory imagery in detail. Crucially, we compared visual and auditory mental
imagery on the same set of questions, probing the same properties, using interpretable metrics, and using a single simple imagery
stimulus that can be experienced both in a visual and auditory way: the letter “O”. This approach allowed us to assess a multitude of
properties concerning how stimuli are imagined, including where imagined thought content seems to be located, whether imagery
occurs automatically, immediately, and indefinitely, and whether imagined content fluctuates in visibility or audibility. In contrast to
vividness-based investigations, many of the traits that we probe are precisely defined and can be similarly applied to measuring real-
world stimulus characteristics. This allows for imagined experience to be compared in a highly interpretable way across different
sensory modalities.

We also incorporated a range of explicit comparisons to allow respondents to unambiguously report which of five sensory mo-
dalities were most dominant with respect to a number of criteria concerning mental imagery properties (e.g. which modality’s imagery
started most quickly, occurred most easily, or required the least body movements). Further, we investigated the prevalence of
modality-specific sensory experiences during imagination, thoughts, and dreams, how people evaluate and define their own imagery
experiences, and how confident respondents were about each of their responses. Ultimately, we observed modality-specific biases in
mental imagery which, for most respondents, generally tended to favour more refined auditory imagery rather than visual imagery. We
account for our findings by considering modality-specific differences in the brain’s capacity to process and simulate sensory
information.

2. Methods
2.1. Assessing sensory thought content rather than “mental imagery”

We used an online questionnaire to investigate mental imagery. However, despite investigating mental imagery, we specifically
avoided using the term “mental image” throughout the study, instead opting to ask participants whether they had a visual or auditory
experience of their thought content, or if they saw or heard their thought content in some way. This was done for several reasons:

Firstly, “mental images” are commonly associated with the visual modality, and naive participants may not consider sensory
thought content in other modalities to be “mental imagery.” Using “mental image” terminology could therefore result in reduced
confidence when responding in non-visual modalities purely because of a lack of familiarity with what a non-visual mental imagery
experience entails. Secondly, describing mental images in terms of sensory thought content may reduce the likelihood that participants
answer based on their preconceived notions of what “mental imagery” is. For example, our approach should be more sensitive to
individuals who have quasi-sensory experiences of their thoughts but who may not report having mental imagery because they assume
mental imagery involves an eidetic or hallucinatory (i.e. unambiguously sensory) experience phenomenologically equivalent to
veridical perception. Our approach is also sensitive to probing individuals who truly have no sensory experience of their thoughts, but
still believe that they can do “mental imagery” because they assume that forming a “mental image” is merely a metaphor, figure of
speech, or visual device in film and television rather than a literal sensory experience. Reports of these mix-ups extend back to the
nineteenth century (Galton, 1880) and continue today such that it is now virtually a trope for one to discover that “mental imagery” is
not a metaphorical term. Indeed, at the time of writing, two of the top three posts of all time on https://www.reddit.com/r/aphantasia,
a forum discussing imagery extremes with more than 50,000 users, relate to this exact situation. One of our respondents also reported a
similar predicament with regards to auditory imagery, stating “I used to think internal monologues were only ever used in movies to help
verbalise a characters [sic] thoughts, not a real experience”. For these reasons, we believe that avoiding explicitly asking participants
about “mental images” may provide more accurate subjective reports.

2.2. Participants

In total, 592 undergraduate psychology students from the University of Sydney participated in the online study. Research was
conducted with ethics approval from the University of Sydney ethics committee. Participants provided informed consent before
participating. Each participant received course credit for their participation which was automatically granted to the student upon
completion of all required parts of the study. Exclusion criteria were applied after participation, rather than before, so that students
could complete components of their coursework related to research participation. We employed fairly conservative exclusion criteria
given the aforementioned importance of language comprehension within this study. Firstly, 143 participants were excluded from
analyses for failing to correctly pass all three basic attention checks present in the study (e.g. “To prove that you’re reading these
instructions, please select the last option below”). Attention checks are shown in Supplementary Item 1.1: Q4.26, Q5.26, and Q7.2. One
extra individual was excluded due to an error that allowed them to avoid completing all required parts of the questionnaire. We also
excluded 16 additional participants for completing the questionnaire in less than 15 minutes: pilot testing indicated that properly
completing the questionnaire required approximately 30 minutes, and the median completion time for participants who passed
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attention checks was 29 minutes. To ensure any conclusions about imagery norms were not driven by a subset of individuals with
atypical perceptual or cognitive experiences, 87 additional respondents were excluded from analysis because they self-identified as
having a known neurological, psychological, or psychiatric condition that was likely to affect their thoughts, imagination, dreams, or

Table 1
Main questions used to probe visual and auditory mental image properties.

Property/Label Question ID Question text
Q4 = visual, Q5 = auditory

Prevalence Q4.2%, Q5.2% Did your thought involve a visual/auditory experience? That is, you felt like you
could in some way see/hear what you were thinking about, even though your
eyes were closed/you were in a silent place.

Intentionality Q4.5°, Q5.5° Did your thought automatically seem to involve seeing/hearing what you were
thinking about in some way?

Onset latency (coarse) Q4.7°, Q5.7° When did your thought content first seem to become visible/audible to you in
some way?

Consistency Q4.9°, Q5.9° Was your thought content visible/audible in some way consistently during the
period you were thinking about it?

Proportion Q4.11°, Q5.11° What proportion of your thinking period involved seeing/hearing your thought
content in some way?

Peak Q4.13% Q5.13° At what point was your thought content most visible/audible in some way?

Onset latency (precise) Q4.16%, Q5.16% Approximately how many seconds does it take before your thought content
becomes visible/audible in some way?

Duration (precise) Q4.18% Q5.18° Approximately how many seconds can you definitely and continuously keep your
thought content visible/audible for in some way?

Movement-dependence Q4.21¢ Q5.21¢ Was your thought content visible/audible in some way even if you were
remaining completely still (apart from closing your eyes)?

Body-parts required Q4.23¢ Q5.23° Respond to the following statements regarding which parts of your body needed to

(detailed) move (apart from closing your eyes), even by just a very small amount, in order for

your thought content to become visible/audible in some way
[e.g. “My thought was visible, but only if I moved my head”]

Body-parts required (other ~ Q4.24°, Q5.24° Was it necessary for you to move any other parts of your body not already
parts not listed) mentioned in order for you to in some way see/hear your thought content?
Location control; Q4.28 (open), Q5.28 (open), If your thought content was visible/audible in some way, could you choose where
Eyes closed vs. open Q4.37 (closed), it seemed to be located when your eyes were open/closed?
Q5.37 (closed)
Position (coarse); Q4.30 (open), Q5.30 (open), If your thought content was visible/audible in some way, where did it most seem
Eyes closed vs. open Q4.39 (closed), to be located when your eyes were open/closed, regardless of whether you chose
Q5.39 (closed) to locate it there or not?
Position (precise) Q4.32 (body, open), Q5.32 (body, open), Please indicate on the diagram where in relation to your body/head (pictured)
Q4.34 (head, open), Q5.34 (head, open), your visible/audible thought content most seemed to be located when your eyes
Q4.41 (body, closed), Q5.41 (body, closed), were open/closed, regardless of whether you chose to locate it there or not.
Q4.43 (head, closed), Q5.43 (head, closed), [Respondents placed a marker on a side-view image of a standing person in a room,
or a top-down view image of a head in a room]
Typicality of imagery Q4.45, Q5.45 Is it normal for other people to have thoughts that sometimes seem to have visual/

auditory properties? That is, do you think that it is normal for other people to feel
like they can in some way see/hear what they’re thinking about, even though it’s
not there?

Relative quality of imagery ~ Q4.47, Q5.47 When thinking about the appearance/sound of something, do you suspect that
your thought content is more or less visible/audible compared to the average
person?

Imagery terminology Q4.49, Q5.49 Which of these terms best describes the phenomenon you most commonly have
when you seem to in some way see/hear what you're thinking about?

Wholeness Q4.52 (visual only)® If your thought content was visible in some way, were all parts of it visible at the
same time?

Cross-modal imagery Q6.1 (auditory) When reading this sentence, do you in some way hear at least some of the words
you’re reading as you see them, even though you're in no way speaking the words
aloud?

Cross-modal imagery Q6.3 (visual) If someone were to read this sentence aloud to you, do you suspect that you would
in some way see at least some of the words that you heard, even if you weren’t
looking at them?

Dual-modal imagery Q6.5 If you close your eyes and think about the appearance of the letter *O’, do you also
seem to hear the sound of the letter in some way in addition to seeming to see an
image of the letter in some way?

Dual-modal imagery Q6.7 If you close your eyes and think about the sound of the letter *O’, do you also seem
to see an image of the letter in some way in addition to seeming to hear the sound of
the letter in some way also?

Note. The main set of questions used to probe visual and auditory thought content in this study. Answers to each question, and additional questions,
are shown in full in Supplementary Item 1.1. If not specified in the question, participants were asked to think about the appearance/sound of the letter
“O” before responding a. with their eyes closed, b. with their eyes closed and continuing to think for at least 5 seconds, or ¢. with their eyes closed and
while trying to remain completely still, as indicated with superscript.
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perception. To reduce the likelihood of misinterpretations occurring due to non-fluent English comprehension, 86 participants were
conservatively excluded from analyses if English was neither their dominant language, nor the language they were most comfortable
reading in. Finally, to ensure findings were not due to participants confusing descriptions of mental imagery with hallucinations given
their similar descriptions (e.g. hearing your thought content), 17 participants were excluded from the majority of analyses because
they chose the term “Hallucination” to describe the phenomenon they most commonly have when they in some way see or hear what
they are thinking about. These individuals were still included in some specified analyses, such as when evaluating participant beliefs
about their own experiences. After exclusions, responses from a total of 242 participants were analysed, or a total of 259 participants
for analyses including those describing their experience as a hallucination (median age = 19, female = 175, male = 81).

To check that our study conclusions were not driven by our conservative exclusion criteria, we also reanalysed the dataset with all
447 participants who fully completed the study and passed all attention checks, regardless of language, duration, or neurotypicality
factors. Minor differences between the conservative and liberal analyses are reported in Supplementary Item 1.9, although no main
conclusions were affected. Note that the full dataset for all 592 participants is available (Supplementary Item 2), along with analysis
code (Supplementary Item 3), for custom analyses.

2.3. Materials

The questionnaire was created using Qualtrics in-browser software (https://www.qualtrics.com). Participants accessed and
completed the study within their internet browsers. Qualtrics hardware detection measures were used to prevent participants from
being able to start the study on a mobile device. Analysis was conducted using custom Python code (v3.9.16) in JupyterLab (v3.6.3),
with hypothesis tests calculated using the scipy (v1.10.1) and statsmodels (v0.13.5) Python packages.

2.4. Procedure

Participants were asked to complete a questionnaire concerning how they experienced their thoughts. The full questionnaire is
given in Supplementary Item 1.1, with the main questions used to probe the properties of visual and auditory mental imagery sum-
marised in Table 1. Participants were given a battery of questions individually probing how they experienced the appearance of
thought content and the sound of thought content (e.g. “When did your thought content first seem to become visible to you in some
way?”). These questions were designed to ascertain the properties of mental images in a similar way to real stimuli, probing properties
such as the onset latency, duration, spatial location, and temporal consistency of sensory thought content. We also probed participant
beliefs about their thought processes, such as whether they considered seeing or hearing thought content in some way to be a normal
process.

Additionally, we asked questions explicitly comparing how visual and auditory thought content is experienced, as well as
comparing mental imagery across the five traditional senses of sight, hearing, smell, taste, and touch (e.g. “Which is the easiest to
initiate in some way?”). We further explored the involvement of the five traditional senses in thoughts, imagination, and dreams.
Demographic information was collected along with information about the environmental and mental context in which participants
completed the study (e.g. a description of their environment, environmental brightness and loudness levels, and time since waking).

For most questions, participants were explicitly instructed to think about either the appearance or sound of the letter “O”, with their
eyes specified as opened or closed, and sometimes for a specified duration of time. Participants were instructed to respond honestly to
questions based on their actual experience in each instance of thinking rather than based on what prior experiences had let them to
believe. Where logical, questions were matched between visual and auditory modalities. Most questions were single-response multiple-
choice questions. An option was always included to allow participants to indicate that they had no sensory experience of their thought
content where appropriate. All questions throughout the questionnaire, apart from demographic and optional free-text questions, also
required the participant to rate how sure of their response they were on a 6-point scale from “Completely unsure” to “Completely sure”.

Participants were encouraged to complete the questionnaire in a quiet place and were warned that attention checks would be
present within the study. No actual penalty was given to student participants if they failed to complete the study or any of the three
attention checks distributed throughout the questionnaire. There was no time limit to complete the study.

2.5. Analysis

In general, this study investigated how visual and auditory imagery were experienced on a number of properties. Because most
questions had both a visual and auditory equivalent, we were able to compare how imagery was experienced in each modality using
paired responses. For paired categorical responses, such as for comparing single-response multiple-choice questions, differences in
responding patterns could be tested using a Bhapkar homogeneity test. When comparing questions where only two responses were
possible per modality (2x2), this test is equivalent to a McNemar’s test and differences between the modalities can be directly
attributed to differences between specific pairs of response proportions. However, where more than two response options are available,
this test cannot be used to ascertain which specific differences in response proportions are driving any general differences between the
modalities. In these cases, response proportions were grouped for each modality into target vs. non-target responses before conducting
a Bhapkar (McNemar’s) test on the collapsed 2x2 data and then repeating this analysis for each possible response option. For instance,
for a question with response options A, B, C, and D, to judge if there was a significant difference between modalities in terms of the
proportion of respondents choosing option A, we would run a McNemar’s test comparing the proportion of responses for option A and
the proportion of responses for options B, C, and D combined (i.e. not-A responses). To assess differences for each possible response
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option, this process was repeated for each response option (e.g. B and not-B, then C and not-C, then D and not-D responses), and a
Bonferroni correction was applied based on the number of 2x2 tests conducted (in this example, 4).

Hypothesis tests were two-sided unless otherwise specified, with an alpha level of 0.05. Significance was determined according to
the Bonferroni-corrected p-value, where applicable. Raw p-values are reported in the main text, however inferences and figure an-
notations are derived from corrected p-values. Our Results section was generated as dynamic text in a JupyterLab notebook (Sup-
plementary Item 3) such that all hypothesis test outcomes can be transparently traced back to their underlying data and reanalysed if
desired.

A Eyes closed vs. open B Intentionality
Mean incidence of imagery depending on eye state Did imagery occur automatically?
* n=242 n=176 visual
o visual, eyes open auditory
visual, eyes closed
@ ** auditory, eyes open
c 100
o}
2 *
8. 75 n.s.
7]
<
< 50
25
0
sensory no sensory intentionally automatically
experience experience . . . .
intentionality of imagery
occurrence of imagery
. .
C Consistency D Cross-modal imagery
Did imagery fluctuate over time? Did real perception in one modality induce imagery in another?
n=182 visual n=242
auditory
100 *k visual imagery
@ 85 while listening
GCJ *% *k auditory imagery
ko] 75 _ — while reading
H 63 65 *%
a
o
o 50 = *%
= 35 37
26
25
0
fluctuating consistent intentional cross- automatic cross- no cross-modal
. ) modal imagel modal image sensory experience
consistency of imagery gery 9ery v &P
incidence of cross-modal imagery
E Dual-modal imagery F Wholeness
Did imagery in one modality induce imagery in another? Were all parts of a mental image visible at once?
n=226 n=226 visual
visual imagery
induced by
100 auditory imagery
‘g auditory imagery
[0} induced by
2 75 visual imagery
5 ns. n.s.
g 48
g 50 43 44 41 A6 40
S n.s.
25
16 10 11
intentional dual- automatic dual- no cross-modal some parts visible all parts visible no visual
modal imagery modal imagery sensory experience experience
incidence of imagery in an additional modality portion of imagined image visible

Fig. 1. Incidence and properties of visual and auditory mental imagery. Annotations indicate significant differences between modalities in the
proportion of times a specific response option was chosen, after Bonferroni corrections: n.s. = p > 0.05, * = 0.001 < p < 0.05, ** = p < 0.001. A. For
each modality, there were two opportunities within the questionnaire where eyes-open and eyes-closed imagery could be compared. Proportions
shown here are averaged over these two opportunities. Hypothesis tests yielded the same inferences for both comparisons. For clarity, non-
significant results are not shown in this plot, however main effects of modality and eye-state were tested in all combinations. B. Responses
shown only from those who experienced imagery in both visual and auditory modalities (multimodal imagers). C. Responses shown from multi-
modal imagers only. D. Responses pooled from unimodal and multimodal imagers. E. Responses shown for participants who could at least generate
each of visual and auditory imagery separately F. Responses shown in the visual modality only.
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2.6. Unimodal- versus multimodal-imager comparisons

Differences in responding between modalities can be caused by two distinct factors: differences in how mental imagery is expe-
rienced (e.g. shorter vs. longer imagery durations), and differences in the frequency with which mental imagery is experienced at all (e.
g. having imagery vs. not having imagery). We must be cautious to avoid conflating differences in the incidence of mental imagery
between modalities with differences in the properties of mental imagery between modalities. Therefore, when comparing the prop-
erties of imagery between modalities, we included data only from those who reported experiencing mental images in both modalities
examined for that question (multimodal imagers). We excluded those who reported imagery in only one of the modalities examined
(unimodal imagers), and those who reported no imagery in any modality examined (non-imagers), except where the incidence of
imagery itself was relevant.

3. Results
3.1. Prevalence of mental imagery

We first sought to determine the proportion of individuals who experienced mental imagery at all in either the visual or auditory
modality. We asked respondents to think about the appearance or sound of the letter “O” and report whether or not they in some way
saw or heard their thought content during this specific instance of thinking. When asked explicitly, 87.6 % of included respondents
reported a visual experience of their thought content and 74.0 % reported an auditory experience of their thought content.

However, there was considerable variation in how well individuals were able to generate mental imagery over the course of the
questionnaire. During the questionnaire, respondents were frequently asked to attempt imagery and report only on their experience at
that moment. Given that there were numerous questions probing the properties of imagery per visual or auditory modality, partici-
pants were therefore presented with multiple opportunities to report whether they experienced imagery at the time of answering.
Across these questions, 52.9 % of participants reported no visual experience of their thought content at least once, while 0.8 % never
reported a visual experience of their thought content. For audition, 32.3 % reported no auditory experience of their thought content at
least once and 1.2 % never reported an auditory experience of their thought content. On average, participants reported no sensory
experience on 3.7 % of visual questions, and 5.0 % of auditory questions. Overall, this variability reflects that mental imagery gen-
eration may be far from reliable for many individuals.

3.2. Eyes-open versus eyes-closed mental imagery

We investigated whether the incidence of imagery varied depending on whether a participant conducted imagery with their eyes
open or closed. Our questionnaire included two opportunities for this comparison to be made per modality, with the average in-
cidences across these two comparisons shown in Fig. 1A. In the visual modality, more respondents reported imagery with their eyes
closed rather than open (comparison 1, Q4.28 vs. Q4.37: X3(1) = 52.4, p < .001; comparison 2, Q4.30 vs. Q4.39: X3(1) = 46.8,p <
.001). Yet, eye-closure did not affect the likelihood of hearing one’s thought content (comparison 1, Q5.28 vs. Q5.37: X%(1) = 0.5, pP=
.479; comparison 2, Q5.30 vs. Q5.39: X%(1) = 0.5, p = .479). An effect of modality was also observed on the incidence of imagery when
eyes were closed, with slightly more respondents reporting a visual, but not auditory, experience (comparison 1, Q4.37 vs. Q5.37:
X2(1) = 5.9, p = .015; comparison 2, Q4.39 vs. Q5.39: X2(1) = 5.8, p = .016). Likewise, visual imagery was more likely than auditory
imagery to be reported as absent when eyes were open (comparison 1, Q4.28 vs. Q5.28: X2(1) = 14.0, p < .001; comparison 2, Q4.30
vs. Q5.30: X3(1) = 11.4, p = .001).

3.3. Intentionality: did mental imagery occur automatically?

We probed whether a sensory experience occurred intentionally or automatically as part of thinking. For those reporting an im-
agery experience in both modalities (i.e. multimodal imagers; Fig. 1B), there was no significant difference in whether imagery occurred
automatically or intentionally between modalities (X?(1) = 1.6, p = .209). However, for those reporting only either visual imagery or
auditory imagery (unimodal imagers, n = 66), responding differed between modalities (X3(2) = 26.0, p < .001), with visual imagery
12.1x more frequently reported as intentionally constructed compared to auditory imagery (36.4 % vs. 3.0 % respectively; X2(1) =
25.9, p < .001). Yet, there was no significant difference between modalities in the frequency with which unimodal imagers reported
visual or auditory imagery to be automatic when thinking (24.2 % vs. 22.7 % respectively; X2(1) = 0.03, p = .857). Hence, for those
who experienced imagery in both modalities, imagery was just as likely to be generated in the same way in either modality. Yet, if
visual imagery was the only form of imagery experienced, it was most likely to be intentionally constructed, rather than automatically.
If only auditory imagery was experienced, it was most frequently automatic. However, differences between modalities for unimodal
imagers may be at least partially attributed to differences in the proportion of individuals who failed to experience visual and auditory
imagery at all for this question (39.4 % vs. 74.2 % for each modality, respectively; X2(1) = 10.8, p = .001).

3.4. Consistency: did mental imagery fluctuate over time?

Participants also reported on whether their thought content was consistently visible or audible during a 5-second period, or
whether it fluctuated in how visible or audible it was (Fig. 1C). Responding differed between modalities, with imagined sounds more
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frequently reported as consistent and imagined images more often as fluctuating (X3(1) = 33.7, p < .001).

3.5. Cross-modal imagery: did real perception in one modality induce mental imagery in another?

We asked participants whether the real perception of environmental stimuli using vision or audition (i.e. reading written words or
listening to spoken words) would induce mental imagery of the same thought content in the other modality (i.e. mentally hearing or
seeing the words). We refer to this experience as cross-modal mental imagery. Across all respondents, there were significantly more
participants who reported that reading induced auditory imagery (cross-modal auditory imagery) than there were reporting that
listening induced visual imagery (cross-modal visual imagery; X?(1) = 53.2, p < .001). The distribution of responses regarding cross-
modal imagery for all respondents is shown in Fig. 1D. To determine whether one form of cross-modal imagery was more or less
automatic than the other, we assessed responses only from participants who experienced cross-modal mental imagery in both mo-
dalities (i.e. multimodal imagers). For these respondents, cross-modal auditory imagery was more likely to be automatic than cross-
modal visual imagery, with 2.6x more respondents reporting that they heard words that they were reading automatically compared to
automatically seeing words that they were hearing (X(1) = 156.1, p < .001). Participants could picture words that they had heard, but
generally only if they intended to do so.

3.6. Dual-modal imagery: did mental imagery in one modality induce mental imagery in another?

We asked participants whether visual or auditory mental imagery in one modality also induced mental imagery in the other
modality at the same time. We call this experience dual-modal mental imagery. For respondents who could generate imagery in both
modalities separately, imagining in another modality simultaneously was also possible, if not automatic (Fig. 1E). Responding did not
significantly differ depending on whether auditory imagery was added to visual imagery or whether visual imagery was added to
auditory imagery, both for participants who could construct imagery in both modalities separately (X2(2) = 5.8, p = .056), or only in
one of the two modalities separately (X2(2) = 4.6, p = .098).
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Fig. 2. Temporal properties of visual and auditory mental imagery. A-C. Multiple-choice response distributions. Annotations indicate significant
differences between modalities in the proportion of times a specific response option was chosen, after Bonferroni corrections: n.s. = p > 0.05, * =
0.001 < p < 0.05, ** = p < 0.001. Responses shown only from those who experienced imagery in both visual and auditory modalities (multimodal
imagers). D-E. Histograms of responses from multimodal imagers taken using a sliding scale. Responses are grouped into 1 second bins (lower-limit
inclusive and upper-limit exclusive), except for the final bin, which shows the proportion of all responses of > 10 seconds. Crosses indicate the
median response for each modality. D. Auditory imagery had a significantly shorter onset latency than visual imagery. E. Auditory imagery has a
significantly longer duration than visual imagery.
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3.7. Wholeness: were all parts of a mental image visible at once? (visual only)
We also asked respondents to report whether all parts of their thought content were visible at any given time, or if only some parts

were visible (Fig. 1F). Partial and whole imagery were reported roughly equally, with slightly more respondents reporting only partial
visibility. We did not ask an equivalent question regarding the imagined auditory stimulus as it involved only a single phoneme.

3.8. Peak: when was mental imagery most sensory within a thought period?

Participants reported when their thought content was most visible or audible during a given 5-second period where they actively
attempted imagery. For multimodal imagers (Fig. 2A), the point when imagery was most sensory significantly differed depending on
imagery modality (X2(3) = 88.4, p < .001). Thought content was most frequently reported as being most sensory during the middle of
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Fig. 3. Body movement during visual and auditory mental imagery, and beliefs about mental imagery. Annotations indicate significant differences
between modalities in the proportion of times a specific response option was chosen, after Bonferroni corrections: n.s. = p > 0.05, * = 0.001 < p <
0.05, ** = p < 0.001. A. Responses shown only from those who experienced imagery in both visual and auditory modalities (multimodal imagers).
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question; the breakdown of each column by secondary response was not assessed statistically. Responses presented in C-F include those from re-
spondents who reported mental imagery as a hallucination in E.
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the imagery period for visual imagery, significantly more frequently than for auditory imagery (X3(1) = 28.9, p < .001). Auditory
imagery, however, was most frequently reported as equally audible throughout the imagery period, by 2.5x as many respondents as for
visual imagery (X3(1) = 57.9, p < .001).

3.9. Proportion: what proportion of a thought period involved mental imagery?

We asked participants to report the proportion of time in which sensory content was visible or audible during a 5-second period
where they actively attempted imagery. For multimodal imagers (Fig. 2B), the proportion of the period which involved imagery
significantly differed depending on imagery modality (X3(3) = 36.7, p < .001). Thought content was most frequently reported as
visible for more than half, but not all, of the thought period for visual imagery, significantly more frequently than for auditory imagery
(X3(1) = 12.4, p < .001). Yet, auditory imagery was most frequently reported as occurring throughout the entire thought period, by
2.0x as many respondents as for visual imagery (X2(1) = 36.3, p < .001).

3.10. Onset latency: how long did mental imagery take to initiate?

We asked participants to report how long it took for thought content to become visible or audible, both using a multiple choice question
and a sliding numerical scale. For categorical responses from multimodal imagers (Fig. 2C), the onset latency of imagery significantly
differed depending on modality (X3(2) = 33.8, p < .001). While imagery was most frequently reported as beginning immediately for both
modalities, 1.6x as many respondents reported immediate auditory imagery compared to visual imagery (X(1) = 32.5, p < .001). Using a
sliding scale, participants could report their imagery onset latency with a numerical value from O to 10 s or otherwise report that their
imagery took 10 or more seconds to initiate (Fig. 2D). For multimodal imagers, a two-sided Wilcoxon signed-rank test showed a significant
difference in onset latency between visual and auditory imagery (Z = -4.9, p < .001). Onset latencies for auditory imagery (median = 0.5
seconds) were shorter than for visual imagery (median = 1.0 second). Overall, these findings indicate auditory imagery began more quickly
than visual imagery.

3.11. Duration: how long could mental imagery definitely and continuously persist?

We asked participants to report how long they could definitely and continuously see or hear their thought content. Using a sliding
scale, participants could report their imagery duration with a numerical value from 0 to 10 seconds or otherwise report that their
imagery could last for 10 or more seconds (Fig. 2E). For multimodal imagers, a two-sided Wilcoxon signed-rank test showed a sig-
nificant difference in imagery duration between modalities (Z = -5.3, p < .001), with visual imagery (median = 5.0 seconds) tending
not to last as long as auditory imagery (median = 8.3 seconds). There was also a difference between modalities in the proportion of
multimodal imagers reporting imagery lasting 10 or more seconds (X2(1) = 36.2, p < .001), with auditory imagery (45.2 %) 2.1x as
frequently reported as lasting 10 or more seconds compared to visual imagery (22.0 %). Overall, these findings suggest that most
respondents could generate auditory imagery for a longer period than visual imagery.

3.12. Movement-dependence: which body movements were required for mental imagery?

Previous research indicates that mental imagery often involves motor activity related to the content being imagined. For instance, eye
movements during visual imagery tend to relate to the spatial content of visual mental images (Fourtassi et al., 2017), while muscle
movements related to vocalisation are detectable when imagining sounds (Pruitt et al., 2019). Here we probed whether or not partic-
ipants believed that they required any such movements to perform imagery in each modality. Specifically, we asked participants to report
whether they could see or hear their thought content while remaining completely still, or if they had to move some part of their body in
some way for imagery to occur (Fig. 3A). We also probed which specific body parts were most frequently reported as necessary for
imagery in each modality (Fig. 3B). The majority of multimodal imagers reported that body movements were not required for imagery in
both modalities. However 2.6x more multimodal imagers reported requiring movement for visual imagery (X3(1) = 19.8, p < .001).

Despite most multimodal imagers reporting that movement was not required for imagery when asked broadly, many more re-
spondents reported that body movements were required when they were asked about the involvement of individual body parts one-by-
one. Fig. 3B shows the proportion of multimodal imagers who reported that a particular body movement was necessary for imagery.
Respondents may have had difficulty introspecting on the involvement of body parts during imagery until they were required to
systematically test a list of body parts. They may also have interpreted the phrasing of the explicit question concerning whether
imagery occurred “even if you were remaining completely still” to refer to body, but not head, stillness. For visual imagery, the three
most frequently reported body movements, from most-reported to least-reported, were the eyes, eyelids, and head. Note that, for visual
imagery, the majority of multimodal imagers reported that seeing thought content required eye movements (48.9 %) when explicitly
asked about eye movements, yet only a minority reported that movements of any form were required when asked about body
movements generally. For auditory imagery, few participants reported that body movements were necessary when asked broadly or
specifically, with the three most frequently reported body movements being those of the eyes, eyelids, and throat. We do note that, for
both modalities, participants were first instructed to conduct imagery with their eyes closed and then comment on their experience at
the time. However, participants were explicitly instructed not to report body movements purely associated with closing their eyes for
the task. Nevertheless, eye (Xz(l) =67.9, p <.001) and eyelid movements (Xz(l) =49.2, p <.001) were still more commonly reported
during visual imagery, while throat movements (X2(1) = 16.0, p < .001) were more commonly reported in auditory imagery.
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In either modality, 2.5 % or fewer multimodal imagers reported that they needed to move a body part which was not listed in
Fig. 3B. However, almost all open text responses (Supplementary Item 1.8) regarding the unlisted body part referred to body parts
already listed, or related to changes indirectly related to imagery (e.g. moving to change posture or put something away, or moving in
order to keep breathing). One person mentioned that they had to rub their closed eyes to produce visual imagery. Jaw movements and
stomach or diaphragm movements were each mentioned once for auditory imagery.

3.13. Coarse spatial position and location control: where did mental images seem to be located, and could the apparent location of mental
images be controlled?

We investigated the spatial properties of imagery, namely whether the spatial location of seen or heard thought content could be
controlled, and where such thought content most frequently seemed to originate from or be spatially positioned at. We investigated
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Fig. 4. Spatial properties of visual and auditory mental imagery. A-B. Multiple-choice response distributions. Annotations indicate significant
differences between modalities in the proportion of times a specific response option was chosen, after Bonferroni corrections: * = 0.001 < p < 0.05,
** — p < 0.001. Responses shown only from those who experienced imagery in both visual and auditory modalities (multimodal imagers). For
clarity, non-significant results are not shown, however main effects of modality and eye-state were tested in all combinations. C-F. Distribution maps
of precise locations of imagery. Each dot indicates a single respondent’s chosen location for where imagery most commonly seems to be located or
originate from. Crosses indicate mean positions. Participants were not given the option to place a marker if they had indicated that they did not have
a sensory experience of their thoughts when previously asked about the coarse location of their imagery categorically. Normalised frequency
distributions for the spatial positions are shown above and beside each plot, with normalised frequency scaled separately for each axis and plot. C-D.
Visual imagery was projected forward, away from the head, when eyes were open, significantly more so than when eyes were closed. E-F. Eye state
did not significantly affect the location of auditory imagery.
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each property during both eyes-open and eyes-closed imagery. For respondents that experienced imagery in both modalities and eye
states, a significantly larger proportion of respondents could control the apparent position of seen thought content rather than heard
thought content (Fig. 4A), both when eyes were open (Xz(l) =15.9, p <.001) and closed (X2(l) = 9.0, p =.003). Eye-closure did not
significantly affect the proportion of these respondents reporting that they could control their visual imagery (X3(1) = 1.0, p = .308) or
auditory imagery x31) = 0.0, p = .876).

As for the reported position of imagined sounds and images, when asked in a multiple choice question, most individuals reported that
imagined sounds and images were located within their head, except for during eyes-open visual imagery (Fig. 4B). Eyes-open visual
imagery was significantly less frequently reported as occurring in the head compared to eyes-closed visual imagery (X3(1) = 67.8, p <
.001), and relative to eyes-open auditory imagery (X3(1) = 42.0, p < .001). Instead, images visualised with eyes open were significantly
more likely to be reported as being positioned in the environment relative to eyes-closed imagined images (X3(1) = 71.2, p < .001), or
eyes-open imagined sounds (X3(1) = 57.4, p < .001).
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Fig. 5. Explicit comparisons of mental imagery modalities, thoughts, imagination, and dreams. A. Participants made a single choice for each
criterion. B. Participants could choose multiple responses if each applied equally. C. Participants could select each experience that applied in each
phenomenon. Statistical comparisons are detailed in the supplementary materials (Supplementary Item 1.2 & 1.3).
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3.14. Precise spatial position of mental imagery

If participants reported a visual or auditory experience of their thoughts for a particular eye state, we also asked them to indicate
the apparent location of the thought content they were seeing or hearing by placing a single marker on an image of a human in a room,
as viewed from the side (Fig. 4C & E) or above (Fig. 4D & F). This allowed us to more precisely visualise where in space imagined
images and sounds were perceived as originating from or being located at. In general, imagined content was perceived either in the
head, directly in front of or beside the head, or projected forward from the head. When eyes were open, the content of visual mental
images appeared to shift forward compared to when eyes were closed, projecting away from the head and into the environment. We
were able to estimate this distance in centimetres by assuming an average height of 171.0 cm and an average head circumference of
56.0 cm for the figures portrayed in our images. Two-tailed Wilcoxon signed-rank tests confirmed a statistically significant forward
projection of visual imagery when eyes were open rather than closed, with a mean projection of approximately 33.8 cm along the
horizontal axis in Fig. 4C (Z =-6.5, p < .001) and 9.7 cm along the vertical axis in Fig. 4D (Z =-6.0, p < .001). Levene tests also showed
that the reported imagery position was more variable along these axes when eyes were open relative to closed, with standard deviation
increases of 29.0 cm (W = 76.1, p < .001) and 7.0 cm (W = 95.1, p < .001) respectively. Up—down position variance also increased
with eye opening along the vertical axis of Fig. 4C, with a standard deviation increase of 7.0 cm (W = 12.2, p < .001). All other
comparisons of variance or position between an eyes-open and eyes-closed state within a modality were non-significant after Bon-
ferroni correction (p > .013).

3.15. Typicality, relative quality, and terminology: is mental imagery normal, how do individuals compare themselves to others, and which
term best describes their experience?

We asked participants to report on whether they considered seeing or hearing their thoughts in some way to be a normal experience
for themselves and for others (typicality; Fig. 3C), whether they considered their thoughts to be more or less sensory than average
(relative quality; Fig. 3D), and which term they would use to best describe the experience they most commonly have when seeing or
hearing their thought content (terminology; Fig. 3E). Note that participants who described their experience as a hallucination were
included in the analyses of these three questions despite being excluded from analyses in previous questions. In terms of whether
sensory thought experiences were considered normal, participants overwhelmingly reported that seeing or hearing thought content
was normal for everyone. Hearing thought content was more likely to be described as universally abnormal by some participants
compared to seeing thought content (X2(1) = 11.4, p = .001). Most of these individuals reported that they did not hear their thought
content, which may explain why they may believe it is abnormal. In terms of how participants judged their imagery ability or quality
relative to others, most believed themselves to be average. However, more people believed themselves to have atypical visual imagery
than atypical auditory imagery abilities (X2(1) = 8.6, p = .003).

Throughout this study, we deliberately avoided asking participants to report on “mental imagery” for reasons previously detailed
(see Methods). Instead, we asked participants to report on whether they in some way saw or heard their thought content, or had a
visual or auditory experience of their thought content. We confirm that most participants understood this phenomenon to be syn-
onymous with mental imagery (Fig. 3E), although a substantial proportion of respondents described hearing thought content as a
hallucination, or using another term, despite using “mental imagery” to describe seeing thought content. This is not unexpected given
that “mental imagery” is traditionally associated with the visual modality. Alternative terms provided by respondents for the common
experience of hearing one’s thoughts are listed in Supplementary Item 1.8, with most still describing the phenomenon of auditory
mental imagery despite not using the term explicitly, or using an auditory-specific term instead e.g. an inner or internal voice or
monologue, hearing one’s thoughts, or hearing a voice in their head.

3.16. Explicit comparisons of mental imagery in different modalities

Until now, we have compared imagery modalities by asking participants to make judgements about their thought content in each
modality separately and then comparing their judgements after the fact. However, we also asked participants to make explicit
judgements comparing imagery properties between modalities. In Fig. 5A, we show the distribution of responses from when partic-
ipants were explicitly asked to compare their experiences and judge which of visual or auditory thought content most met a given
criteria. Participants could also report that sensory thoughts in both modalities were experienced in the same way with respect to the
criterion being inquired about, or whether they had no sensory experience at all (e.g. “Which is the easiest to do in some way?”: “Seeing
my thought content in some way”, “Hearing my thought content in some way”, “There is no difference”, or “I do not see or hear my
thought content in any way™).

We also asked participants to make judgements about not just visual and auditory thought content, but sensory thought content in
the five traditional senses (sight, sound, smell, taste, and touch). The distribution of these judgements is shown in Fig. 5B. Note that, for
these latter judgements, participants could choose multiple sensory modalities if they deemed that the criteria could apply to multiple
modalities equally, or they could report that they had no experience in any modality.

Overall, auditory thought content tended to be most frequently ranked as the best match on each criterion, except for location
control. Most participants judged that it was easier to control the apparent location of visual thought content rather than auditory
thought content. Although visual imagery was generally less dominant than auditory imagery with respect to most criteria, both of
these modalities still tended to eclipse the other sensory modes of thinking for each criterion probed.
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3.17. Sensory and non-sensory experiences in thoughts, imagination, and dreams

Despite sharing a common root word, “mental imagery” need not necessarily be considered equivalent to, or a part of, “imagining”,
nor need “thinking” in a sensory way be considered equivalent to “imagining”. To explore public intuition concerning these phe-
nomena, we asked participants to provide a binary response as to whether they considered imagining the appearance or sound of a
letter to be the same process as thinking about the appearance or sound of the same letter. We also probed which forms of sensory and
non-sensory experience participants could recall occurring at least sometimes and in some way during their imagination and thoughts
(Fig. 5C). To compare to another form of internally generated phenomenon, we also asked participants to specify their experiences
during dreaming.

Across 259 respondents, 73.0 % reported imagining and thinking to be the same process regarding visual appearance, and 77.2 %
reported imagining and thinking to be the same regarding sound (X(1) = 2.3, p = .129; Supplementary Item1.1, Q9.12 & Q9.13). We
also provided an optional free-text field for participants to report on any general differences they perceived between imagining and
thinking (i.e. not specifically in reference to thinking or imagining sensory content; Supplementary Item 1.1, Q9.14). Although many
reported no difference even for this general comparison, recurring comments (Supplementary Item 1.8) regarded that imagination
tended to be more associated with sensory content than thinking, and generally more so with visual content. Many also differentiated
imagination and thinking as a difference in content, but not process: imagination was frequently regarded as involving more specu-
lative or creative content which was less grounded in immediate reality compared to thinking.

The incidence of particular sensory or non-sensory experiences during thoughts, imagination, and dreams is summarised in Fig. 5C.
Detailed statistical comparisons within and between phenomena are listed in Supplementary Item 1.2 & 1.3. Care must be taken to
avoid confusing the proportion of individuals reporting a particular experience with the intensity or degree to which individuals
believe that experience to occur. Seeing and hearing tend to be the dominant sensory modalities in each phenomenon. Although most
individuals consider the three phenomena to involve largely the same experiences, we also observed that there is a small proportion of
respondents who experience more sensory, motor, and emotional content moving from thoughts to imagination to dreams, except
concerning the auditory experiences of hearing and speaking, which appear slightly more frequently associated with thinking rather
than imagining. However, many of these comparisons were not significant (Supplementary Item 1.3). Interestingly, touch and
movement are significantly more frequently reported in dreams relative to other phenomena (Supplementary Item 1.3). However, our
probe prompt for movement, “I feel like I'm moving as I am in my thoughts/imagination/dreams”, may not clearly disambiguate
between local movements of body parts and global movements of body position.

3.18. Confidence: visual versus auditory imagery

For each imagery question, participants were asked to indicate how sure they were about their response on a six-point scale from
“Completely unsure” (0) to “Completely sure” (5). Here we analysed the confidence of participants when reporting on visual imagery
relative to when reporting on auditory imagery for all 34 questions with visual and auditory equivalents. 259 participants were
analysed (including non-imagers and those classifying sensory thoughts as hallucinations). For both visual and auditory questions, the
modal confidence rating was “Completely sure” and median rating was “Mostly sure” in each modality. To numerically compare
confidence between modalities, ratings were converted to a 0-5 score, and the difference in confidence between modalities (visual
confidence score - auditory confidence score) was calculated for each of the 34 questions. Hence, there were 8806 possible confidence
differences between modalities in total (259 participants X 34 questions). However, as the availability of some questions was con-
ditional on previous answers, some participants did not complete each question for each modality. Hence, only 8488 differences were
analysed. A two-tailed Wilcoxon signed-rank test showed that participant confidence was slightly higher when reporting on auditory
imagery compared to visual imagery (mean difference = -0.1, standard deviation = 1.0; Z =-10.0, p < .001). Note that this comparison
is only a coarse measure of the confidence difference between modalities. Statistical comparisons of the average paired difference in
confidence between modalities for each underlying modality-specific question asked are shown in Supplementary Item 1.4.

3.19. Confidence: imagination versus thoughts versus dreaming

As per visual and auditory imagery questions, we also recorded and analysed the confidence ratings of participants when reporting
on what type of sensory or non-sensory experience they had during their thoughts, imagination, and dreams. There were 3108 con-
fidence ratings in total for each phenomenon (259 participants X 12 different types of experience to rate per phenomenon). For
thoughts and imagination, the modal rating was “Completely sure” and median rating was “Mostly sure” for each modality. For
dreams, the modal and median confidence ratings were both “Completely sure”. Scoring confidence ratings from 0 (Completely un-
sure) to 5 (Completely sure), we investigated whether confidence was higher in one phenomenon relative to another with two-tailed
Wilcoxon signed-rank tests for the 3108 paired differences in confidence between each pair of phenomena. Confidence was signifi-
cantly higher when reporting on dreams relative to imagination (mean difference = 0.2; Z = -12.8, p < .001, and dreams relative to
thoughts (mean difference = 0.3; Z = -15.7, p <.001). Confidence was significantly higher when reporting on imagination relative to
thoughts (mean difference = 0.1; Z = -5.8, p < .001). Hence, respondents were most confident about the experiences of dreaming,
followed by imagination, then thinking. Mean confidences for each individual aspect of each phenomenon are shown in Supple-
mentary Item 1.5. Detailed comparisons of confidence within each phenomenon, and between phenomena, are reported in Supple-
mentary Item 1.6 & 1.7.
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4. Discussion
4.1. Visual versus auditory mental imagery

Our investigation was able to document and directly compare how visual and auditory mental imagery are experienced with
respect to a vast number of properties. Previous comparisons of mental imagery across modalities have tended to rely on a singular
umbrella metric, such as mental image vividness ratings, producing mixed results (e.g. Andrade et al., 2014; Gissurarson, 1992;
Schifferstein, 2009; Sheehan, 1967; Switras, 1978; Talamini et al., 2022). By deconvoluting judgements about the experience of
imagery into many separate, well-defined properties, our study provides a more informative and interpretable description of how
mental image phenomenology differs between visual and auditory modalities, if not other modalities as well. Overall, we found that
most individuals reported that audible thought content was experienced in a superior manner relative to visual thought content.
Although responses were quite diverse overall, auditory thought content was repeatedly reported as more consistent on multiple
measures, was more automatically induced by real perception (e.g. reading words and hearing them in your head), started more
quickly, lasted longer, and required fewer overt body-movements to carry out. Explicit comparisons between all five traditional
sensory modalities also showed that, in addition to these factors, more respondents considered auditory thought content to occur most
automatically and was the easiest to conduct and initiate. Audition was even dominant with respect to more ambiguous metrics such as
clarity, similarity to real perception, and vividness, albeit by smaller margins. In contrast to hearing thought content, visualising
thought content tended to be a more deliberate, sluggish, fleeting, and inconsistent process. However, visual imagery did outperform
auditory imagery in terms of spatial control. Respondents were also more varied as to where they reported that their visual imagery
seemed to be located, probably relating to the fact that the location of visual thought content was more easily manipulated than the
location of auditory thought content. Modality-specific differences in mental imagery therefore largely aligned with differences be-
tween the modalities during veridical perception: vision is generally a more precise tool with respect to spatial information, while the
auditory system is tuned towards precision in the temporal domain (Ortega et al., 2014).

4.2. Mental imagery and modality-specific motor processes

It is more difficult to account for the dominance of auditory imagery on metrics which are not clearly related to temporal or spatial
properties, such as ease, clarity, and the spontaneity of cross-modal imagery. However, we have previously predicted that auditory
imagery should likely be a more compelling mental imagery experience if mental images can utilise sensory information generated
from overt or covert motor activity related to imagined content (Sulfaro et al., 2023). Mental imagery is likely to be supported by
information from real and simulated muscle movements in both visual (Brandt & Stark, 1997; Fourtassi et al., 2017; Laeng & Teo-
dorescu, 2002) and auditory modalities (Pruitt et al., 2019; Tian et al., 2016; Tian & Poeppel, 2010; Whitford et al., 2017). This may
help inform imagined content by anchoring it to precise information from real or simulated eye movements in visual imagery and real
or simulated speech in auditory imagery. Yet, while eye movements can provide information about the location of an imagined object
or the structure of an imagined scene (Brandt & Stark, 1997; Fourtassi et al., 2017; Laeng & Teodorescu, 2002), they should provide
much more ambiguous information about image content (e.g. hue, contrast, spatial frequency). However, muscle movements related to
synthesising speech of an imagined sound, either overtly or covertly, have the potential to provide information not only about the exact
timing of when sound content should be mentally heard, but also about the content of what should be heard as well. If auditory
imagery can piggyback off speech simulations, then imagining speech sounds, or even imagined onomatopoeia of non-speech sounds,
could let auditory imagery benefit from the rich sensory information created when simulating speech.

The involvement of modality-specific motor information in mental imagery can also logically account for why auditory imagery of
speech (i.e. inner speech, internal voices, or internal monologues) are colloquially referred to as “the voice in your head”. If simulated
speech is used to inform imagined sound, then imagined sounds would tend to seem like they were originating from the same location
that normal speech originates from: inside the head. Indeed, we found that imagined sounds are almost invariably reported as being
located inside the head or at the ears, aligning with the location of where real self-produced speech sounds would be expected to be
heard. Note however that our study only allowed participants to place a single marker on a map, so we could not detect if imagery
moved through space or was symmetrically yet peripherally distributed (e.g. heard at both ears).

While our current investigation cannot comment on the impact of covert movements during imagery, we did record whether
participants believed that they required any overtly detectable body movements to conduct imagery. While eye movements were,
expectedly, the most frequently reported body movement required for visual mental imagery, they were quite unexpectedly also the
most common movement reported during auditory mental imagery. However, far fewer respondents reported requiring movements of
any kind for auditory imagery overall. This is somewhat surprising given the aforementioned suggestion that speech-related move-
ments could improve auditory mental imagery. To explain this pattern of results, consider the findings of Pruitt et al. (2019) who
measured speech-related muscle activity during a musical imagery task. Muscle activity was detected during auditory imagery, yet the
researchers found that the accuracy of overt singing negatively correlated with laryngeal muscle activity during musical imagery. If
real-world singing accuracy were to correlate with imagined singing accuracy, this would imply that motor processes could be
recruited as a crutch to support poor imagery. Applying this idea across modalities, as visual imagery was generally poorer than
auditory imagery for most respondents in our study, it would be unsurprising that visual imagery also required physical movements for
more respondents. Indeed, allowing participants to make eye movements during visual imagery improves the recall of imagined
content (Laeng & Teodorescu, 2002).
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4.3. The prevalence of mental imagery

Previous work notes that 0.7-15.3 % of individuals report experiencing poor or absent visual mental imagery, typically dubbed
“aphantasia” (Beran et al., 2023; Dance et al., 2022). Our findings suggest that the incidence of imagery is far from easy to measure
consistently. Almost a third of participants reported that they did not experience auditory imagery at least once on the questionnaire
and more than half of participants reported that they did not experience visual imagery at least once. Previous attempts at measuring
the occurrence of visual and auditory thoughts have also noted extreme levels of variation between respondents (Dance et al., 2022;
Heavey & Hurlburt, 2008). Given the major problems inherent to measuring individual differences in the occurrence of mental im-
agery using self-report measures (Dean & Morris, 2003; Richardson, 1988), we do not consider any known reports to be a firm indicator
of the true rate of imagery in the population. Mental imagery may even encompass a spectrum of experiences with no clear threshold
demarcating its presence or absence (Sulfaro et al., 2023). Given that researchers are still defining what constitutes the quasi-sensory
phenomenology of mental images, it is also alarming that ~41 % of participants in our study believed that the visibility of their mental
images was atypically high or low despite having no way to validly compare their subjective experience to a population norm.
Likewise, ~30 % believed their thoughts were atypically audible. Overall, we take our findings to indicate that many people have quite
an inconsistent moment-to-moment experience of imagery even if they identify as someone who may experience imagery generally.

4.4. Eyes-open versus eyes-closed mental imagery

Eye-state had a marked impact on reports of visual, but not auditory, mental imagery within our study. Opening one’s eyes caused
visual imagery to be less likely to be reported as occurring at all, which we have previously speculated could relate to interference
between real and imagined images reducing the signal-to-noise ratio of imagined images (Sulfaro et al., 2023). Opening one’s eyes also
prompted many respondents to project their mental image location forward. This could simply be because the eyelids provide a
physical boundary for how far forward a mental image can be projected. Projecting a mental image forward may also involve inte-
grating the mental image into an environmental scene, which may be no longer possible when the eyes are closed. Participants may
also have difficulty scaling their mental images to appear as if they are at a distance without the visual reference of other objects in the
visual field. Unfortunately, we did not test the effect of an auditory equivalent to eye-closure. Subsequent questionnaires could ask
participants to answer questions with or without concurrent noise, or while blocking their ears.

4.5. Modality-specific biases in questioning and terminology

Previous studies tend to investigate the properties of mental imagery either using modality-specific measures (as documented in
Alderson-Day & Fernyhough, 2015; Hubbard, 2010; Pearson et al., 2013) or by comparing mental imagery across modalities using
ambiguously defined, yet modality-neutral, metrics such as mental image vividness ratings (Andrade et al., 2014; Gissurarson, 1992;
Schifferstein, 2009; Sheehan, 1967; Switras, 1978; Talamini et al., 2022). However, we specifically tried to create a questionnaire
which could investigate clearly defined aspects of mental imagery in a way that generalised across modalities. Although we believe
that we have largely achieved this goal, at least for visual and auditory mental imagery, biases favouring particular modalities may still
persist within our methodology. Here, we discuss such considerations, both within our own research as well as mental imagery
research generally.

Perhaps the most apparent modality-specific bias present within our study is that our questionnaire was delivered using text such
that participants frequently saw the stimulus they were asked to imagine, but never heard it. This could perhaps facilitate visual mental
imagery given that the imagined stimulus was usually recently seen, although it could also inhibit imagination by causing adaptation
to the stimulus. Some may also argue that our study includes more questions with a temporal focus, as opposed to a spatial focus,
favouring auditory imagery. However, we neglected to include temporal analogues of some spatial questions, such as if participants
could control how quickly imagery begins, or control for how long it persists, so an intrinsic temporal bias favouring auditory imagery
may not be present. It could also be argued that order effects drove a difference between modalities given that participants responded
here concerning visual imagery before auditory imagery, however this may not have made a meaningful difference given that auditory
imagery still tended to dominate comparisons even when participants were asked to make an explicit judgement about which modality
was superior with respect to some criterion.

Criticisms may also be targeted towards our modality-neutral choice of stimulus, the letter “O”. The most obvious critique is its lack
of neutrality towards more than two sensory modalities. This meant that we lacked a particular stimulus to imagine during com-
parisons of the five senses such that respondents were only able to reflect on their imagery experiences generally during such questions.
Our disproportionate focus on visual and auditory imagery throughout the rest of our questionnaire may have also biased participant
responses towards these modalities during comparisons of the five senses. Ideally, future studies can conceive of an equally simple
stimulus which is effectively matched across even more modalities, but this may be quite a feat. Even here, our stimulus choice may be
contentious, and some of our participants reported that they would usually be able to make mental images of objects but had difficulty
with our stimulus specifically (Supplementary Item 1.8).

Additionally, different interpretations of the letter “O” as, for instance, a letter, simple shape, tone, or phoneme could affect
imagined experience. For instance, imagining the stimulus as a phoneme could recruit articulatory motor processes related to syn-
thesising speech sounds, boosting imagined verbal sounds more than non-verbal sounds. However, few participants reported requiring
movements of any kind for auditory mental imagery while many reported eye-related movements for visual imagery. This suggests that
motor processes (or, at least, overt movements) may be more involved in visual, not auditory, mental imagery. Ultimately, it is unclear
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whether mental images can be entirely and unambiguously dissociated from motor activity related to the sensory content of imagery,
and we have speculated that imagining all sounds as speech sounds may even be the default manner in which auditory imagery occurs
given the potential benefits this may entail (Sulfaro et al., 2023).

We also sought to assess whether modality-specific biases exist in the terminology researchers use to investigate mental imagery.
Our questionnaire asked participants about how their thought content was experienced in a sensory way rather than explicitly asking
participants about their “mental images”, in part to avoid preconceived associations of the latter term with visual mental imagery
specifically. Here, we found that the term “mental imagery” was indeed more often associated with visual rather than auditory im-
agery, supporting our approach.

4.6. Novel insights and outstanding questions

Some outstanding questions relate to why vision and audition seem to be far more frequently reported as the most compelling
modalities for mental imagery relative to taste, smell, and touch. Of further note is that the senses of taste, smell, and touch were less
frequently reported during thoughts, imagination, and dreaming, although with touch still reported by the majority of respondents
during dreams. It is unclear why this may be the case, although in daily life, real visual and auditory experiences generally tend to be
reported more commonly than real touch experiences, which are themselves more commonly reported than real taste and smell ex-
periences (Kahan & LaBerge, 2011). Trends in internally generated experiences may simply track the occurrence of externally
generated experiences. Our findings for dreaming are consistent with this relationship, and are also consistent with the relative
occurrence of each modality reported during dreams in previous studies (Kahan & Claudatos, 2016; Kahan & LaBerge, 2011), although
why tactile experience is reported more frequently during dreaming here is uncertain. One possibility is that respondents may
remember seeing themselves physically interacting with the environment during their dreams and therefore conclude that they must
have experienced tactile sensations as part of those interactions. The same logic could be applied to explaining the relatively high
incidence of movement during dreams relative to imagination and thoughts. The memorability of a particular sensory experience could
also be a major factor determining whether that sensory modality is reported to occur during dreams, but not thoughts and imagi-
nation, given that it may be difficult to inspect the types of sensory content present in a dream while one is inside a dream.

We also note that internal experiences of speaking may be convolved with experiences of hearing. As one respondent put it, “I feel
like I'm speaking, moreso than hearing. But you can hear yourself speak and that is what I hear’ when thinking.. I think”. It may be valuable
for future studies to try and disambiguate whether participants experience imagined speech sounds as auditory and motor (i.e. pro-
prioceptive) mental imagery simultaneously, or only as auditory or motor imagery individually.

Open-text responses from participants (Supplementary Item 1.8) also revealed insights we did not specifically probe for. Multiple
respondents reported incorporating motion or change into their mental images, such as by “tracing” the letter “O” in their mind or
having it “flash” on or off. Some of these respondents specified that such dynamics made it easier to visualise their thought content or
allowed their thought content to be visualised for longer. It could be that movement reduces the likelihood of adaptation occurring for
imagined visual content in any particular region of the visual field, allowing the net period of time over which some form of imagery
occurs to be extended. Additionally, if eye-movements are recruited as part of mobilising a mental image, then real or simulated motor
movements could be used to anchor mental images to a stream of temporally precise information. With respect to visual mental
imagery, some participants also noted that while they typically considered themselves people who experienced mental imagery,
mental images were more likely to occur when they were not trying to actively construct them, in contrast to what was asked of them
during our study. While this makes sense given the association between mental imagery, daydreaming, and mind-wandering, it en-
courages questions as to how neural sensory representations recruited during attention might be distinct from those of unintentional
mental imagery.

Finally, despite generally high levels of surety reported across the questionnaire, several respondents touched upon the extreme
difficulty of describing their experience. One respondent noted that “I can’t pinpoint whether I am actually seeing the object or if in my head
I just know what it is and am thinking about it ... I know what it looks like and I am imagining it in my head but am I actually seeing it?”
Likewise, another commented that “It’s hard to tell whether I'm actually visualising the *O’, or if I'm just imagining myself visualising the O,
with the 'O’ stored more conceptually than visually.” Apart from emphasising how difficult it is to quantify the manner in which mental
imagery is experienced, these descriptions are indicative of a peculiarity of mental imagery which we have previously predicted
elsewhere: individuals should still feel like they are conducting mental imagery even if they do not actually see their mental images
(Sulfaro et al., 2023).

This phenomenon can be explained by considering mental imagery as a retrohierarchical perceptual process (Breedlove et al.,
2020; Dentico et al., 2014; Dijkstra et al., 2020; Linde-Domingo et al., 2019). If mental imagery involves propagating a thought from
high-level associative cortices towards low-level primary sensory cortices, then mental images should always at least involve an ab-
stract or semantic experience regardless of how many or how few sensory properties that thought may gain. Indeed, associative
cortices, not primary sensory cortices, seem to be most consistently involved in mental imagery (Spagna et al., 2021). Hence, even if
someone’s thinking experience never involves any significant sensory experience (that is, a true mental image), respondents may still
seem to feel or know that they are imagining what they are thinking about because they are activating high-level neural representations
usually involved in the recognition of sensory content. Such an experience may approximate what Watkins described as “invisible
imagery”, where one has “a sensation of having an image that one feels to be there but one can’t see” (Watkins, 2018, p. 44). Given that
mental imagery is virtually unaffected by low-level damage, such as in cortical blindness (Bridge et al., 2012; Chatterjee & Southwood,
1995; de Gelder et al., 2015; Zago et al., 2010), or by mid-level damage, such as in visual agnosia (Behrmann et al., 1994), it may even
be that normal imagery is a largely high-to-mid level phenomena with little, if any, actual image content being experienced at all
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(Sulfaro et al., 2023). Discriminating between truly sensory imagery and merely an abstract impression of imagery using self-report
may require considerable introspection from respondents. This may be a high expectation for naive participants given that the
experience of mental imagery is still largely inexplicable even to researchers in the field. Using rigorous theoretical frameworks and
metrics anchored to externally verifiable standards may be necessary to guide empirical studies around these limitations, and we must
take care to avoid our own personal experiences driving our beliefs about the norms of such matters.

5. Conclusion

Interpretable empirical findings are essential for informing theoretical explanations of the unique phenomenology of mental im-
agery. Overall, we show that self-report can be a powerful tool for providing insight into the experience of mental imagery as long as it
is used to inspect well-defined and interpretable properties. Although we observed a general tendency for imagined sounds to be
experienced in a more compelling way than other imagined content, participant responses were still generally quite diverse. Yet, our
findings match theoretically grounded predictions about how visual and auditory mental imagery should differ. Our dataset, analysis
code, and questionnaire have all been made available and we encourage the use of our data for answering future research questions
which we did not explicitly test here. However, we caution readers to consider the numerous aforementioned biases and challenges
plaguing mental imagery research when interpreting current, past, and future studies in the field.
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