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a b s t r a c t

With effort, most literate persons can conjure more or less vague visual mental images of

the written form of words they are hearing, an ability afforded by the links between

sounds, meaning, and letters. However, as first reported by Francis Galton, persons with

ticker-tape synesthesia (TTS) automatically perceive in their mind's eye accurate and vivid

images of the written form of all utterances which they are hearing. We propose that TTS

results from an atypical setup of the brain reading system, with an increased top-down

influence of phonology on orthography. As a first descriptive step towards a deeper un-

derstanding of TTS, we identified 26 persons with TTS. Participants had to answer to a

questionnaire aiming to describe the phenomenology of TTS along multiple dimensions,

including visual and temporal features, triggering stimuli, voluntary control, interference

with language processing, etc. We also assessed the synesthetic percepts elicited experi-

mentally by auditory stimuli such as non-speech sounds, pseudowords, and words with

various types of correspondence between sounds and letters. We discuss the potential

cerebral substrates of those features, argue that TTS may provide a unique window in the

mechanisms of written language processing and acquisition, and propose an agenda for

future research.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Literate persons with the ability to form mental images, can

voluntarily conjure visual images of words they are hearing,

an ability afforded by the links between sounds, meaning,

and letters which actually define literacy. Such images are

vague and their generation requires substantial effort.
S UMR 7225, Sorbonne U
. Hauw).
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).
However, as first reported by Francis Galton, “some few per-

sons see mentally in print every word that is uttered (…) and

they read them off usually as from a long imaginary strip of

paper, such as is unwound from telegraphic instruments”

(Galton, 1883). Galton noted that beyond this core subjective

phenomenon, “the experiences differ in detail as to size and

kind of type, color of paper, and so forth, but are always the

same in the same person”. For instance, the botanist George
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Henslow reported that the illusory words displayed “extreme

restlessness” and that they “oscillated, rotated, and

changed”. Galton also briefly discussed the involvement of

attention, indicating that some individuals “attend to the vi-

sual equivalent and not to the sound of the words”, some-

times resulting in actual embarrassment, as reported by a

fellow member of the Royal Society who told Galton that he

“often craved for an absence of visual perceptions, they are so

brilliant and persistent”.

Ever since this initial description, this phenomenon was

subsumed under the broad label of synesthesias, a family of

perceptual peculiarities, in which stimulation in one sensory

or cognitive domain automatically induces an unusual and

vivid perception in a distinct sensory or cognitive domain.

Two instances of synesthesia which have received much

attention are grapheme-color synesthesia, in which digits and

letters, printed or even imagined, are perceived as colored,

and soundecolor synesthesia, in which the perception of a

musical sound evokes the experience of color. The illusory

perception of written words during speech perception was

labeled “ticker tape synesthesia” (TTS), to which we will stick

for consistency, although “subtitles synesthesia” would be a

more readily understandable term.

Beyond being casually mentioned among the more than

100 types of synesthesia, TTS has received little scientific

attention. Chun and Hup�e (2013) estimated the prevalence of

TTS at 7%, a likely overestimation due to sampling biases.

They also noted that TTS is often associated with other types

of synesthesia. Holm et al. (2015), over several samples of

population, found 1.4% of “obligatory” tickertapers who

experienced TTS unwillingly whenever hearing external

speech or their own voice, or even when thinking in words.

The rate rose to 8.7% for individuals in whom some ortho-

graphic imagery occurred only occasionally. Overall, a

maximum incidence of a few percent would be in the range of

other types of synesthesia (Johnson et al., 2013; Rothen &

Meier, 2010; Simner et al., 2006). Although TTS has no signif-

icant impact on everyday life, Coltheart and Glick (1974)

documented an advantage in spelling words backward, a

task that may be facilitated by the use of a stable mental

image of written words.

TTS stands out of the list of known synesthesias because,

in synesthesia parlance, both the inducer (speech) and the

concurrent (orthographic image) are language representa-

tions. We therefore propose that the potential interest of TTS

goes far beyond the anecdote, as it may provide a unique

window in the mechanisms of written language processing

and acquisition.

In the brain of literate persons only, words are coded as

series of letters, and dedicated processes allow for the trans-

lation from orthography to sound and meaning during

reading, and for the opposite translation during spelling.

Those novel features develop during the acquisition of

reading, through delicate changes in visual and language

areas of the brain, and changes in their connectivity (Dehaene

et al., 2015; Dehaene-Lambertz et al., 2018). This complex

tuning occurs under a variety of environmental and genetic

constraints, resulting in substantial individual variability in

eventual performance level. For instance, twin studies have

shown significant heritability of reading abilities (Harlaar
et al., 2007), while factors such as birth weight represent risk

factors for reading disorders (Mascheretti et al., 2018). At one

end of the performance spectrum stand the various types of

developmental dyslexia (Friedmann & Coltheart, 2016), asso-

ciated with atypical anatomical and functional brain features

(Norton et al., 2015; Ramus et al., 2018). TTS should be un-

derstood, on this background, as a further form of atypical

setup of the cerebral literacy system.

In a recent study we assessed the hypothesis, first put

forward by Holm et al. (2015), that TTS would result from

unusually intense top-down influences from phonological

and lexical representations, embodied in left perisylvian lan-

guage areas, onto orthographic codes subtended by the left

ventral occipitotemporal cortex (Hauw et al., 2022). Using fMRI

in a single tickertaper, we showed that a set of left-

hemispheric areas were more active in the tickertaper than

in controls during the perception of normal than reversed

speech, including perisylvian areas involved in speech pro-

cessing, and the Visual Word Form Area, a left occipito-

temporal region subtending orthography. Those areas were

identical to those involved in reading, supporting the con-

strual of TTS as “upended reading”. Using dynamic causal

modeling, we further showed that TTS indeed relied on

increased top-down flow of information.

Here, as a first step towards a broader understanding of

TTS, we endeavored to draw a fuller portrait of its core fea-

tures and of its variations along the multiple dimensions

conjectured by Galton, including visual and temporal features,

triggering stimuli, voluntary control, interference with lan-

guage processing, etc. We do so based on an extensive ques-

tionnaire, and on the description of synesthetic percepts

elicited by auditory stimuli such as non-speech sounds,

pseudowords, and words with various types of correspon-

dence between sounds and letters. We discuss the potential

cerebral substrates of those features, and propose an agenda

for future research.
2. Methods

2.1. Recruitment of participants

We created a short description of what TTS is, and recruited

participants by broadcasting it through email and social net-

works, targeting particularly groups of students and univer-

sitymembers, and groups devoted to synesthesia, psychology,

and neuroscience. Among individuals who answered us, we

included those who reported having TTS, were over 18 years

old, and had no neurologic or psychiatric history. Participants

provided written informed consent and the study was

approved by the institutional review board of the INSERM

(protocol C13-41). We proposed to all participants (i) a ques-

tionnaire mostly aiming at characterizing the subjective fea-

tures of TTS, and (ii) a series of auditory stimuli for which they

were asked to report the content of the elicited synesthesia.

No objective tests were available to ensure that all self-

reported synesthetes actually had TTS, contrary to other

synesthesias in which it is at least possible to assess the

consistency of induced-concurrent associations, for example

in grapheme-color synesthesia (Carmichael et al., 2015).

https://doi.org/10.1016/j.cortex.2022.11.005
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2.2. Questionnaire on ticker tape synesthesia

The full content of the questionnaire is reported as

Supplementary material. The survey addressed the following

topics.

2.2.1. Demographics
Participants were asked about their gender, age, profession,

native language, education level, reading proficiency, hand-

edness, potential auditory or visual impairments, learning

disabilities. We asked them to report their associated synes-

thesias if any, including: space-time (the experience of time as

a spatial construct), soundecolor (involuntary experience of

colors when hearing sounds), number-space (ordinal se-

quences such as numbers map to stable spatial locations in

mental space), grapheme-color (associations between letter

and colors), digit-color (associations between digits and

colors), ordinal-linguistic (ordinal sequences such as numbers

or days, have personalities, emotions or gender), auditive-

gustatory (experience of tastes that are triggered by the

perception of non-taste related words), and perfect pitch.

They were also asked about TTS and other synesthesias

among family members.

2.2.2. Subjective features of TTS
We investigated the following dimensions of TTS experience

(see Supplementary material for full details).

Onset and awareness of TTS: TTS being a developmental

phenomenon, the first questions aimed at determining when

the synesthesia emerged, and when and how participants

realized it was uncommon.

Stimuli that trigger and modulate synesthesia: On a rough

definition, TTS is triggered by speech. In order to determine

the detailed features of speech actually triggering and

modulating TTS, we asked the following questions. Is synes-

thesia triggered by external speech, by one's own speech, etc.?

Do auditory parameters such as emotional content or gender

of the speaker modulate TTS perception? What extent of

voluntary control do participants have over the phenomenon?

Visual features: The very substance of TTS being mental

visual images of unusual vividness, we asked the following to

characterize the features of images as precisely as possible. Do

participants perceive the subtitles within their own mind or

projected in the external world? Are subtitles always perceived

in the same place? Are they written in upper- or lower-cases,

are they colored, etc.? How many words are perceived at the

same time? How are number words perceived?

Temporal features: Although actual mental chronometry

may be out of the reach of introspective reports, we tried to

identify the gross relative temporal unfolding of the auditory

and visual components of TTS, asking the following ques-

tions. Is there any delay between speech perception and the

onset of synesthesia, and do subtitles persist for some time

after speech stops?

Non-word triggers of TTS: To the above exploration of the

main triggers of TTS, we added a set of questions addressing

stimuli at the edge between speech and non-speech. Is TTS

triggered by utterances in a foreign language, by novel words,

by different classes of non-speech sounds such as sneezing,

meowing, or the sound of a bell?
Interference with daily life: Finally, in an attempt at iden-

tifying objective markers of TTS, we asked whether partici-

pants found any advantage or disadvantage to TTS in their

daily life. For instance, we tried to determine what happens

when reading a book near someone speaking, or when

watching a movie with subtitles.

2.3. Assessment of TTS with auditory stimuli

Participants were presented with auditory stimuli, and were

asked to write down whatever subtitles they may induce.

They could replay each sound as often as wished.We used the

following types of sounds.

2.3.1. Non-speech stimuli
We selected audio files from an open sound library (www.

lasonotheque.org), including (1) animals sounds (meowing,

bleating, barking and crowing), (2) human noises (laugh,

cough, yawning and sneezing), (3) sounds of inanimate objects

(car engine, ring tone, iron bar falling, gunshot), and (4) short

wordless musical tunes.

2.3.2. Words with exception spelling
Exception words do not obey usual phoneme-to-grapheme

correspondences, and spelling them out therefore requires

access to stored lexical knowledge of orthography (e.g.,

YACHT or OIGNON in French). By presenting TTS individuals

with exception words, we wished to determine whether such

lexical knowledgewas reflected in the content of subtitles.We

selected 10 French exception words that had at least 3 pho-

nemes, and generated the corresponding audios files using

the ttsreader.com speech generation software.

2.3.3. Homophone words
Homophonewords share the same pronunciation but differ in

meaning. When they also differ in orthography they are called

non-homographs (e.g. LEAK vs LEEK, or CONTE vs COMPTE in

French). By presenting such words in spoken form, we wished

to determine whether subtitles featured only a single spelling,

possibly the most frequent one, or several concurrent spell-

ings. We selected ten auditory word forms, based on 2 criteria:

each should correspond to at least 3 words with different

spellings, and one of those spelling should have a substan-

tially higher frequency of occurrence than the others, ac-

cording to the to the lexique.org database. We generated the

corresponding audio files as before. In order to analyze how

synesthetic spellings were selected among the possible

spellings, we computed the percentage of participants who

reported each spelling over the 10 stimuli, and modelized

those values with a general linear mixed-effects model

(GLMM), with log frequency and grammatical category (noun

vs other) as fixed factors, and stimulus identity as random

factor.

2.3.4. Pseudowords
Pseudowords are well-formed phonological strings which

differ from real words only in that they have not been

encountered before and are therefore absent from the mental

lexicon (e.g. CHADOURNE in French). They can be spelled-out

only on the basis of the statistics of phoneme-to-grapheme

http://www.lasonotheque.org
http://www.lasonotheque.org
http://ttsreader.com
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correspondences. By presenting pseudowords, we wished to

determine whether such non-lexical sound-to-spelling

mechanisms also controlled the content of subtitles. Using the

UniPseudo tool available on http://www.lexique.org we

created 10 6-phonemes pseudowords, and generated the

corresponding audio files as previously described.
3. Results

We identified 26 participants with TTS, and asked them to

answer a detailed questionnaire, including mostly retrospec-

tive questions on the synesthesia, plus a set of auditory files

forwhich theywere asked to transcribe the triggered subtitles.

Wewill report in turn the participants' general characteristics,
the individual history of TTS, the subjective visual and tem-

poral features of the subtitles, the specifics of subtitles evoked

by number words and other types of auditory stimuli, the

varieties of overt and covert speech triggering TTS, and finally

the participants' ability to exert voluntary control over TTS

synesthesia.

3.1. Demographic features of participants with TTS

We first determined the demographic features of participants,

and their personal and family history of synesthesia.

Demographics: All 26 participants were French native

speakers (see Table 1; 9 male; median age: 40 years). Birth was

normal in 18 participants (69%), 0 were born prematurely, and

8 had other birth complications. Most of them (25/26, 96%) had

a higher educational level, while one stopped after middle

school. Twenty-four (92%) had normal sight with or without

correction. All had normal hearing.

Cognitive development: All participants had normal

cognitive development. None reported dyspraxia, autism

spectrum disorder, dyslexia or delayed language acquisition.

Reading habits: Regarding reading habits during child-

hood, 20 participants (77%) considered themselves as avid

readers, 4 (15%) as standard readers, and 2 (8%) as occasional

readers. During adulthood, 17 participants (65%) still read a

lot, 6 (23%) were standard readers, and 3 (11%) were occasional

readers.

Associated types of synesthesia: Eighteen participants

(69%) reported other associated types of synesthesia (Table 2),

mostly space-time in 12 (46%), number-space in 9 (35%), and
Table 1 e General characteristics of participants.

n ¼ 26

Male 9 (35%)

Median age (range) 40 (18e70)

Problems at birth 8 (31%)

Higher education 25 (96%)

Normal cognitive development 22 (85%)

Family history of TTS 9 (35%)

Family history of other types of synesthesia 7 (27%)

Associator synesthetes 18 (69%)

Projector synesthetes 2 (8%)

TTS: ticker-tape synesthesia.
soundecolor in 7 (27%). Ten participants (38%) had more than

one associated synesthesia, and 1 participant (4%) had 7

associated synesthesias.

Family history: Nine participants (35%) had other TTS

subjects in their family, 2 (8%) did not, and 15 (58%) did not

know. Note that 3 participants belonged to one family, and 2

others to another family. Moreover, 7 participants (27%) had

members of their family with other types of synesthesia, 2

(8%) did not, and 17 (65%) did not know.

3.2. History and general features of TTS

We then analyzed at what age TTS emerged, and how par-

ticipants became aware of this peculiarity.

Age of onset: Reading acquisition is a logical prerequisite to

the emergence of TTS. Indeed, nineteen participants (73%)

reported that TTS had been present since reading acquisition

(n ¼ 11) or for as long as they could remember (n ¼ 8); 3 par-

ticipants reported a later onset during adolescence; the

remaining 4 did not know.

Awareness of TTS: Most participants (19/26, 73%) discov-

ered that TTS was an unusual phenomenon only during

adulthood (>20 y.o.), 2 (8%) during adolescence (16e20 y.o.),

and 3 (12%) during childhood (<16 y.o.). This discovery was

fortuitous in 8 participants (31%), 6 participants (23%) became

aware of this peculiarity through the advertisement for the

current study, and 4 participants (15%) through reading a

journal article or watching a documentary. Eight participants

did not answer. Finally, 19 participants (73%) had mentioned

TTS to their family or friends, 2 had been deliberately hiding it,

while the remaining 5 (19%) had simply never mentioned it,

not knowing that it was an unusual phenomenon.

An advantage or a disadvantage?: Only 4 participants

considered that TTS had neither a positive nor a negative

impact on their daily life activities. For 12 participants (46%) it

was both an advantage and a hindrance, only an advantage

for 6 participants (23%), and only a hindrance for 4 (15%). The

main subjective advantage was the support for spelling words

correctly, and the main disadvantage was difficulty focusing

their attention toward a single speaker in crowded places.

Attention and control: For 18 participants (70%), TTS was

overall an automatic phenomenon on which they had little or

no control. Still, when listening to someone, 7 participants

(27%) could voluntarily prevent TTS to occur, while only 5

(19%) could do sowhen theywere speaking themselves.When

participants did not pay attention to external speech, e.g. in a
Table 2 e Associated synesthesias.

n ¼ 26

Space-time 12 (46%)

Number-space 9 (35%)

Soundecolor 7 (27%)

Grapheme-color 6 (23%)

Digit-color 6 (23%)

Ordinal-linguistic 6 (23%)

Perfect pitch 3 (12%)

Auditive-gustatory 2 (8%)

None 8 (31%)

http://www.lexique.org
https://doi.org/10.1016/j.cortex.2022.11.005
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restaurant, the unattended speech still triggered TTS in 15

participants (58%).

3.3. Speech modalities triggering TTS

Participants were then asked to specify which features of

speech input were required to trigger TTS.

Types of speech input: The main triggers of each partici-

pant are reported in Fig. 1A. In all participants, TTS occurred

when watching someone else speaking (26/26, 100%). In most

of them (22/26, 85%), TTS persisted even when the speaker

was out of sight. In most participants, their own overt speech

(23/26, 88%) and covert speech (23/26, 88%) generally triggered

TTS. Moreover, TTS was generally triggered by musical lyrics

and movies, by covert reading in half the participants, and a

few participants reported seeing subtitles while dreaming.

Non-speech sounds: Other types of sounds triggering TTS

according to the questionnaire are reported in Fig. 1B. TTS

occurred in 25 participants (97%) when listening to novel

words (e.g. a brand name), among who 5 reported a different

TTS from usual (e.g. two reported “blurry words”); one did not

know. TTS occurred in 12 (46%) participants when listening to

human noises (e.g. laughs or cries), 11 (42%) for non-human

noises (e.g. bird song), and in only 5 (19%) when listening to

music without lyrics.

Voice features: Finally, some speech variations influenced

the visual properties of subtitles. Subtitles were modified

when hearing emotional speech in 9 participants (35%; e.g. “it

may change the color of words”, “letters may be blurred or

shaking when I'm moved”, “words are larger for strong emo-

tions”), when hearing louder vs. softer voice in 7 (27%; e.g.

“words are bigger for louder voices”), when hearing song lyrics

in 5 participants (19%; e.g. “words are less visible than in

normal speech”, “words seem to undulate according to the

melody”), while pitch had an impact only in 1 participant. The

gender of the speaker had no reported impact. In 10 partici-

pants (38%), none of these factors affected the synesthesia.

3.4. Visual features of subtitles

We then collected information on the subjective visual fea-

tures of subtitles evoked during speech perception.

Projection or association: Grapheme-color synesthetes are

commonly distinguished in “projectors” and “associators”, as

defined by Dixon et al. (2004) depending on their external or

internal perception of letter colors. In the case of TTS, 18

participants (69%), visualized subtitles within their internal

mental space, while in 2 participants (18%), subtitles were

perceived as projected in the outside world. Six participants

(23%) reported variability between these two options, and one

participant did not answer.

Location: The localization of subtitles was definite and

stable in 18 participants (69%). Among those, subtitles were

near the speaker'smouth in 4 (15%), or for instance “roughly at

the same place as film subtitles, with a right or left shift

depending on the origin of the voice”, “in the center of my

visual field”, “behind my eyes”. The location was definite but

variable in 4 participants (15%). Finally, 4 participants (15%)

reported no well-defined location.
Distance: Subtitles were considered as “nearby” in 15 (58%)

participants, “far away” in 2 participants, 2 others chose both

options, while 4 (15%) provided a precise location specified

either in terms of distance (50 cm and 3m) ormore specifically

(close to the speaker or within her own head). Three did not

know.

Visual attributes: We then explored the font and color of

the subjective display. Nineteen participants (73%) variably

visualized words in lower- or upper-case, while 7 (27%) only in

lower-case. No participant visualized words only in upper-

case. Twenty participants (77%) visualized words written

only in black, white or gray, while 4 others (15%), who all had

associated grapheme-color synesthesia, saw colored letters

(some including black/white letters). Two participants did not

know. Character size was larger than in regular books in 12

participants (46%), had the same size in 8 (30%), and was

smaller in one. Five participants did not know.

Content of subtitles: Seventeen participants (65%)

perceived several words at the same time, 6 (23%) were limited

to one word at a time. The span was reported as variable by 2

participants (8%). One participant could not answer.

Interaction with reading: When reading in a silent place, 12

participants (46%) visualized only the printed words, 12 (46%)

perceived the printed text itself, plus a synesthetic version of

the same text. The pattern was variable in 2 participants.

When reading while surrounded by people talking, TTS

interfered with reading in 23 participants (88%). In 16 partici-

pants (62%), this resulted in an mingling of printed words and

subtitles (e.g. “speech is intruding in the written text” or

“polluting” it), 4 participants (15%) visualized both texts but in

distinct mental spaces (e.g. “I'm seeing the subtitles ‘above’

the printed text”, or “I can arrange the two channels in two

parts of my head”), one managed to visualize only the printed

words when focusing his attention, and 5 (19%) did not know.

Subtitledmovies: Whenwatchingmovieswith subtitles, 11

participants (42%) saw both the real subtitles, and synesthetic

subtitles in the original language spoken by the actors,

sometimes at different locations. Some participants reported

that for this reason watching subtitled movies required

massive attentional effort. Nine participants (34%) saw only

the real subtitles. In 4 participants (15%), the pattern was

variable and depended on the familiarity of the spoken

language.

3.5. Temporal features of subtitles

Next, we asked participants to describe how the content of

TTS was dynamically updated during continuous speech

perception.

Delay between speech and TTS: The onset of the synes-

thesia was immediate in 19 participants (73%), delayed in 6

(23%). One participant did not know.

Updating of subtitles: The content of TTS was updated by

chunks of several words appearing simultaneously in 8 par-

ticipants (31%), one word at a time in 7 (27%), only letter by

letter in 1, and in a variable manner in 10 (38%). New words

appeared at the same location as those they were replacing in

14 participants (54%). They scrolled from one side to the other

“as if on a conveyor belt” in 9 (35%) participants, while 2 others
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Fig. 1 e A. Summary of stimuli triggering ticker-tape synesthesia (TTS) based on the 26 participants' introspection. Each
vertical bar represents a participant. Participants are sorted by decreasing number of trigger types. Each horizontal color line

represents one trigger type. Triggers are sorted by decreasing number of concerned participants. Speech emitted by a visible

speaker was a constant trigger, other varieties of speech triggered TTS in at least 20/26 participants. Covert reading was

reported as a trigger in only 13/26 participants. TTS during dreaming was reported by only 3 participants. B. Summary of

non-speech sounds triggering TTS based on the participants' introspection. The participants are sorted in the same order as

in A. Each horizontal color line represents one trigger type. Triggers are sorted by decreasing number of concerned

participants. Almost all participants reported TTS when listening to novel words, while only 5/26 (19%) when listening to

music without lyrics. Percent values on the right represent the proportion of participants in whom TTS was elicited by the

corresponding trigger.
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referred to “bubbles” or “a prompter”. Two participants did not

know.

Persistence of subtitles: After their appearance, subtitles

persisted briefly in 17 (65%) participants, disappeared imme-

diately in 3 (12%) and had a more variable duration in 5 (19%).

Complementing this admittedly vague labeling, a participant

mentioned that the last word of an utterance lasted longer as

it was not replaced by the following one, and another one that

the duration of the subtitle was shorter during fast speech and

longer if the speech flow was slower. Those anecdotal reports

suggest that subtitles have a perceptible intrinsic duration,

which was shortened by the occurrence of subsequent words.

One participant did not know.

3.6. Synesthesia for number words

Number words and ordinary words all feature phonological,

orthographic, and semantic representations. However, in

addition to those shared formats, numbers may also be rep-

resented as Arabic numerals, requiring dedicated mecha-

nisms for recognizing numerals and transcoding them to and

from other word representations. We therefore explored to

what extent number words would elicit alphabetic (e.g.

“thirty”) or Arabic (e.g. “30”) subtitles, depending on the

context in which number words were used.

Numbers denoting quantities: When numbers were used

to denote quantities (e.g. “there are 35 people in the room”), 14

participants (54%) visualized them as Arabic digits, 5 partici-

pants (19%) as a mix of digits and letters, and 3 participants in

alphabetic form only. Four participants (15%) did not know.

Indefinite article: In French, the same word “un/une” is

used to express the indefinite article “a” and the unity nu-

meral “one”. When the number was used as an indefinite

article (e.g. “j'ai UN ami”), 23 participants (88%) saw it in let-

ters, 1 in digits, one saw both letters and digits, and one did

not know.

Mental calculation: When performing mental calculation,

24 participants (92%) mentally saw numbers as Arabic digits,

one saw both digits and letters, and one did not know. More-

over, one participant described visualizing geometrical shapes

which combined depending on the operation, and another

perceived numbers as dots on dice.

Date and hour:When hearing numberwords in the context

of dates, 20 participants (77%) visualized them as digits, 4 saw

a combination of digits and letters, and 2 did not know. When

numbers were used to express time, 16 participants (62%) saw

digits, 3 (12%) saw letters (accompanied by a clock face in one

case), 4 (15%) saw a combination of both, 1 only visualized a

clock face, and 2 did not know.

Weights and sizes: Finally, for weights and sizes, 21 par-

ticipants (81%) visualized numbers as digits, 3 (12%) both in

digits and letters, and 1 in letters only. One did not know.

3.7. TTS and the two spelling routes

When hearing novel words for the first time, we ascribe them

a phonological representation, and we can spell them ac-

cording to the statistics of phonemeegrapheme correspon-

dence. Parallel to this “surface” spelling route, upon hearing a

knownword, a “lexico-semantic” route allows for the retrieval
of the stored orthography, which is particularly required for

exception words whose spelling does not obey usual phone-

meegrapheme correspondence (e.g. PINT or HAVE in English),

and homophone words, whose correct orthography depends

on the semantic and syntactic context (e.g. STAIR-STARE).

Novel words: According to the introspective questionnaire,

novel words (e.g. brand names or family names) triggered TTS

in 20 participants (77%), while 5 (19%) visualized only few

letters, and 1 had no synesthesia. Participants were presented

with recordings of 10 pseudowords. All participants experi-

enced TTS, which occurred in 248/260 (95%) trials (e.g. most of

participants see SOLQUIN for [sɔlk], or see GARMULE for

[ɡaʁmyl]). In 25 participants, the synesthesia was subjectively

as automatic and fast as for real words.

Exception words: The 26 participants were presented with

recordings of 9 exceptionwords (a tenth onewas excluded due

to poor recording quality), and they all experienced TTS. We

excluded from further analyses 2 participants who did not

report the orthographic content of the subtitles. On 167/216

(77%) trials, participants perceived words in their correct

spelling. On 32/216 (15%) trials, they perceived an phonologi-

cally plausible but lexically incorrect spelling (e.g. YOTE

instead of YACHT; RESPE instead of RESPECT). Occasionally,

(9/216 trials, 4%) both the correct and an incorrect spelling

were perceived (e.g. LONGTEMPS and LONTANT; FEMME and

FAME; YOTE then turning into YACHT). There was thus a

strong preponderance of lexical spelling, followed by a sub-

stantial minority of trials with phonological spelling. A few

participants showed an atypical pattern.

Homophones: Finally, participants were presented with 10

homophone words. One participant did not answer. On most

trials (189/250, 76%) participants perceived only a single

spelling of the target. Some participants sometimes sawmore

than one spelling, either in succession or simultaneously. In

order to formally assess the observation that most responses

consisted in relatively frequent nouns, we restricted the

analysis to the 189 trials with only one single reported

spelling, considering only the 3 most frequently reported

spellings for each stimulus. Using a GLME (see Methods) we

found that the likelihood for a spelling to be reported was

higher if it corresponded to a noun than to another gram-

matical category (p ¼ .005), and to a higher-than to a lower-

frequency word (p ¼ .01).

Foreign language: Speech perceived in an unfamiliar lan-

guage may be processed and spelled out in the same way as

novel words, provided that a well-defined phonological rep-

resentation can be computed. According to the introspective

questionnaire, when hearing a known foreign language, 17

participants (65%) reported having TTS, 7 (27%) had TTS but to

a lesser extent than in their native language, and 2 (8%) had no

synesthesia at all. When hearing an unknown language, TTS

was reduced to a few sparse letters in 16 participants (62%),

occurred roughly like in the usual language in 5 (19%) and did

not occur at all in 5 other participants.

3.8. Synesthesia for non-speech sounds

Even vocal (e.g. laughing) or non-vocal noises (e.g. explosion)

may be spelled out as onomatopoeias. We therefore studied

whether such auditory stimuli would also trigger TTS.

https://doi.org/10.1016/j.cortex.2022.11.005
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According to the introspective questionnaire, at least some

non-speech sounds triggered TTS in 14/26 participants (54%),

including non-human noises (e.g. bird songs or the sound of a

bell), and human noises (e.g. laugh or sneeze). In 11 partici-

pants (42%), none of these stimuli triggered TTS. One partici-

pant did not know. Participants were presented with 13

recordings of animals, human non-speech sounds, and noises

of objects. Animal sounds triggered TTS on 69/104 (66%) trials.

All but two participants had a visual perception for at least one

sound, ranging from 9/26 for the rooster (seen e.g. as

“HUHUHU”), to 24/26 for a cat meowing (generally perceived

as the onomatopoeia “MIAOU”). Human noises triggered TTS

on 57/104 (55%) trials. All participants experienced TTS for at

least one human noise, ranging from 9/26 for a cough (seen

e.g. as “HEUeHEU” or “KHU”) to 26/26 for laughs (generally

perceived as variants of “AHAHAH”). Noises of objects trig-

gered TTS on only 42/130 (32%) trials. Only 18 participants

reported TTS, ranging from 5/26 for a bell sound or a gunshot

(one participant saw “TIR”, the French word for shot) to 13/26

for an alarm clock or an ascending musical scale (most of

them seeing the words DO RE MI etc.).
4. Discussion

This study is a first attempt at systematically gathering

descriptive data on TTS, and at providing an overview of its

spectrum. This is necessary ground work, preliminary to

subsequent studies of TTS, rather than the test of detailed

predictions. Our only background hypothesis is that TTS re-

flects an enhanced top-down influence of speech processing

on orthographic representations, in the form of vivid and

automatic mental images of written words. We will now

summarize ourmain findings, relate them to general concepts

in the fields of synesthesia and written language processing,

and put forward some specific questions and propositions for

future studies.

4.1. Is TTS an exceptional phenomenon?

Over a few months, we identified 26 synesthetes with

reasonable ease. Although we cannot provide a reliable esti-

mate of TTS prevalence in the general population, this sug-

gests that TTS may be in the range of a few percent, similar to

other better documented synesthesias. The prevalence of 7%

suggested by Chun and Hup�e (2013) would place TTS above

perfect pitch (.06%, Profita et al., 1988) and grapheme-color

synesthesia (1.2%, Carmichael et al., 2015), and below

sequence-space (11%, Sagiv et al., 2006) synesthesias. How-

ever, the 7% figure is probably a gross overestimation, due to

sampling biases. Still, the intuition that TTS would be a highly

exceptional phenomenon is clearly misleading, as first sug-

gested by Holm et al. (2015). As most synesthesias, TTS is

purely subjective, it is not associated with outstanding abili-

ties or incapacitating impairments, and its existence is

generally ignored. Hence it fails to be identified by either

synesthetes or their acquaintances. Indeed, in our study,more

than 2/3 of participants became aware of the peculiarity of

TTS during adulthood, or even only upon reading our

recruitment poster.
We found a non-significant 2:1 female/male ratio among

participants, which falls in the broad span of previous esti-

mates, ranging from 6:1 (Baron-Cohen et al., 1996; Rich et al.,

2005) to 1:1 (Simner et al., 2006). Meta-analyses suggest that

sex differences are actually fragile (Simner & Carmichael,

2015) and might be attributed to a self-referral bias, with a

higher propensity of females to self-report atypical experi-

ences in general (Dindia & Allen, 1992).

Among our participants, more than 2/3 reported associated

synesthesias, space-time synesthesia being themost frequent

(52%). Such multiplicity is commonly reported in the synes-

thesia literature, and is suggestive of common underlying

developmental mechanisms (Ward, 2013). Similar to Holm

et al. (2015), we found no outstanding link between TTS and

grapheme-color synesthesia, whichwas still present in 6 (23%)

of participants. Note that we considered perfect pitch as a type

of synesthesia, although this condition is more often consid-

ered in the context of music perception (for reviews see

Carden & Cline, 2019; Hou et al., 2017). Although this stance

may be disputable (for a detailed comparative discussion see

Glasser, 2021), perfect pitch fits the definition of synesthesia

as stimulation in one sensory or cognitive domain (pitch

perception) automatically inducing an unusual and vivid

perception in a distinct sensory or cognitive domain (note

label). Beyond anecdotal associations in individual persons

(e.g. Bernard, 1986; Bouvet et al., 2014; Lebeau et al., 2020), this

view is supported by a high frequency of other synesthesias

(about 20%) (Gregersen et al., 2013) in individuals with perfect

pitch, possibly reflecting phenotypic and genetic relationship

(Gregersen et al., 2013; H€anggi et al., 2008). Although the

number of participants in the present study is limited, and the

prevalence of perfect pitch is highly variable across studies

and populations (Glasser, 2021), a proportion of 12% of perfect

pitch among our 26 TTS participants, may be viewed with

caution as suggestive of an increased incidence.

We also found that about 1/3 of our participants had cases

of TTS in their close family. Again, such family predisposition

was observed by Galton (1883) and is in line with more recent

evidence. Thus Ward and Simner (2005) reported a 16% prev-

alence inside the families of synesthetes, as compared to 4.4%

in the general population (Simner et al., 2006), pointing to the

importance of genetic factors (Asher & Carmichael, 2013).

Future controlled studies of prevalence, gender ratio,

family history, association with other synesthesias or devel-

opmental disorders, and genetics, should allow for a better

understanding of the origins of TTS.

4.2. The paths from sounds to letters in TTS

TTS is by definition triggered by the perception of speech.

What are however the features of speech which are necessary

and sufficient, and what are those that modulate the content

of TTS subtitles?

Internal phonology. All participants experienced TTS

when hearing and watching someone else speaking. In the

vast majority of cases, TTS persisted when the speaker

remained out of sight, or when participants were speaking

themselves. However, what was critical was not the presence

of overt speech, but the activation of an internal phonological

code. Thus, TTS was usually triggered also by inner speech, a
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covert phonological stream with no acoustic counterpart

(Levelt, 1989). Moreover phonologically irrelevant factors,

such as the gender of the speaker, had generally no impact on

TTS. The efficiency of only “thinking about” the inducer may

actually be a common feature of many synesthesias. Thus

most grapheme-color synesthetes assert that letters or

numbers that they imagine have the same color as when they

see them on the page (Edquist et al., 2006; see also Gould et al.,

2014). The abstract nature of the inducer was nicely illustrated

by Mroczko et al. (2009): in graphene-color synesthesia, the

color of letters is immediately transmitted to novel letter

shapes upon learning their graphemic value. We therefore

predict that brain imaging should reveal a common activation

pattern during TTS, irrespective of the overt or covert type of

speech input.

Interestingly still, a few participants reported that their

own speech or the speech of hidden speakers did not generate

TTS (Fig. 1). In both circumstances, attention may not be

focused on the speech stream: speakers who are out of sight

are often irrelevant and should be filtered out; and speakers

attend to the communicative intent rather than to the sound

content of their own utterance. This may result in weaker

TTS, or in under-reporting of TTS under those conditions. An

alternative account would refer to the tight links that have

been proposed between lip-reading andword reading, and the

involvement of the left VOT cortex in both abilities (Campbell

et al., 1986; Hannagan et al., 2015). One may speculate that in

some synesthetes, generating TTS would require combined

top-down input to the VWFA, not only from phonology but

also from face perception systems.

Non-lexical phonology. Real words have a phonological

representation stored in the mental lexicon, but we also

manipulate speech sounds in non-lexical contexts, for

instance when hearing or reading aloud novel words. In all

participants, TTS was triggered by real words, but also by

pseudowords, showing again that phonology is critical, irre-

spective of its lexical or non-lexical source. Even non-speech

sounds sometimes elicited TTS, in-as-much as they under-

went phonological coding. Thus, one participant told us that a

bird used to sing in his garden early in the morning. After a

few days he translated the song into an onomatopoeia. From

this moment on, the bird's song triggered the synesthetic

perception of the written form of the onomatopoeia. A similar

logic applies to the triggering of TTS by foreign speech. We

therefore predict that the typical brain activation pattern of

TTS should appear in the minimal contrast between non-

speech noises before vs after learning associated onomato-

poeias (Taitz et al., 2018), or between degraded speech before

vs after perceptual training (Davis et al., 2005).

From phonology to orthography. The translation from

phonology to orthography in TTS followed the parallel path-

ways featured by the classical two-routemodel of spelling and

reading (Coltheart, 2006; Perry et al., 2007; Taylor et al., 2013).

Thus, synesthetic pseudowords were usually spelled accord-

ing to the most frequent phonemeegrapheme correspon-

dences (phonological route), while exception words were

spelled according to their stored orthography. Homophone

non-homograph words (e.g. LEAK vs LEEK) were perceived

more often under their most frequent orthography, a further

trace of lexical processing.
Moreover, when TTS was triggered by non-speech noises,

TTS occasionally disclosed a contribution of semantic

knowledge. First, the content of the TTS sometimes corre-

sponded to a largely conventional phonological code. Thus the

“DRIIIING” spelling often elicited by the sound of an alarm

clockmay not be itsmost faithful translation, but it is its usual

literary depiction, e.g. in comic strips. Meowing elicited the

very familiar “MIAOU” in almost all participants, while the

less familiar call of a rooster was a less effective inducer. The

same trend prevailed for other categories of noise: laughter

was more effective than cough, and alarm-clock ringing than

gunshot. Other types of synesthesias also are more vivid for

more frequent inducereconcurrent associations (Beeli et al.,

2007). Second, some participants, instead of seeing an

onomatopoeia, visualized the written name of the object

generating the noise. For example, some participants saw the

Frenchword for “GUN” or “GUNSHOT”when hearing the noise

of a gunshot. It is likely that the synesthete identified the

noise, internally produced the corresponding word, which

then entered in the common TTS pathway.

The case of number words. In addition to generic ortho-

graphic coding (THIRTY), numbers can bewritten using Arabic

numerals (30). Across participants, there was a remarkable

variety in the relative contribution of the two codes to TTS,

and mixtures of both were not uncommon (e.g. one partici-

pant reported when asked about the date that he saw “the

numbers of the day in Arabic numerals, months in letters, and

year in numerals”; another reported about the number 35 that

he saw “letters and numerals overlapping”). This may be

similar to the collisions occurring with exception words,

which sometimes induced the near simultaneous perception

of the lexical and phonological spellings (e.g. FEMME and

FAME). Such collisions indicate that TTS subtitles can be fed

with the output of whatever route linking phonology to

orthography.

In summary, TTS resulted from the translation from

phonology to orthography through phonological and lexico-

semantic routes. Importantly, even neurotypical individuals

show behavioral evidence of phonological influence on visual

word recognition. First, there is implicit and automatic acti-

vation of orthographic codes during speech perception. For

example, during purely auditory lexical decision, latencies

are shorter for words with a consistent than with an incon-

sistent spelling (Ziegler et al., 2008), an effect which disap-

pears under TMS of the SMG (Pattamadilok et al., 2010).

Similarly, also during auditory lexical decision, prime words

facilitate targets in proportion to their orthographic overlap

(Ch�ereau et al., 2007). Second, phonology does actually

modulate the recognition of printed words. For instance,

during lexical decision and naming with visual words, re-

sponses are facilitated by primes with a purely phonological

link to targets (Carreiras et al., 2005; Grainger et al., 2006). In

this context, TTS may be viewed as an exceptionally vivid

access to orthographic representations which are activated

even in non-synesthetes, implying some continuity between

normal speech perception and TTS, a controversial issue in

the field of synesthesia studies (Deroy & Spence, 2016;

Martino & Marks, 2001).

In a recent single-case fMRI study of TTS, we used dynamic

causal modeling and showed that indeed TTS induced by
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spoken words and pseudowords relied on the top-down flow

of information along distinct routes, involving the supra-

marginal and middle temporal gyri, respectively (Hauw et al.,

2022). Future studies should resort to time resolved methods

such as EEG/MEG in order to decipher the temporal course of

the alternative processes leading to TTS.

4.3. Visual features of TTS

All participants were able to report with some precision the

core visual features of TTS in terms of location, distance,

color, or case. While orthographic imagery exists to some

degree in all literate individuals (Bourlon et al., 2009; Holm

et al., 2015), tickertapers feature a particularly vivid form of

such imagery, possibly correlated with higher activations in

the VWFA (Fulford et al., 2018; Hauw et al., 2022).

The precise features of synesthesias (e.g. what is a the color

of a specific letter?) are at least partially determined by per-

sonal experience (Rich et al., 2005; Ward & Simner, 2003;

Witthoft & Winawer, 2006). In the case of TTS, the black color

of subtitles may reflect the usual color of printed words, and

their location at the bottom of the visual field or next to the

speaker's mouth may result from the position of actual sub-

titles and of comic bubbles.

Four participants perceived colored TTS subtitles. They all

had associated TTS and grapheme-color synesthesia. To their

mind's eye, letters in the subtitles were colored in the same

way as external letters, revealing the chaining of the two

synesthesias, mapping phonology to orthography, and then

orthography to colors. In 9 other participants, the visual fea-

tures of subtitles were modulated by the emotional content of

the input. In various synesthesias also, emotions elicited by

the inducermaymodulate the features of the concurrent (for a

review, see Dael et al., 2013). It may even occur that

“emotional states as such exist as colors projected out in the

visual field, (…) and the intensity and prevalence the color are

a measure of the intensity of the emotional reaction”

(Cutsforth, 1925). This may suggest that in our 4 participants,

TTS was associated with a putative “affective synesthesia”.

In grapheme-color synesthesia, distinction is commonly

made between a majority of “associators” and a minority of

“projectors”, who feel that illusory colors exist in theirmind or

in the outside world, respectively (Amsel et al., 2017; Dixon

et al., 2004). Although the distinction may not be always

clear-cut, we found a similar predominance of TTS associators

(69%). This distinction putatively results from differences in

the anatomical connectivity among involved brain areas

(Rouw & Scholte, 2007), or in the pattern of their functional

cross-talk (Amsel et al., 2017; van Leeuwen et al., 2011).

Assuming that TTS associators and projectors put into play

regions involved in mental imagery and perception, respec-

tively (Pearson, 2019; Spagna et al., 2021), onemay predict that

the two groups should differ in the relative involvement of

high-level infero-temporal areas such as the VWFA, vs. of low-

level visual cortex.

In future research it may also be interesting to investigate

the visuo-spatial arraying of the alphabet in the mental im-

agery of TTS individuals (Jonas et al., 2011), as it may poten-

tially differ from participants with typical relationships

between phonology and orthography.
4.4. Dynamic features of TTS

Qualitative introspective reports are obviously inadequate to

characterize the fast time course of TTS. One may only

observe that the life span of images is at most in the order of

seconds, that they are rapidly flushed by the following ones,

and that they encompass from one to a few words. Those

features are suggestive of a short term memory system,

possibly identical to the so-called graphemic buffer, a device

which has been studiedmostly in the context ofword spelling.

It is thought tomaintain an orthographic representation of the

current word during writing or typing (Buchwald & Rapp,

2004), but it is also involved to some extent in reading

(Caramazza et al., 1996; Purcell et al., 2017). In this context,

TTS might be considered as the result of a hyperactive gra-

phemic buffer, supporting enhanced visual images. This could

indeed explain why 10 (38%) participants considered that

being endowed with TTS facilitated writing. Future studies

should study the links between TTS and writing performance,

and resort to time-resolvedmethods to assess the time course

of the processes underlying TTS.

4.5. The pros and cons of TTS

Easier writing and better orthography is the only advantage

consistently acknowledged by tickertapers. In grapheme-

color synesthesia, which like TTS is closely dependent on lit-

eracy, synesthetes seem to benefit from a modest but repli-

cable advantage in verbal and other memory tasks (for a

review see Rothen et al., 2012). More recently, Smees et al.

(2019) showed that 10e11 year-old synesthetes have better

expressive and receptive vocabulary than control children.

This advantage did not exist before elementary school, sug-

gesting that synesthesia yielded a verbal learning advantage.

In the case of TTS, onemay predict that effortlessly enjoying a

stable and vivid orthographic representation should help

tickertapers to learn to read and write.

Conversely, most participants reported that TTS makes it

difficult for them to focus their attention, for example when

trying to read in public spaces, or to follow one among several

ongoing conversations. Attentional effort allowed some of

them to get rid of the irrelevant channel, for instance by

putting actual printed words and concurrent TTS subtitles in

different “mental spaces”.

In summary, factual evidence is missing on the practical

pros and cons of TTS. We predict that tickertapers should be

better than controls in tasks based on stable orthographic

imagery, such as writing long and complex words, or letter

counting, backward spelling, or visual rhyme judgment with

spoken words. Conversely, concurrent speech should inter-

fere with e.g. visual lexical decision more detrimentally in

tickertapers than in controls.
5. Conclusion

Generally considered an anecdotal and exceptional phe-

nomenon, tickertape synesthesia provides a novel gate in

the mechanisms of reading and reading acquisition. Similar

to dyslexia, it results from an atypical setup of the cerebral
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reading machinery. We reported a descriptive study of

tickertape synesthesia in a group of 26 participants, based

on detailed introspective questionnaires and on the pre-

sentation of controlled auditory stimuli. This groundwork

leaves a number of questions open for future research.

Empirical studies should address (1) the genetic and envi-

ronmental bases of TTS; (2) the objective behavioral markers

of TTS. This is particularly important, not only for the un-

derstanding of the cognitive underpinnings of TTS, but also

for developing objective criteria for ensuring the genuine-

ness of TTS beyond subjective self-report; (3) the develop-

ment of orthographic imagery and the emergence of TTS in

children with or without dyslexia; (4) the cerebral mecha-

nisms of TTS using multimodal brain imaging in adults and

children; (5) the brain correlates of individual variability in

TTS phenotype.
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