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One of the fundamental questions about grapheme–colour synaesthesia is
how specific associations between the graphemes and colours are formed.
We addressed this question by focusing on the determinants of synaesthetic
colours for Japanese Kanji characters (logographic characters) using a
psycholinguistic approach. Study 1 explored the influence meaning has on
synaesthetic colours for Kanji characters representing abstract meanings
by examining synaesthetic colours for antonym pairs (i.e. characters
with meanings opposed to each other) in Japanese synaesthetes. Results
showed that semantic relations influenced the grapheme–colour associations
for characters representing abstract meanings in the early stages of learning
abstract Kanji, while the influence was reduced in the grapheme–colour
associations for those learned later. Study 2 examined the effect that learning
new sounds or meanings of graphemes has on synaesthetic colours for those
graphemes. Japanese synaesthetes were taught new sounds or new mean-
ings for familiar Kanji characters. Results indicated that acquiring new
information for graphemes slightly but significantly reduced the test–retest
grapheme–colour association consistency, suggesting that synaesthetic
colours can be modulated to reflect the synaesthete’s latest knowledge
about graphemes. Implications of these findings are discussed from the
perspective of the relationship between synaesthesia and grapheme learning.

This article is part of a discussion meeting issue ‘Bridging senses: novel
insights from synaesthesia’.
1. Introduction
Despite its long research history, grapheme–colour synaesthesia, a condition
in which a visual letter or character (grapheme1) induces a specific colour sen-
sation, still remains a complex mystery. It is a multifaceted phenomenon [4,5],
and there are several fundamental questions yet to be addressed: for example,
why do only some people have grapheme–colour synaesthesia (i.e. genetic and
environmental predisposition, e.g. [6,7], cf. [8])? How are the specific associ-
ations between the inducer (i.e. graphemes) and the concurrent (i.e. colours)
formed (e.g. [9–15])? What kind of perceptual/cognitive processing occurs
when experiencing synaesthetic associations (e.g. [16–19])? What is the neural
basis of it (i.e. the brain structure and functioning, e.g. [19–22])? How is it
related to other perceptual/cognitive abilities and traits (e.g. [23–25])?

This article addresses the second question above, namely, how synaesthetic
grapheme–colour associations are formed. Although synaesthesia has been
characterized as idiosyncratic (i.e. graphemes do not elicit the same colour in
different individuals) [14,26], a number of regularities in the synesthetic experi-
ence have also been reported. Such regularities provide important clues for
clarifying mechanisms underlying synaesthesia. Previous studies have shown
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that psycholinguistic factors, such as grapheme frequency
or familiarity [11,27,28], visual shape [12,15,29], grapheme
sound [9–11,30], positions in a grapheme sequence (ordinality,
[11,15,28,31]), and meaning or concepts [10,13,32], contribute
to forming the synaesthetic colours for graphemes, suggesting
that grapheme–colour synaesthesia is a fundamentally
psycholinguistic phenomenon.

However, further accumulation of data is needed to
fully reveal the relationship between grapheme–colour
synaesthesia and psycholinguistic processing. For example,
some studies have revealed that synaesthetic grapheme–
colour associations are influenced by meaning. Asano &
Yokosawa [10] showed that synaesthetic colours elicited by
Kanji characters (characters of Japanese logographic script)
representing a concrete meaning or an object with typical col-
ours, such as ‘red’, ‘blood’ and ‘cherry blossoms’, are likely to
be very consistent with the meaning. Similarly, Mankin &
Simner demonstrated that synaesthetic colours for English
alphabets can be predicted in part by early-learned letter–
word associations—for example, the synaesthetic colour for
the letter ‘A’ tends to be red because A is for apple and
apples are typically red ([13]; but also see [31] which suggests
that this effect may be language-specific). However, this type
of semantic account can be applied only to graphemes that
are tied to concrete meanings. Little is known about whether
meaning influences synaesthetic colours for graphemes that
are tied to abstract meanings.

The relationship between grapheme–colour synaesthesia
and grapheme learning also needs to be elaborated. Given
that synaesthetic colours are determined by some features
of graphemes (e.g. psycholinguistic attributes such as
sound, meaning, ordinality, frequency, visual shape and so
on), and knowledge about graphemes may be updated by
acquiring new knowledge or by learning a new language,
does acquiring new knowledge about graphemes modulate
the synaesthetic colours for the graphemes? It has been
pointed out that grapheme–colour synaesthesia is profoundly
connected with grapheme learning [11,15,33]. Synaesthetic
colours, which are determined by some features of gra-
phemes, may serve as a memory aid and help grapheme
learning, especially in a synaesthete’s childhood, in which
he/she must learn many graphemes with effort [11,15,33].
Some studies have provided models and empirical data
that support this idea. Asano & Yokosawa [11] proposed
a model predicting that the feature domain (e.g. sound,
visual shape, ordinality) making the largest contribution to
discriminating the grapheme from others has the largest
impact on synaesthetic grapheme–colour associations. For
example, ordinality information (positions in a grapheme
sequence) may be useful in discriminating among letters
of the English alphabet because there are one-to-one
ordinality–grapheme correspondences, while sound may not
be useful because the English alphabet is an opaque writing
system (i.e. many-to-many grapheme–sound correspondences);
in this case, the model predicts that synaesthetic colours for
the English letters are strongly affected by ordinality but
not sounds. Asano and Yokosawa successfully tested the
model through an experiment. The results showed that
English letters with similar ordinality, but not those with
similar sounds, tended to elicit similar synaesthetic colours,
whereas in the case of Japanese Hiragana, which form a
strictly transparent writing system (i.e. one-to-one grapheme–
sound correspondences), characters representing similar sounds
elicited similar synaesthetic colours [11]. Watson et al. [33]
revealed that the prevalence of synaesthesia tends to be
higher in a linguistic environment where people face greater
childhood language learning challenges (i.e. the language has
an opaque writing system, or many people learn non-native
second languages in their childhood). However, it has not
been investigated whether synaesthetic colours can be
updated when new knowledge about graphemes is acquired;
rather, it is usually emphasized that synaesthetes are highly
consistent over time in their grapheme–colour associations
[34,35]. As noted above, various features of graphemes can
affect synesthetic grapheme–colour associations. Changes in
the impact of such factors on synaesthesia through language
learning (e.g. whether the degree of impact of a factor can be
changed along with the maturation of the mental lexicon) can
also be of research interest.

In this article, we address these issues using grapheme–
colour synaesthesia in the Japanese language. In Study 1,
we investigated whether meanings, specifically, the semantic
relations between graphemes, influence the synaesthetic
colours for graphemes representing abstract meanings. In
Study 2, we explored the effect of learning new sounds or
meanings for familiar graphemes. A script of the Japanese
language, Kanji, is suitable for investigating these issues.
The Japanese language has three types of scripts: Hiragana,
Katakana and Kanji. Hiragana and Katakana are phonetic
scripts, which mean that characters of the scripts represent
sounds. Hiragana and Katakana represent the same set of
sounds or syllables. Hiragana is mainly used for function
words and words in the native Japanese lexicon; by contrast,
Katakana is primarily used for words borrowed from another
language. Kanji is a logographic script; that is, each character
has a meaning. Kanji is used for most of the content words in
the Japanese lexicon. Thus, over 2000 characters are used in
daily life. These characters are gradually introduced during
an individual’s development. By the ages of 4–6, most
Japanese children can read Hiragana characters. Katakana
characters are introduced somewhat later, at around the
ages of 6–7. People typically start learning Kanji characters
in the first year of primary school, that is, at around the
ages of 6–7. Then they master at least 2136 characters
by around the age of 15 and continue learning new Kanji
characters until adulthood (see [10], for a more detailed intro-
duction to the Japanese scripts). These characteristics of the
Japanese language enable a unique examination of the influ-
ence of several psycholinguistic factors on grapheme–colour
associations within a language. The fact that Hiragana and
Katakana characters share sounds but not visual shapes
enabled us to isolate the effects of sounds from those of
shapes [9]. We also found that visually and semantically
different Kanji characters with the same sound are coloured
similarly, suggesting that sound is also a determinant of
synaesthetic colours for Kanji characters [10]. Character
meaning is a strong determinant of synaesthetic colours for
Kanji characters, too. The Kanji character representing ‘red’
(赤) typically elicits the colour red. The Kanji character repre-
senting ‘cherry blossoms’ (桜) is typically associated with
light pink, which is just like the colour of cherry blossom
petals [10] (see also [2,36] for synaesthetic colour associations
in the Chinese language, which also uses a logographic writing
system). There are also Kanji characters representing abstract
meaning such as ‘east’ (東) and ‘public’ (公) in the Japanese
language, some of which we used for the investigation of the
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influence of abstract character meaning on synaesthetic colours
in Study 1. In Study 2, we used the fact that Japanese Kanji
characters were originally imported from China. We taught
Japanese synaesthetes the Chinese sounds or meaning for the
Kanji characters, which are different from those in Japanese,
and examined whether acquiring such new knowledge affected
the synaesthetic colours for the graphemes.
ing.org/journal/rstb
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2. Study 1
In Study 1, we explored whether meaning influences
synaesthetic colours for Kanji characters with abstract mean-
ings. We hypothesized that synaesthetic colours reflect
semantic relations. To test this hypothesis, it would be useful
to compare the synaesthetic colours for characters in semanti-
cally distant relations and examine whether the synaesthetic
colours are also distant from each other. Therefore, we used
antonym characters, that is, characters that are opposite in
meaning to each other (e.g. ‘up’ and ‘down’), as stimuli.
We predicted that antonym character pairs would elicit
synaesthetic colours that are dissimilar to each other.

(a) Methods
(i) Participants
Sixteen grapheme–colour synaesthetes (13 female, 3 male,
mean age = 25.5 years, range = 20–42 years) and 16 non-
synaesthetes (8 female, 8 male, mean age = 21.1 years, range =
20–24 years) participated in this experiment. All were native
Japanese speakers.

All the synaesthetes reported experiencing synaesthetic
colours when viewing Kanji characters as well as Hiragana
and Katakana characters, English alphabets and Arabic
numerals. All of the synaesthetes had previously participated
in a test in which test–retest consistency of their synaesthetic
colour associations for 46 Hiragana characters were measured
(mean interval between the first and second synaesthetic
colour measurement = 31.4 weeks, s.d. = 26.8 weeks). In the
measurements, 138 named W3C (World Wide Web Consor-
tium) colours (see Study 1 Apparatus) were used for the
synaesthetic colour selection. The average distance between
the colours (e.g. Euclidean distance using CIE L*a*b* coordi-
nates; cf. [35]) selected for a given character in the first and
second measurement, averaged over the 46 Hiragana charac-
ters, was 21.7 (s.e. = 1.3). This value is strikingly small, given
that the analogous value obtained from six non-synaesthetic
controls who engaged in the same task using free association
or any other strategy of their choice with a two-week interval
between the two measurements was 62.3 (s.e. = 7.2) [9],
demonstrating that the synaesthetic participants engaged
in this study were genuine synaesthetes. Nine of the
16 synaesthetes were ‘projectors’, who report experiencing
synesthetic colours in external space, and the remaining
seven were ‘associators’, who report experiencing synesthetic
colours ‘in the mind’s eye’ [37]. All the non-synaesthetic
participants in this study reported never experiencing
synaesthetic colours for any kind of graphemes.

(ii) Apparatus
Stimulus characters and a colour palette were displayed on a
computer screen (Mitsubishi Diamondtron M2 RDF223G).
One hundred and thirty-eight named W3C colours were in
the palette [9,11]. The locations of the colours in the
palette were fixed across trials. See electronic supplementary
material, figure S1 for a screenshot of the palette.
Synaesthetes were told to select the colour black if a
presented character elicited a sensation of the colour black
or no synaesthetic colour; no synaesthetes reported having
selected the colour black to indicate ‘no colour’ in an inter-
view after the experiment. Colour coordinates in the CIE
L*a*b* systems, used in analyses of the results, were converted
from the CIE xyY coordinates of presented colours; all were
measured using a Topcon BM-7 luminance colourimeter. We
adopted the CIE L*a*b* system because it was designed in
such a way that mathematical differences in all colour ranges
correspond to perceived colour differences; in other words, it
is perceptually uniform [35]. The average colour distance for
random colour pairs from the 138 colours on the palette was
67.9. Here, we regard this value as the chance level.
(iii) Stimuli
Thirty-six Kanji antonym pairs were used as stimuli. The
pairs were separated, shuffled and presented one by one in
a random order; that is, participants were presented with
72 single Kanji characters. The 36 antonym pairs were
selected from various semantic categories to increase the
diversity of the stimuli: eight related to space (e.g. 右 ‘right’
–左 ‘left’,高 ‘high’–低 ‘low’), six related to physical properties
of objects (e.g. 大 ‘large’–小 ‘small’, 有 ‘present’–無 ‘absent’),
six related to emotion and values (e.g. 楽 ‘fun’–苦 ‘hard’, 愛
‘love’–憎 ‘hatred’), six related to human behaviour (e.g. 売
‘sell’–買 ‘buy’, 攻 ‘offence’–守 ‘defence’), five related to time
(e.g. 春 ‘spring’–秋 ‘autumn’, 新 ‘new’–旧 ‘old’) and the
remaining five related to human-related concepts (e.g. 男

‘man’–女 ‘woman’, 公 ‘public’–私 ‘private’). The characters
varied by the age of grapheme acquisition, namely the
school grades in which the characters are taught in Japan,
which is regulated by the curriculum guidelines provided
by the Ministry of Education, Culture, Sports, Science and
Technology in Japan. Children in the first grade are 6–7
years old in Japan. See electronic supplementary material,
table S1 for the full list of the stimulus antonym pairs.
Selecting characters from various acquisition ages not only
increased the diversity of the stimulus characters but also
allowed us to examine the relationship between acquisition
age and the influence size of semantic relations on
synaesthetic colours (see Study 1 Discussion).
(iv) Procedure
Participants selected a colour from the palette corresponding
to each of the 72 Kanji characters, presented one by one
in random order. Each character was presented only
once. Non-synaesthetes were asked to select a colour that
‘intuitively goes with’ each grapheme.
(b) Results
(i) Comparison with the chance level
Figure 1a presents examples of the colours selected by
synaesthetes and non-synaesthetes for some of the stimulus
antonym pairs. Colour distance for antonym pairs, averaged
over the 16 synaesthetes and 16 non-synaesthetes, respectively,
is plotted against the school grades in figure 1b,c.
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Figure 1. Results of Study 1. (a) Examples of colours associated with Kanji antonym pairs by three synaesthete (syn) and three non-synaesthete (non-syn) par-
ticipants. (b,c) Colour distance for antonym pairs, averaged over the 16 synaesthetes (b) and 16 non-synaesthetes (c), is plotted against the school grades (paired
mean). The horizontal line in (b,c) indicates the chance level of 67.9.
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To assess whether antonym character pairs elicited
colours that were dissimilar to each other, we calculated the
mean Euclidean distance in the CIE L*a*b* colour space
between colours selected for a given pair of antonym
characters and compared it to the chance level (67.9) using
a one-sample t-test (two-tailed). The statistical effects of mul-
tiple comparisons were controlled by using false discovery
rate [38]. The results for synaesthetes revealed that only one
pair was significantly more distant than the chance level
(昼 ‘day’–夜 ‘night’: t15 = 4.11, p < 0.01, d = 1.03). The same
analysis for non-synaesthetes revealed that five pairs were
significantly more distant than the chance level (南 ‘south’–
北 ‘north’: t15 = 3.51, p < 0.01, d = 0.88; 昼 ‘day’–夜 ‘night’:
t15 = 5.42, p < 0.01, d = 1.36; 生 ‘alive’–死 ‘dead’: t15 = 3.39,
p < 0.01, d = 0.85; 明 ‘bright’–暗 ‘dark’: t15 = 4.88, p < 0.01,
d = 1.22; 喜 ‘happy’–悲 ‘sad’: t15 = 4.54, p < 0.01, d = 1.13).

To summarize, synaesthetes associated significantly
dissimilar synaesthetic colours only for one out of the 36
antonym character pairs. Non-synaesthetes tended more
to associate distant colours to antonym pairs. A t-test
comparing the mean colour distances (averaged over the
32 antonym pairs) for synaesthetes and non-synaesthetes
revealed that non-synaesthetes selected more distant colours
for antonym pairs in general than synaesthetes (t30 = 3.10,
p < 0.01, d = 0.13). Non-synaesthetes, who do not experience
colours for graphemes, may have relied more on convention-
al images of the contrastive character meanings when they
were asked to associate a colour to each Kanji character.

(ii) Effects of the school grades in which characters are taught
By plotting the colour distances for antonym pairs against
the paired means of the school grades in which the characters
are taught (figure 1b,c), we found an interesting trend: a
negative correlation between colour distances for antonym
character pairs and the school grades in the case of
synaesthetes (r36 =−0.45, t34 = 2.94, p < 0.01). Negative corre-
lations between colour distances and school grades mean
that antonym character pairs learned earlier in life elicited
synaesthetic colours that were more dissimilar. This result
suggests that semantic relations influenced the grapheme–
colour associations for characters representing abstract
meanings in the early stages of learning abstract Kanji,
while the influence was reduced in the grapheme–colour
associations for those learned later. Interestingly, we did not
observe a negative correlation in the case of non-synaesthetes
(r36 =−0.01, t34 = 0.03, p = 0.97).

The apparent effects of school grades, however, could
have resulted from various factors other than the age of
grapheme acquisition, such as sound, shape and the
concreteness of the meaning represented by the characters
(cf. [9–11,15]). Data were therefore entered into a hierarchical
regression analysis to test the relative contribution of school
grade to the colour distances for antonymous Kanji character
pairs, while controlling for sound similarity between the
first syllable of the most typical reading of the characters
(identified using [39]) comprising each antonym pair,
subjective visual similarity between the antonym character
pairs (rated by six Japanese-speaking adults on a five-point
scale) and the paired mean of the subjective concreteness
of the character meaning (based on [40]). See electronic
supplementary material, table S2 for the details of these vari-
ables. Participant group (synaesthete = 1; non-synaesthete = 0),
school grade (paired mean), sound similarity, visual similarity
and concreteness were entered into Step 1 of the regression
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model, and the interaction of participant group and grade in
Step 2. The VIF (variance inflation factor) values were all
below 1.3, indicating that multi-collinearity was not an issue.
All variables were centred to the mean by subtracting the
group mean value from individual values. The Step 1 model
was significant (R2 = 0.18, adjusted R2 = 0.12, F5,66 = 2.87,
p < 0.05). Participant group was the only significant predictor
of the colour distances for antonym character pairs (β =−0.36,
t66 = 3.23, p < 0.01). The addition of the interaction of partici-
pant group and grade marginally significantly improved
the model (ΔR2 = 0.04, ΔF1,65 = 3.20, p = 0.08). The interaction
marginally significantly predicted the colour distances for
antonym pairs (β =−0.20, t65 = 1.79, p = 0.08), suggesting
that school grade differentially affected colour distances
between synaesthetes and non-synaesthetes even when
controlling for the effects of sound, visual shape and concre-
teness. A simple slope analysis to examine the marginally
significant interaction showed no effect of group in lower
school grades (−1 s.d. grade; β =−0.16, t65 = 1.04, p = 0.30),
but did show a significant negative relationship between
group and colour distance for antonym pairs (i.e. smaller
distances in synaesthetes) in higher school grades (+1 s.d.
grade; β =−0.56, t65 = 3.58, p < 0.01). The overall results indi-
cate that synaesthetes and non-synaesthetes associated
equally dissimilar colours with antonym pairs learned in
lower school grades, while synaesthetes associated less
dissimilar colours than did non-synaesthetes with those
learned in higher school grades.

To analyse the factors influencing colour distances for
antonym pairs in synaesthetes in detail, we further conducted
a two-step hierarchical regression analysis of the colour
distances for antonym pairs for synaesthetes. The predictors
were school grade, sound similarity, visual similarity and
concreteness (Step 1) and all two-way interactions (Step 2).
Only the Step 2 model was significant (R2 = 0.48, adjusted
R2 = 0.27, F10,25 = 2.30, p < 0.05). The results showed that
school grade (β =−0.67, t25 = 3.32, p < 0.01), interaction of
grade and sound similarity (β =−0.82, t25 = 2.85, p < 0.01),
and interaction of sound similarity and concreteness
(β = −0.88, t25 = 2.70, p < 0.05) were significant predictors of
the colour distances for antonym character pairs. A simple
slope analysis to examine the interaction of grade and
sound similarity showed a significant negative relationship
between grade and colour distance for antonym pairs with
similar initial sounds (+1 s.d. sound similarity; β =−1.45,
t25 = 3.57, p < 0.01), but no effect of grade for those with dis-
similar initial sounds (−1 s.d. sound similarity; β = 0.11,
t25 = 0.43, p = 0.67). These results suggest that the effects of
sound similarity were greater (i.e. antonym character pairs
with similar sounds tended to elicit more similar colours) in
higher school grades. A simple slope analysis to examine
the interaction between sound similarity and concreteness
showed a significant negative relationship between concrete-
ness and colour distance for antonym pairs with similar
initial sounds (+1 s.d. sound similarity; β =−0.73, t25 = 2.30,
p < 0.05), and a significant positive relationship between the
two for those with dissimilar initial sounds (−1 s.d. sound
similarity; β = 0.69, t25 = 2.14, p < 0.05). This interaction was
unexpected and difficult to interpret. Our initial question of
Study 1 was whether synaesthetic colours reflect semantic
relations, therefore, the experiment was not designed to
examine complex interactions between various grapheme
properties. Future research is needed to clarify the
interactions of concreteness and sound properties in synes-
thetic grapheme–colour associations.
(c) Discussion
Our initial simple prediction that dissimilar colours would be
associated (in comparison with chance level) with antonym
character pairs was not supported, as colours associated
with only 1 out of 36 antonym pairs was significantly more
distant than chance level in the synaesthete group. Indeed,
the way semantic relations affect grapheme–colour associ-
ations was more complex. Further analyses revealed that
antonym character pairs that were learned in lower grades
elicited synaesthetic colours that were more dissimilar to
each other. That is, semantic relations affect synesthetic col-
ours in the early stages of learning abstract Kanji, and the
impact of semantic relations decreases later. This tendency
was unique to synaesthetes; non-synaesthetes generally
associated contrastive colours to antonyms, and the school
grades at which the characters were learned did not affect
the colour choices. Non-synaesthetes, who do not experience
colours for graphemes, may have relied on conventional
images of the contrastive character meanings when they
were asked to associate a colour with each Kanji character
(e.g. associating a bright colour with 善 ‘virtuous’ and a
dark colour with 悪 ‘evil’). The overall pattern of results
remained after controlling for the effects of sound similarity
and visual similarity of the characters comprising antonym
pairs, and the concreteness of the character meaning.

We interpret the reduced effects of semantic relations
on the antonym pairs that were learned in higher grades as
follows: the results from previous studies indicate that
synaesthetic colours for Japanese early-acquired characters
(e.g. Hiragana) generalize to late-acquired graphemes via
phonology and/or meaning (i.e. Kanji); for example, Kanji
characters pronounced /shi/ (e.g. 視, 詩, 師) tend to elicit
colours that are similar to those elicited by the Hiragana
character representing the /shi/ syllable (i.e. し) [10,11].
This generalization suggests that synaesthetic colours for
Kanji characters that are learned in higher grades are more
likely to be affected by a variety of factors, and this may
attenuate the influence of semantic relations. This possibility
may be partly supported by the results of the hierarchical
regression model with the data from synaesthetes, which
suggest that the effects of sound similarity were greater in
higher school grades.

One may wonder if the negative correlation between
the school grades and the synaesthetic colour distance in
synaesthetes could be attributed to possible qualitative differ-
ences between antonyms that are taught in lower and higher
school grades, where those taught in lower grades are subjec-
tively more contrastive in meaning. In order to address this
concern, a measure of the subjective meaning distances
between different antonym pairs (e.g. whether ‘east–west’ is
subjectively more distant than ‘offence–defence’) is required.
One possible method to obtain such a measure is latent
semantic analysis (LSA), which is used in natural language
processing to analyse relationships between words based
on the assumption that semantically similar words should
occur in similar contexts [41]. This intriguing method is, how-
ever, not suitable (at least in its current form) for measuring
meaning distances between antonyms; it has long been a
challenge to LSA to recognize antonyms since antonymous
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words tend to occur in similar contexts (cf. [42]). Thus, a
direct test of this concern awaits future study. However, the
results of the hierarchical regression model showing a greater
impact of sound similarity in higher school grades in
synaesthetes suggest that the effects of school grades could
be attributed to developmental changes in how various
factors affect synaesthetic colours, rather than to qualitative
differences between antonyms that are taught in lower and
higher school grades.

Previous studies on grapheme–colour synaesthesia have
revealed the effect of meaning on synaesthetic colour
selections [10,13,32]. For example, in the case of Japanese gra-
pheme–colour synaesthetes, the synaesthetic colours elicited
by Kanji characters representing colour names or names of
objects with typical colours are usually very consistent
with their meaning (e.g. the Kanji character meaning ‘red’
typically elicits red, and the character meaning ‘cherry blos-
soms’ typically elicits light pink). These findings made it
difficult to determine whether synaesthetes merely associate
general, conventional colour images of the character mean-
ings (when possible) in the same way as non-synaesthetes
do when they were asked to associate a colour to a character,
or whether the meaning effects on grapheme–colour associ-
ation in synaesthetes is qualitatively different from those in
non-synaesthetes. The results of the current study support
the latter possibility, as school grades differentially affected
grapheme–colour associations between the two groups.
Although meanings do affect grapheme–colour associations,
for synaesthetes meaning is only one of a variety of
psycholinguistic factors that affect synaesthetic colours.
3. Study 2
In Study 2, we explored the effect of learning new sounds or
meanings for familiar graphemes. It is widely known that
synaesthetes show remarkably high test–retest consistency
in grapheme–colour associations [34,35]. However, knowl-
edge about graphemes may be updated by acquiring new
knowledge or by learning a new language. Does acquiring
new knowledge about graphemes modulate the synaesthetic
colours for the graphemes? To answer this question, we used
the fact that Japanese Kanji characters were originally
imported from China more than 1500 years ago. Although
most of the modern Japanese Kanji characters are also used
in the modern Chinese language as Chinese characters,
many of them differ in sounds and meaning. We taught Japa-
nese synaesthetes the Chinese sounds or meaning for the
Kanji characters, which are different from those in Japanese.

For example, for the Kanji character 祖, which is pro-
nounced as /so/ in Japanese, we taught the participants
that in Chinese, this character is pronounced as /zǔ/. The
character 坊 means ‘monk’ in Japanese, and we taught the
participants that in Chinese, this character means ‘town’.
We predicted that acquiring new information about
graphemes would affect their synaesthetic colours and
lower the test–retest consistency.
(a) Methods
(i) Participants
Eleven grapheme–colour synaesthetes (9 female, 2 male, mean
age = 21.3 years, range = 20–23 years) and 11 gender-matched
non-synaesthetes (9 female, 2 male, mean age = 21.4 years,
range = 20–23 years) participated in this experiment. All were
native Japanese speakers, and none spoke or read Chinese.

All the synaesthetes reported experiencing synaesthetic
colours when viewing Kanji characters as well as Hiragana
and Katakana characters, English alphabets and Arabic
numerals. We confirmed that synaesthetic participants
engaged in this study were genuine synaesthetes based on
test–retest consistency criteria in the same way as in Study 1.
Five of the synaesthetic participants were projectors and the
remaining six were associators [37]. All the non-synaesthetic
participants in this study reported never experiencing
synaesthetic colours for any kind of graphemes.

(ii) Apparatus
Stimulus characters and a colour palette were displayed on a
computer screen (Mitsubishi Diamondtron M2 RDF223G).
The palette included 2563 colours (i.e. each of the RGB com-
ponents ranged from 0 to 255). See electronic supplementary
material, figure S1 for a screenshot of the palette. Colour
coordinates in the CIE L*a*b* systems, used in analyses of
the results, were converted from the CIE xyY coordinates of
presented colours; all were measured using a Topcon BM-7
luminance colourimeter. We used a finer-grained colour
palette in this experiment, when compared with those used
in Study 1 (i.e. a 138-colour palette) to detect the possible
modulation of synaesthetic colours, which could be subtle.

(iii) Stimuli
This experiment consisted of two task blocks: a new sound
learning block and a new meaning learning block. In each
block, participants were presented with six test Kanji charac-
ters for which new (i.e. Chinese) sounds/meanings were
taught and six control Kanji characters for which no new
information was taught. The full list of the stimulus characters
is available as electronic supplementary material, table S3.

Test and control stimulus characters for sound learning task
block. We prepared a set of 46 Kanji characters that are also
used in the Chinese language as Chinese characters, but
whose pronunciations are different between the two
languages. The selection of the characters was supervised
by a Chinese–Japanese bilingual, whose native language is
Chinese and who speaks Japanese fluently. All of the 46
characters represent a single mora sound in the Japanese
language. Based on the Japanese vocabulary database
‘Nihongo-no Goi Tokusei’ [39], characters that have only
one highly typical reading were included in the stimulus
set (i.e. these are characters with a one-to-one relationship
between graphemes and phonemes in the Japanese language).
All characters had moderate to high word familiarity ratings,
5.69 on average (range: 3.79–6.54), and low to moderate
visual complexity ratings, 3.50 on average (range: 2.42–3.96),
both on a scale that ranged from 1 to 7 (where higher values
mean higher familiarity/visual complexity), in the Japanese
vocabulary database [39]. Six of the 46 Kanji characters (可,
規, 個, 佐, 智, 斗) were used as control stimuli.

For each synaesthete, a different set of six test stimulus
characters was selected from the remaining 40 characters.
Asano & Yokosawa [10] revealed that, at least in some
cases, character sound influences synesthetic colours for
Kanji characters. Based on this, we hypothesized that learn-
ing a new sound for a Kanji character would modulate the
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synaesthetic colour for the character. A prerequisite for test-
ing this hypothesis was that the synaesthetic colours for
the test stimulus Kanji characters were influenced by their
Japanese sounds before the learning session. To satisfy this
prerequisite as much as possible, six test stimulus characters
were selected using the following procedure: synaesthetic
participants were individually asked to participate in a
web-based pre-test by the day before they participated in
the laboratory experiment. In the pre-test, they were asked
to select a colour corresponding to each of the 40 characters,
presented one by one in a randomized order, from a 138
named W3C colour palette. They were asked to select ‘no
colour’ when they did not experience any synaesthetic
colour for the given character. We used the 138-colour palette
in the pre-test to reduce the requisite effort in selecting col-
ours. Experimenters (authors T.T. and M.A.) then compared
the synaesthetic colour (if any) for each of the 40 Kanji
characters with that for the Hiragana character corresponding
to the Japanese sound of the Kanji character (e.g. the synaes-
thetic colour for the Kanji character 祖, which is pronounced
as /so/ in the Japanese language, was compared with the
synaesthetic colour for the Hiragana character そ, which
represents the sound /so/). If the two elicited similar synaes-
thetic colours, the two authors regarded that the synaesthetic
colour for the Kanji character was largely determined by its
sound and included the character as a test stimulus with
high priority (note that synaesthetic colours for Hiragana
characters are elicited by sound quality, [9]). If there were
more than six such characters, characters with Chinese
sounds that were more dissimilar to the corresponding
Japanese sounds were given priority (e.g. 卯 [Japanese: /u/
, Chinese: /mǎo/] had priority over 亜 [Japanese: /a/,
Chinese: /yà/]). Characters with higher familiarity in the
Japanese language also had higher priority.

Each non-synaesthetic participant was matched with one
of the synaesthetic participants, and he/she was presented
with the same set of stimulus characters as the paired
synaesthete.

Test and control stimulus characters for meaning learning task
block. Based on the Japanese vocabulary database [39], we
first extracted Kanji characters with high (greater than or
equal to 5) subjective familiarity ratings and middle to
low (less than 4) visual complexity. From those, with the
Chinese–Japanese bilingual’s help, we sought characters
with meanings in Japanese that are different from those in
Chinese. We finally selected 12 such characters. Six of them
had concrete meanings in both languages (e.g. 坊, Japanese
meaning: ‘monk’, Chinese meaning: ‘town’), and the remain-
ing six had abstract meanings in both languages (e.g. 念,
Japanese meaning: ‘to wish’, Chinese meaning: ‘to read
aloud’). Half of the characters (three with concrete and
three with abstract meaning) were used as test stimuli and
the other half were used as control stimuli. The same set of
test and control characters were presented to all synaesthete
and non-synaesthete participants.
(iv) Procedure
Each task block consisted of one learning session and two
colour measurements: pre-learning and post-learning. The
order of the two blocks were counter-balanced among
synaesthete participants. Non-synaesthete participants were
tested in the same block order as the paired synaesthetic
participants.

In the pre-learning measurement, synaesthetes selected a
synaesthetic colour from a 2563 colour palette on a computer
screen for each test and control stimulus Kanji character.
Non-synaesthete participants were asked to select a colour
that ‘intuitively goes with’ each character. The six test and
six control characters were mixed and presented in random
order. Each character was presented only once. Participants
were also allowed to select a ‘no colour’ button if they felt
it was appropriate to do so.

A learning session followed. In the beginning of this
session, participants were told that they were going to learn
Chinese sounds (in the new sound learning block) or
meaning (in the new meaning learning block) for six Kanji
characters (i.e. test stimulus characters). Participants were
asked to learn the new information through writing and com-
puter-based training and were tested on whether they had
acquired the new knowledge about the graphemes with a
paper and pencil assessment.

Specifically, in the new sound learning block, participants
first listened to the sound of each test stimulus character,
which was recorded by the native Chinese–Japanese bilin-
gual, and were asked to write down on paper the sound as
they heard it using Japanese phonetic Hiragana characters.
In each trial of the following computer-based training, a
fixation dot was presented in the centre of a computer
screen for 1000 ms, followed by the visual presentation of a
test stimulus character. Then, Chinese sounds of two charac-
ters, one of which was the correct sound of the visually
displayed character, and the other was incorrect, were succes-
sively presented in random order 1000 ms after the onset
of the character. Participants indicated which one (first/
second) was correct by a key press. Feedback on the accuracy
of the response was given. In order to lower the learning
burden, the six test stimulus characters were split into two
groups (three characters each) and computer-based trainings
were conducted separately for the two character groups. At
least 81 trials (at least 27 trials for each of the three characters)
were conducted in each computer-based training session, and
the training continued until 12 successive correct responses
were made. After each computer session, participants were
asked to write down again on paper the sounds of all three
test stimulus characters from memory using Hiragana charac-
ters. After the second computer session, right after the paper
test for the three characters in the session, participants were
also tested on the sounds of all six stimulus characters.
These paper tests served as confirmation of their newly
acquired Chinese character sounds. No new information
was taught for the six control stimulus characters during
the learning session.

The learning session procedure in the new meaning
learning block was the same as that in the new sound learn-
ing block, except that the new meanings were presented to
participants as written words. Participants wrote down the
new meanings (words) on paper in the first part of the
learning session and in the last confirmation tests. In the com-
puter-based training, a test stimulus character was presented
above the centre of the screen, and the correct and an incor-
rect meaning were simultaneously added to the left or right
bottom (randomly determined) of the screen 1000 ms after
the onset of the character. Participants indicated which one
(left/right) was correct by a key press.
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pre pre
post post

synaesthete 1
non-synaesthete 1

(who was paired with synaesthete 1)

0

20

40

60

80

syn

co
lo

ur
 d

is
ta

nc
e

test stimulus
control stimulus

(a)

(b) (c)

(i) (ii)

Figure 2. Results of Study 2. (a) Examples of colours associated with test and control stimulus characters in the new sound learning task by a synaesthete (i) and a
paired non-synaesthete (ii) (JP, Japanese sound; CN, Chinese sound). Note that the new sounds of the control stimuli were not taught in the experiment. (b) Mean
colour distance in the CIE L*a*b* colour space between the pre- and post-learning sessions in the main experiment (the data from new sound learning and new
meaning learning tasks were combined). (c) Mean colour distance in the CIE L*a*b* colour space between the pre- and post-learning sessions in the control
experiment. Error bars represent standard errors.
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Incorrect sounds/meanings in the learning tasks were
chosen as follows: in half of the trials, the incorrect meaning
for the displayed character was chosen from the correct
meanings for the other two characters that should be learned
in the same learning task block. For example, in a task block
in which Chinese meanings for 床 (Japanese meaning: ‘floor’,
Chinese meaning: ‘bed’), 机 (Japanese: ‘table’, Chinese:
‘machine’) and 坊 (Japanese: ‘monk’, Chinese: ‘town’), the
incorrect meaning in a trial with 床 was randomly chosen
from either the Japanese word representing ‘machine’ (i.e.
機械) or ‘town’ (i.e. 街). In the other half of the trials, the
incorrect meaning was randomly chosen from three Japanese
words, each of which was semantically related to one of the
three to-be-learned Chinese meanings. For example, when
the to-be-learned Chinese meanings were ‘bed’, ‘machine’
and ‘town’, the incorrect meanings for this half of the trials
were chosen from the three Japanese words representing
‘sofa’, ‘parts (of a machine)’ and ‘country’, respectively.

The training session was followed by the post-learning
measurement, in which participants selected colours from a
2563 colour palette on a computer screen for each of the six
test and the six control stimulus Kanji characters. The pro-
cedures were exactly the same as those of the pre-learning
measurement.
(b) Results
(i) Number of trials required to complete sound/meaning

learning tasks
The mean number of trials required to complete a session in
the sound and meaning learning tasks (averaged over the
two sessions in each task) were 82.6 (s.d. = 4.4, range = 81.0–
96.5) and 82.1 (s.d. = 3.4, range = 81.0–93.0), respectively, for
synaesthetes, and 83.1 (s.d. = 4.0, range = 81.0–93.0) and 81.4
(s.d. = 1.3, range = 81.0–85.5), respectively, for non-synaesthetes.

(ii) Pre–post-learning colour consistency
No synaesthete selected the ‘no colour’ option. Two non-
synaesthetes selected this option: one selected it 11 times
(out of 48 responses in total) and the other selected once.
These responses were regarded as missing data and removed
from the following analyses. Examples of colours selected for
test and control stimulus characters by a synaesthete and a
non-synaesthete, respectively, are shown in figure 2a. To
assess whether learning new information modulated colours
associated with stimulus graphemes, we compared the
colours selected for the test and control stimulus characters
between the pre- and post-learning sessions and analysed
pre–post-learning consistencies (i.e. pre–post-colour distances
in the CIE L*a*b* colour space) of the colours.

Figure 2b illustrates the mean colour distances in the CIE
L*a*b* colour space between the pre- and post-learning
sessions, in which the data from the two tasks were combined
(see electronic supplementary material, figure S2 for the
separate plot). Larger colour distance indicates lower
pre–post-colour consistency. A three-way ANOVA with par-
ticipant group (synaesthetes/non-synaesthetes), task (sound
learning/meaning learning) and stimulus type (test/control)
as factors revealed that, compared to non-synaesthetes,
synaesthetes’ grapheme–colour associations were highly
consistent between the pre- and post-learning sessions
(F1,20 = 46.69, p < 0.01, η2 = 0.70). Importantly, pre- and post-
learning consistencies were slightly but significantly lower
(i.e. the distances were larger) for test stimuli than control
stimuli (F1,20 = 14.86, p < 0.01, η2 = 0.42), suggesting that
there was modulation of grapheme–colour association by
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learning the new sound or meaning. There was no main effect
of the task (F1,20 = 0.642, p = 0.43, η2 = 0.03) nor were there any
statistically significant interactions (participant group and
task: F1,20 = 1.85, p = 0.19, η2 = 0.08; participant group and
stimulus type: F1,20 = 0.41, p = 0.53, η2 = 0.01; task and stimu-
lus type: F1,20 = 0.24, p = 0.63, η2 = 0.01; the three-way
interaction: F1,20 = 2.17, p = 0.16, η2 = 0.10). See electronic sup-
plementary material, Results and figure S1 for the analyses of
pre–post-learning luminance and saturation consistency.

(c) Control experiment for Study 2
In the experiment above (the ‘main experiment’ of Study 2),
consistent with our hypothesis, pre- and post-learning
consistencies were significantly lower for the test stimuli
than the control stimuli. This result suggests that acquiring
new information about graphemes affects grapheme–colour
associations. However, there is one concern that should be
addressed: in the main experiment, each control stimulus
character was seen a total of only 2 times, while each test
stimulus character was seen at least 27 times. It is possible
that the greater colour changes for test stimuli between pre-
and post-learning sessions than for the control stimuli were
caused by the increased exposure to the test stimuli during
the learning session.

To address this concern, we conducted a control exper-
iment in which participants were exposed to both test and
control stimulus characters the same number of times in a
meaning learning task. This time, one-half of the learning
task trials were ‘Chinese meaning’ trials, in which, just as
in the trials in the main experiment, a test stimulus character
(e.g. 坊) was presented above the centre of the screen, fol-
lowed by the presentation of the correct (e.g. a Japanese
word representing ‘town’) and an incorrect meaning (e.g. a
Japanese word representing ‘machine’), and participants
were asked to select the correct Chinese meaning of the dis-
played character by a key press. The rest were ‘Japanese
meaning’ trials, in which a control stimulus character was
presented and participants were asked to select the ‘correct
Japanese meaning’. For example, when the presented charac-
ter was花 (flower), the options consisted of花 (i.e. the correct
Japanese meaning) and another character (e.g. 豆 ‘bean’, i.e.
the incorrect Japanese meaning). Thus, in a Japanese meaning
trial, the task was virtually to select the same character as the
stimulus character from the given two options. Importantly,
in this control experiment, participants were exposed to
both test and control stimulus characters the same number
of times, during which a new meaning was learned for the
former but not for the latter. The Chinese and Japanese mean-
ing trials were mixed within a session, and trial orders were
randomized for each subject. The trial type was cued at the
beginning of each trial; instead of a fixation dot, the character
中, which is the initial character of the Japanese word for
‘China’ (中国), was displayed in white on a black circle for
the Chinese meaning trials, and the character 日, which is
the initial character of the Japanese word for ‘Japan’ (日本),
was displayed in the sameway for the Japanese meaning trials.

(i) Methods
Twelve grapheme–colour synaesthetes (all female, mean
age = 27.0 years, range = 19–43 years) participated in this
experiment. This time, only synaesthetes were tested. None
of them participated in the main experiment. All were
native Japanese speakers, and only one spoke or read Chi-
nese. One synaesthete was a novice learner of the
Chinese language. All the synaesthetes reported experiencing
synaesthetic colours when viewing Kanji characters as well as
Hiragana and Katakana characters, English letters and Arabic
numerals. We confirmed that the synaesthetic participants
engaged in this study were genuine synaesthetes based on
test–retest consistency criteria in the same way as in Study
1 and in the main experiment of Study 2.

Exactly the same apparatus and set of test and control
stimulus characters as in the main experiment were used in
this control experiment. The procedures were also the same
as in the main experiment, except that the Japanese meaning
trials, in which control stimulus characters were presented,
were added and a trial-type cue was presented at the
beginning of each trial (see above). At least 162 trials (at
least 27 trials for each of the three test and three control
stimulus characters) were conducted in each computer-
based training session, and the training continued until
24 successive correct responses were made. The incorrect
options for the test stimulus characters (i.e. Chinese meaning
trials) were exactly the same as in the main experiment. The
incorrect options for the control stimulus characters (i.e.
Japanese meaning trials) were selected based on the same
criteria as those for the test stimulus characters.

(ii) Results
Three synaesthetes selected the ‘no colour’ option once (out
of 24 responses in total) for each: one selected it for a test
stimulus character and the other two selected it for a control
stimulus character. These responses were regarded as missing
data and removed from the following analysis. In addition
to this, two synaesthetes already knew the meanings of
two test stimulus characters before they were taught the
meaning in this experiment; one of the synaesthetes learned
them in a novice Chinese language class, and the other
learned it through a trip to a Chinese-speaking country.
These responses were also removed from the analysis. The
mean number of trials required to complete a session in
the meaning learning task (averaged over the two sessions
in each task) was 163.3 (s.d. = 3.17, range = 162.0–173.5).

Figure 2c illustrates the mean colour distances in the CIE
L*a*b* colour space between the pre- and post-learning
sessions. We successfully replicated the results of the main
experiment, even after controlling for the amount of exposure
to stimulus characters: a t-test revealed that pre- and post-
learning consistencies were slightly but significantly lower
(i.e. the distances were larger) for the test stimuli than the
control stimuli (t11 = 2.58, p < 0.05, d = 0.75). Interestingly, all
12 synaesthetes introspectively reported after the experiment
that they thought that learning a new meaning for a
grapheme did not affect the synaesthetic colours; however,
there was a significant modulation of grapheme–colour
association by learning the new meaning.

(d) Discussion
Although the effects of learning new sounds or meaning were
seemingly small (figure 2a,c), consistent with our hypothesis,
acquiring new information about graphemes affected
grapheme–colour associations and lowered the test–retest
consistency by a statistically significant amount. The finding
of the main experiment was successfully replicated in the
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control experiment. The results suggest that synaesthetic
colours are slightly but significantly modulated to reflect
the synaesthete’s latest knowledge about the graphemes.

Learning new information about graphemes lowered the
test–retest grapheme–colour association consistency not
only in synaesthetes but also in non-synaesthete participants
in the main experiment (i.e. there was no interaction between
the participant group and stimulus type). We interpret
this result as follows: it would be quite natural for non-
synaesthetes to use a strategy of associating characters to
colours depending, when possible, on sounds or meanings.
If this holds true, acquiring new sounds/meanings of
characters would lower the test–retest consistency even in
non-synaesthetes. For example, a non-synaesthete may spon-
taneously associate the character 基, which is pronounced as
/ki/ in the Japanese language, with the colour yellow
because the word representing the colour in Japanese is
pronounced as /ki-iro/. When a new sound for the character
(i.e. the Chinese sound, /jı/̄) is taught, however, the updated
knowledge about the character sounds may offer another
strategy, leading to an inconsistency between the colours
associated with the character in pre- and post-learning
colour measurements. A difference between synaesthetes
and non-synaesthetes emerged in the general test–retest
consistency: synaesthetes were much more consistent in
grapheme–colour associations. Nevertheless, the newly
acquired knowledge modulated the synaesthetic colours.
4. General discussion
Through two studies, we elaborated the influence of meaning
and new knowledge acquisition about graphemes on synaes-
thetic grapheme–colour associations. We have demonstrated
that semantic relations influenced the grapheme–colour
associations for characters representing abstract meanings in
the early stages of learning abstract Kanji, while the influence
was reduced on the grapheme–colour associations for those
learned later (Study 1), and synaesthetic colours are modu-
lated to reflect the synaesthete’s latest knowledge about the
graphemes (Study 2).

Some previous studies have shown that grapheme
attributes such as ordinality, frequency/familiarity, sound
and visual shape can induce a second-order effect (i.e. gra-
phemes with similar attributes are associated with similar
colours) on grapheme–colour associations [11,15,28,31].
However, the results of Study 1 are the first to show that
the idea of second-order mapping can be extended to the
semantic domain, and the synaesthetic colour associations
for graphemes (logographic characters) with abstract mean-
ing can be at least in part explained in this way. The results
of Study 2 are the first empirical and systematic evidence of
updating synaesthetic colour for graphemes.

The results of the two studies indicate that synaesthetic
colours for graphemes reflect the dynamics of the status of
the mental lexicon. The results of Study 1 showed that
the influence of semantic relations is attenuated in the
synaesthetic colour associations for Kanji characters with
abstract meanings that are learned in the higher school
grades. This may be attributed to the maturation of the
mental lexicon. Children in higher grades have a more
mature lexicon. Given that synaesthetic colours for Japanese
early-acquired characters (e.g. Hiragana) generalize to
late-acquired graphemes via phonology and/or meaning
(i.e. Kanji) [9–11], synaesthetic colours for Kanji characters
that are learned in higher grades are more likely to be affected
by various factors. This may attenuate the influence of
semantic relations on synaesthetic colours. The results of
Study 2 revealed that acquiring new information about
graphemes affected their synaesthetic colours and lowered
the test–retest consistency. This suggests that although it is
widely known that synaesthetes are highly consistent over
time in grapheme–colour associations [34,35], synaesthetic
colours can be (slightly) modulated to reflect the latest
status of the lexical knowledge about the graphemes. These
results underscore the importance of having developmen-
tal/learning perspectives in achieving a full understanding
of grapheme–colour association processes in grapheme–
colour synaesthesia. It has been reported that synaesthetic
associations in child synaesthetes are less consistent over
time than in adult synaesthetes [43,44]. The results of Study
2 are consistent with such findings: school-age children con-
tinuously learn new lexical knowledge, dramatically
updating their mental lexicon, and this may lower the
test–retest consistency of grapheme–colour associations in
children. Although we observed a statistically significant
modulation of synaesthetic colours by new information
acquisition about graphemes in Study 2, the effects were
seemingly small (figure 2a,c). This might suggest that lexical
representations (and the synaesthetic colours associated
with them) are basically consolidated in the adult brain,
although they can be slightly modulated even in adults.
One remaining question is when and how such consolida-
tion of synaesthetic associations occurs. It would require a
cross-disciplinary collaboration among psycholinguistics,
developmental science, neuroscience, genetics and other
areas to address this question.

The findings of the current studies strengthen the
view that grapheme–colour synaesthesia is a psycholinguistic
phenomenon—the view that grapheme–colour synaesthesia
builds on normal language processing [9–11,13–15,45].
Synaesthetic colours are elicited by grapheme attributes
such as meaning (including semantic relations among
abstract concepts) and sounds, and the development of
lexicon and changes in lexical representation of graphemes
may affect the synaesthetic colours. The influence occurs
possibly because maturation of the lexicon or knowledge
acquisition modulates the relative impact of several gra-
pheme attributes on synaesthetic colours or adds some
noise to grapheme-attribute mappings. Mental lexicon updat-
ing can occur in several ways: language development in
childhood is one form of such updating, and foreign language
learning in adulthood is another. The two studies in this
article, one of which focused on semantic processing in early
school-age children and another focused on new linguistic
knowledge acquisition in adults, are the first steps to explore
the relationship between such updating of the lexicon and
synaesthetic grapheme–colour associations. Further research
in this area is needed to connect the dots and see the big
picture of the nature of grapheme–colour synaesthesia.
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which represent both meaning and sounds (cf. [3]).
Phil.Trans.
References
R.Soc.B
374:20180349
1. Henderson L. 1984 Writing systems and reading
processes. In Orthographies and reading (ed.
L Henderson), pp. 11–24. London, UK: Lawrence
Erlbaum Associates.

2. Simner J, Hung W-Y, Shillcock R. 2011 Synaesthesia
in a logographic language: the colouring of Chinese
characters and Pinyin/Bopomo spellings. Conscious.
Cogn. 20, 1376–1392. (doi:10.1016/j.concog.2011.
05.006)

3. Mori Y. 1998 Effects of first language and
phonological accessibility on Kanji recognition. Mod.
Lang. J. 82, 69–82. (doi:10.1111/j.1540-4781.1998.
tb02595.x)

4. Simner J, Hubbard EM. (eds). 2013 Oxford handbook
of synesthesia. Oxford, UK: Oxford University Press.

5. Ward J. 2013 Synesthesia. Annu. Rev. Psychol. 64,
49–75. (doi:10.1146/annurev-psych-113011-143840)

6. Asher JE, Lamb JA, Brocklebank D, Cazier JB,
Maestrini E, Addis L, Sen M, Baron-Cohen S, Monaco
AP. 2009 A whole-genome scan and fine-mapping
linkage study of auditory-visual synesthesia reveals
evidence of linkage to chromosomes 2q24, 5q33,
6p12, and 12p12. Am. J. Hum. Genet. 84, 279–285.
(doi:10.1016/j.ajhg.2009.01.012)

7. Bosley HG, Eagleman DM. 2015 Synesthesia in
twins: incomplete concordance in monozygotes
suggests extragenic factors. Behav. Brain Res. 286,
93–96. (doi:10.1016/j.bbr.2015.02.024)

8. Tilot AK, Kucera KS, Vino A, Asher JE, Baron-Cohen
S, Fisher SE. 2018 Rare variants in axonogenesis
genes connect three families with sound–color
synesthesia. Proc. Natl Acad. Sci. USA 115,
3168–3173. (doi:10.1073/pnas.1715492115)

9. Asano M, Yokosawa K. 2011 Synesthetic colors are
elicited by sound quality in Japanese synesthetes.
Conscious. Cogn. 20, 1816–1823. (doi:10.1016/j.
concog.2011.05.012)

10. Asano M, Yokosawa K. 2012 Synesthetic colors for
Japanese late acquired graphemes. Conscious. Cogn.
21, 983–993. (doi:10.1016/j.concog.2012.02.005)

11. Asano M, Yokosawa K. 2013 Grapheme learning and
grapheme-color synesthesia: toward a
comprehensive model of grapheme-color
association. Front. Hum. Neurosci. 7, 1–11. (doi:10.
3389/fnhum.2013.00757)
12. Brang D, Rouw R, Ramachandran VS, Coulson S.
2011 Similarly shaped letters evoke similar colors in
grapheme–color synesthesia. Neuropsychologia 49,
1355–1358. (doi:10.1016/j.neuropsychologia.2011.
01.002)

13. Mankin JL, Simner J. 2017 A is for apple: the role of
letter-word associations in the development of
grapheme-colour synaesthesia. Multisens. Res. 30,
409–446. (doi:10.1163/22134808-00002554)

14. Simner J. 2007 Beyond perception: synaesthesia as a
psycholinguistic phenomenon. Trends Cogn. Sci. 11,
23–29. (doi:10.1016/j.tics.2006.10.010)

15. Watson MR, Akins KA, Enns JT. 2012 Second-order
mappings in grapheme–color synesthesia.
Psychon. B. Rev. 19, 211–217. (doi:10.3758/s13423-
011-0208-4)

16. Ásgeirsson ÁG, Nordfang M, Sørensen TA. 2015
Components of attention in grapheme-color
synesthesia: a modeling approach. PLoS ONE 10,
e0134456. (doi:10.1371/journal.pone.0134456)

17. Blake R, Palmeri TJ, Marois R, Kim CY. 2005 On the
perceptual reality of synesthetic color. In
Synesthesia: perspectives from cognitive neuroscience
(eds LC Robertson, N Sagiv), pp. 47–73. New York,
NY: Oxford University Press.

18. Saiki J, Yoshioka A, Yamamoto H. 2011 Type-based
associations in grapheme-color synaesthesia
revealed by response time distribution analyses.
Conscious. Cogn. 20, 1548–1557. (doi:10.1016/j.
concog.2011.07.005)

19. Van Leeuwen TM, Den Ouden HE, Hagoort P. 2011
Effective connectivity determines the nature of
subjective experience in grapheme-color
synesthesia. J. Neurosci. 31, 9879–9884. (doi:10.
1523/JNEUROSCI.0569-11.2011)

20. Hubbard EM, Ramachandran VS. 2005 Individual
differences among grapheme-color synesthetes:
brain-behavior correlations. Neuron 45, 975–985.
(doi:10.1016/j.neuron.2005.02.008)

21. Rothen N, Schwartzman DJ, Bor D, Seth AK. 2018
Coordinated neural, behavioral, and
phenomenological changes in perceptual plasticity
through overtraining of synesthetic associations.
Neuropsychologia 111, 151–162. (doi:10.1016/j.
neuropsychologia.2018.01.030)
22. Rouw R, Scholte HS. 2007 Increased structural
connectivity in grapheme-color synesthesia. Nat.
Neurosci. 10, 792–797. (doi:10.1038/nn1906)

23. Banissy MJ, Tester V, Muggleton NG, Janik AB,
Davenport A, Franklin A, Walsh V, Ward J. 2013
Synesthesia for color is linked to improved color
perception but reduced motion perception. Psychol.
Sci. 24, 2390–2397. (doi:10.1177/0956797613492424)

24. Newell FN, Mitchell KJ. 2016 Multisensory
integration and cross-modal learning in
synaesthesia: a unifying model. Neuropsychologia
88, 140–150. (doi:10.1016/j.neuropsychologia.2015.
07.026)

25. Spiller MJ, Jonas CN, Simner J, Jansari A. 2015
Beyond visual imagery: how modality-specific is
enhanced mental imagery in synesthesia?.
Conscious. Cogn. 31, 73–85. (doi:10.1016/j.concog.
2014.10.010)

26. Ward J, Li R, Salih S, Sagiv N. 2007 Varieties of
grapheme-colour synaesthesia: a new theory of
phenomenological and behavioural differences.
Conscious. Cogn. 16, 913–931. (doi:10.1016/j.
concog.2006.09.012)

27. Beeli G, Esslen M, Jäncke L. 2007 Frequency
correlates in grapheme-color synaesthesia. Psychol.
Sci. 18, 788–792. (doi:10.1111/j.1467-9280.2007.
01980.x)

28. Hamada D, Yamamoto H, Saiki J. 2017 Multilevel
analysis of individual differences in regularities of
grapheme–color associations in synesthesia.
Conscious. Cogn. 53, 122–135. (doi:10.1016/j.
concog.2017.05.007)

29. Uno K, Asano M, Yokosawa K. 2019 Influence of the
graphemic information of Japanese Kanji characters
on the number of synesthetic colors. [Jap. J.
Psychol.] Shinrigaku Kenkyu 89, 571–579. [In
Japanese.] (doi:10.4992/jjpsy.89.17054)

30. Kang MJ, Kim Y, Shin JY, Kim CY. 2017 Graphemes
sharing phonetic features tend to induce similar
synesthetic colors. Front. Psychol. 8, 1–12. (doi:10.
3389/fpsyg.2017.00337)

31. Root NB, Rouw R, Asano M, Kim CY, Melero H,
Yokosawa K, Ramachandran VS. 2018 Why is the
synesthete’s ‘A’ red? Using a five-language dataset
to disentangle the effects of shape, sound,

http://dx.doi.org/10.1016/j.concog.2011.05.006
http://dx.doi.org/10.1016/j.concog.2011.05.006
http://dx.doi.org/10.1111/j.1540-4781.1998.tb02595.x
http://dx.doi.org/10.1111/j.1540-4781.1998.tb02595.x
http://dx.doi.org/10.1146/annurev-psych-113011-143840
http://dx.doi.org/10.1016/j.ajhg.2009.01.012
http://dx.doi.org/10.1016/j.bbr.2015.02.024
http://dx.doi.org/10.1073/pnas.1715492115
http://dx.doi.org/10.1016/j.concog.2011.05.012
http://dx.doi.org/10.1016/j.concog.2011.05.012
http://dx.doi.org/10.1016/j.concog.2012.02.005
http://dx.doi.org/10.3389/fnhum.2013.00757
http://dx.doi.org/10.3389/fnhum.2013.00757
http://dx.doi.org/10.1016/j.neuropsychologia.2011.01.002
http://dx.doi.org/10.1016/j.neuropsychologia.2011.01.002
http://dx.doi.org/10.1163/22134808-00002554
http://dx.doi.org/10.1016/j.tics.2006.10.010
http://dx.doi.org/10.3758/s13423-011-0208-4
http://dx.doi.org/10.3758/s13423-011-0208-4
http://dx.doi.org/10.1371/journal.pone.0134456
http://dx.doi.org/10.1016/j.concog.2011.07.005
http://dx.doi.org/10.1016/j.concog.2011.07.005
http://dx.doi.org/10.1523/JNEUROSCI.0569-11.2011
http://dx.doi.org/10.1523/JNEUROSCI.0569-11.2011
http://dx.doi.org/10.1016/j.neuron.2005.02.008
http://dx.doi.org/10.1016/j.neuropsychologia.2018.01.030
http://dx.doi.org/10.1016/j.neuropsychologia.2018.01.030
http://dx.doi.org/10.1038/nn1906
http://dx.doi.org/10.1177/0956797613492424
http://dx.doi.org/10.1016/j.neuropsychologia.2015.07.026
http://dx.doi.org/10.1016/j.neuropsychologia.2015.07.026
http://dx.doi.org/10.1016/j.concog.2014.10.010
http://dx.doi.org/10.1016/j.concog.2014.10.010
http://dx.doi.org/10.1016/j.concog.2006.09.012
http://dx.doi.org/10.1016/j.concog.2006.09.012
http://dx.doi.org/10.1111/j.1467-9280.2007.01980.x
http://dx.doi.org/10.1111/j.1467-9280.2007.01980.x
http://dx.doi.org/10.1016/j.concog.2017.05.007
http://dx.doi.org/10.1016/j.concog.2017.05.007
http://dx.doi.org/10.4992/jjpsy.89.17054
http://dx.doi.org/10.3389/fpsyg.2017.00337
http://dx.doi.org/10.3389/fpsyg.2017.00337


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

374:201

12
semantics, and ordinality on inducer–concurrent
relationships in grapheme-color synesthesia. Cortex
99, 375–389. (doi:10.1016/j.cortex.2017.12.003)

32. Rich AN, Bradshaw JL, Mattingley JB. 2005 A
systematic, large-scale study of synaesthesia:
implications for the role of early experience in
lexical-color associations. Cognition 98, 53–84.
(doi:10.1016/j.cognition.2004.11.003)

33. Watson MR, Chromý J, Crawford L, Eagleman DM,
Enns JT, Akins KA. 2017 The prevalence of
synaesthesia depends on early language learning.
Conscious. Cogn. 48, 212–231. (doi:10.1016/j.
concog.2016.12.004)

34. Eagleman DM, Kagan AD, Nelson SS, Sagaram D,
Sarma AK. 2007 A standardized test battery for the
study of synesthesia. J. Neurosci. Meth. 159,
139–145. (doi:10.1016/j.jneumeth.2006.07.012)

35. Rothen N, Seth AK, Witzel C, Ward J. 2013
Diagnosing synaesthesia with online colour pickers:
maximising sensitivity and specificity. J. Neurosci.
Meth. 215, 156–160. (doi:10.1016/j.jneumeth.2013.
02.009)
36. Hung W-Y, Simner J, Shillcock R. 2014 Synaesthesia
in Chinese characters: the role of radical function
and position. Conscious. Cogn. 24, 38–48. (doi:10.
1016/j.concog.2013.12.009)

37. Dixon MJ, Smilek D, Merikle PM. 2004 Not all
synaesthetes are created equal: projector versus
associator synaesthetes. Cogn. Affect. Behav.
Neurosci. 4, 335–343. (doi:10.3758/CABN.4.3.335)

38. Benjamini Y, Hochberg Y. 1995 Controlling the false
discovery rate: a practical and powerful approach to
multiple testing. J. R. Stat. Soc. Ser. B Stat.
Methodol. 57, 289–300.

39. Amano S, Kondo T. 1999 [Lexical properties of
Japanese, vol. 1] Nihongo-no goi-tokusei, CD-ROM
version. Tokyo, Japan: Sanseido [In Japanese.]

40. Kitao N, Hatta T, Ishida M, Babazono Y, Kondo Y.
1977 Concreteness, hieroglyphicity and familiarity of
Kanji (Japanese form of Chinese characters). [Jap. J.
Psychol.] Shinrigaku Kenkyu 48, 105–111.
[In Japanese.]

41. Landauer TK, Dumais ST. 1997 A solution to Plato’s
problem: the latent semantic analysis theory of
acquisition, induction, and representation of
knowledge. Psychol. Rev. 104, 211–240. (doi:10.
1037/0033-295x.104.2.211)

42. Ono M, Miwa M, Sasaki Y. 2015 Word embedding-
based antonym detection using thesauri and
distributional information. In Proc. of the 2015 Conf.
of the North American Chapter of the Association for
Computational Linguistics: Human Language
Technologies, pp. 984–989. Red Hook, NY: Curran
Associates.

43. Simner J, Bain A. 2013 A longitudinal study of
grapheme-color synesthesia in childhood: 6/7 years
to 10/11 years. Front. Hum. Neurosci. 7, 1–9.
(doi:10.3389/fnhum.2013.00603)

44. Simner J, Harrold J, Creed H, Monro L, Foulkes L.
2009 Early detection of markers for synaesthesia in
childhood populations. Brain 132, 57–64. (doi:10.
1093/brain/awn292)

45. Mankin J, Thompson C, Branigan HP, Simner J. 2016
Processing compound words: evidence from
synaesthesia. Cognition 150, 1–9. (doi:10.1016/j.
cognition.2016.01.007)
803
49

http://dx.doi.org/10.1016/j.cortex.2017.12.003
http://dx.doi.org/10.1016/j.cognition.2004.11.003
http://dx.doi.org/10.1016/j.concog.2016.12.004
http://dx.doi.org/10.1016/j.concog.2016.12.004
http://dx.doi.org/10.1016/j.jneumeth.2006.07.012
http://dx.doi.org/10.1016/j.jneumeth.2013.02.009
http://dx.doi.org/10.1016/j.jneumeth.2013.02.009
http://dx.doi.org/10.1016/j.concog.2013.12.009
http://dx.doi.org/10.1016/j.concog.2013.12.009
http://dx.doi.org/10.3758/CABN.4.3.335
http://dx.doi.org/10.1037/0033-295x.104.2.211
http://dx.doi.org/10.1037/0033-295x.104.2.211
http://dx.doi.org/10.3389/fnhum.2013.00603
http://dx.doi.org/10.1093/brain/awn292
http://dx.doi.org/10.1093/brain/awn292
http://dx.doi.org/10.1016/j.cognition.2016.01.007
http://dx.doi.org/10.1016/j.cognition.2016.01.007

	Synaesthetic colour associations for Japanese Kanji characters: from the perspective of grapheme learning
	Introduction
	Study 1
	Methods
	Participants
	Apparatus
	Stimuli
	Procedure

	Results
	Comparison with the chance level
	Effects of the school grades in which characters are taught

	Discussion

	Study 2
	Methods
	Participants
	Apparatus
	Stimuli
	Procedure

	Results
	Number of trials required to complete sound/meaning learning tasks
	Pre–post-learning colour consistency

	Control experiment for Study 2
	Methods
	Results

	Discussion

	General discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


