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In grapheme-colour synaesthesia, particular linguistic elements evoke particu-
lar colour sensations. Interestingly, when asked, non-synaesthetes can also
associate colours to letters, and previous studies show that specific letter-
to-colour associations have similar biases to those of synaesthetes. However,
it is an open question whether the colours reported by synaesthetes and
non-synaesthetes differ overall: is there a ‘synaesthetic colour palette’? In this
study, we visualize the overall distribution in colour space of colour concur-
rents in grapheme-colour synaesthetes, and colour associations in non-
synaesthetic controls.We confirm the existence of a synaesthetic colour palette:
colour concurrents in synaesthetes are different from colour associations in
non-synaesthetes. We quantify three factors that distinguish the colour palette
of synaesthetes and non-synaesthetes: synaesthetes have an increased over-
representation of ‘pure’ (unmixed) hues, an increased presence of ‘warm’
(yellow, orange, brown) colours, and an increased presence of achromatic
(grey, white, black) colours. Furthermore, we demonstrate that differences in
the synaesthetic colour palette can be used to train a machine learning algor-
ithm to reliably classify single subjects as synaesthetes versus non-synaesthetes
without using test–retest consistency data. As far as we know, this is the first
time an individual could be ‘diagnosed’ as a synaesthete, based only on his
or her colours evoked by letters.

This article is part of a discussion meeting issue ‘Bridging senses: novel
insights from synaesthesia’.
1. Introduction
Synaesthesia is a neurodevelopmental condition in which a particular percept
or concept (inducer) evokes a seemingly unrelated perceptual experience (con-
current). Historically, synaesthesia was considered a rare, idiosyncratic and
bizarre condition [1], but in the past two decades a renewed interest in
synaesthesia has revealed objectively measurable and reproducible character-
istics that established synaesthesia as a ‘real’ condition (e.g. [2]; for a review,
see [3]). Thanks to this pioneering work, the research field currently concurs
on a set of defining characteristics of synaesthesia: synaesthetes experience
specific and consistent pairings across different types of sensations (or experi-
ences), and these experiences are conscious, percept-like, and of an
automatic, involuntary and effortless nature (e.g. [4–9]).

Of these characteristics, the specificity and consistency of the inducer-
to-concurrent pairings is the feature most commonly used to decide who is,
and who is not, to be included as synaesthete in a scientific exploration.
Inducer–concurrent pairings can be stable over months or even years [10],
and the specificity and consistency of these pairings is considered to be the
‘gold standard’ or ‘Test of Genuineness’ for synaesthetes to be included in scien-
tific studies. Awell-known example is the online Eagleman synaesthesia battery
[11], in which inducer–concurrent pairings are repeatedly measured, and only
individuals whose responses are consistent across repeats are considered to
be synaesthetes.
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In the most-studied (and relatively common) type of
synaesthesia, a particular linguistic element (e.g. the letter
‘R’) evokes a colour association (e.g. sky blue). Although the
specific grapheme-to-colourmappings of any two synaesthetes
often appear idiosyncratic, research using large samples of
synaesthetes has revealed general biases in the pattern of
associations [12,13]. A diverse range of factors have been
shown to bias the distribution of concurrent colours for indu-
cing graphemes: the colour of graphemes can be influenced
by shape [14,15], sound [16,17], frequency of occurrence
[12,18], meaning [13,19] and even innate colour-shape prefer-
ences [20]. Some studies also found evidence that a specific
memory of an environmental influence, such as coloured
refrigerator magnets, can influence the concurrent colours
experienced for particular graphemes [21,22].

Critically, many of the biases that influence inducer–
concurrent relationships in synaesthetes also influence
grapheme-colour associations in non-synaesthetes who are
forced to choose colours for letters. This is remarkable, given
that these non-synaesthetes do not experience colours with
letters and therefore feel as if they are ‘randomly’ choosing
colours (e.g. [12,23]). For example, both synaesthetes and non-
synaesthetes are influenced by colour names: the letter Y
tends to be yellow, the letter B tends to be blue and so on [12].
In addition, both synaesthetes and non-synaesthetes are influ-
enced by ‘index words’ [24]: if a word that is commonly
associated with a letter (e.g. ‘D is for dog’), has a prototypical
colour association (dogs are brown), this can influence the
colour of that letter (D is brown). Furthermore, the first letter
of the synaesthete’s language is associated with red in many
of the world’s languages, for both synaesthetes and non-
synaesthetes ([23,25], but see [26]). Finally, the phonetic proper-
ties of letters influence colour associations in both synaesthetes
and non-synaesthetes [27–34]; for example, ‘lower’ or ‘back’
acoustic vowel characteristics (e.g. in an [u]), are darker,
redder and bluer, whereas ‘higher’ or ‘front’ vowel character-
istics (e.g. in [i]), are lighter, greener and yellower. Cuskley
et al. [35] replicated these findings with a large sample size,
and furthermore showed that letter category (a particular
vowel) is a better predictor of colour than the acousticmeasures,
thus also showing a role of categorical (letter) perception.

The studies on colour concurrents in synaesthetes, versus
colour associations in non-synaesthetes, have presented us
with a paradox. On the one hand, the presence of a consistent
and specific mapping from letter-to-colour is a key character-
istic of synaesthesia, and is even used as the most important
screening tool in synaesthesia studies. On the other hand,
non-synaesthetes forced to generate letter–colour associations
show biases that are similar to those of synaesthetes. The
existence of these cross-modal associations in non-
synaesthetes has led to a debate in the field about the
degree to which synaesthesia is ‘special’, or whether it is an
‘extreme case’ of typical cross-modal cognition [36–38].

Here, we address this debate using a novel approach.
Previous studies have shown several factors that influence
the synaesthetic colours evoked by specific letters. There
are, however, many possible (known and unknown) factors
driving synaesthetic colour concurrents. We examine the
range of colours evoked by all letters, viewing the colours
themselves as the representational system reflecting all influ-
ences of (letter) properties evoking these colours.

Hamada et al. [39] were the first to examine the overall dis-
tribution of synaesthetes’ colours in colour space: they
examined over 5000 colour associations using different sets of
graphemes (Kanji, Hiragana, Katakana, Latin letters and
Arabic numerals) in eight synaesthetes. The synaesthetic
colour distribution in an a*b* chromaticity space showed that
the colour associations showed multiple clusters, rather than
a random or uniform distribution. Furthermore, categorizing
all colours in one of five Munsell colours (yellow, green, blue,
purple, red) showed that similarly shaped characters in Kanji
and Katakana had similar colours, and that the most frequent
colour was yellow.

Hamada et al.’s study convincingly demonstrates that
synaesthetes have non-uniform, non-random patterns of
colour associations, but it leaves open the question whether
non-synaesthetes—when forced to choose colours for
letters—have a similar pattern of colour associations. In other
words, is the clustered distribution caused by general biases
(e.g. certain colours aremore prominently present in our cogni-
tive system, or some colours are more easily generated) or does
it reveal patterns that are unique to synaesthetes? As far as we
know, no study has ever examined the degree to which the
overall distribution of synaesthetic colour concurrents is simi-
lar to (or different from) the overall distribution of non-
synaesthetic colour associations.

In this study, we first visualize all colours evoked by
letters in a group of grapheme-colour synaesthetes, as well
as all colours associated with these letters in a group of
non-synaesthete controls. We next determine whether the dis-
tribution of synaesthetic colour concurrents is quantitatively
different from the distribution of non-synaesthetic colour
associations. Finally, we explore whether an individual’s
reported colour associations can be used to predict whether
that individual is a synaesthete (without consistency data).
In other words, is there a synaesthetic colour ‘palette’?
2. Experiments
(a) Subjects
English- and Dutch-speaking subjects were from a previously
collected database [40] of grapheme-colour associations.
English-speaking subjects were recruited through fliers
posted on the University of California, San Diego campus, as
well as similar ads on the web. Dutch-speaking subjects were
recruited through various means, including from the general
public (via television or radio interviews) as well as students
at the University of Amsterdam. A total of 138 English-speak-
ing and 202 Dutch-speaking subjects contributed to this study.

All subjects took the Eagleman Synesthesia Battery [11],
and provided letter–colour associations for each letter three
times (i.e. 78 trials total). Subjects were told that their task
was to pick the ‘best’ colour for each letter, but that they
should ‘not think too hard’: they should ‘pick the colour that
first comes tomindwhen you think of the letter’. In the present
experiment, we classified subjects as synaesthetic or non-
synaesthetic using the recommendations of Rothen et al. [41]:
the test–retest consistency of a letter is defined as the sum of
the Euclidean distance in CIELUV colour space between the
colours reported for each of the three repeated measurements
of each grapheme-colour association; a subject is classified as
a synaesthete if the average test–retest consistency is less than
135. Our dataset contained 78 English-speaking synaesthetes,
162 Dutch-speaking synaesthetes, 60 English-speaking
non-synaesthetes and 40 Dutch-speaking non-synaesthetes.
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From this initial dataset, we excluded subjects who did not
report a colour for at least 50% of the letters (which can lead to
inflated estimates of test–retest consistency; 17 English- and
39 Dutch-speaking subjects excluded), and also excluded sub-
jects who chose black on more than 80% of trials (suggesting
they misunderstood the task, and chose the printed letter
colour; seven English-speaking subjects excluded). Finally,
we excluded four English-speaking subjects who admitted
using memorization tricks to artificially increase their consist-
ency score (rather than providing their natural associations).
Our final dataset contained 54 English-speaking synaesthetes,
126 Dutch-speaking synaesthetes, 56 English-speaking
non-synaesthetes and 37 Dutch-speaking non-synaesthetes.

Finally, from this dataset, we removed all but the first trial
for each letter. In most studies of synaesthetic associations,
the three trials for each letter are averaged, but this approach
is problematic for our research question, because it yields
colours that were never actually chosen by a participant, hin-
dering inspection of their exact colour choices. Furthermore,
it would confound the comparison between the synaesthetic
and non-synaesthetic palette, as non-synaesthetes’ associations
are necessarily more inconsistent across repetitions, and there-
fore more strongly affected by the averaging procedure. For
example, if a non-synaesthete would chose red, green and
blue across three trials of one letter, the averaged colour in
CIELUV colour space is white, which is not a reasonable rep-
resentation of the true data. Therefore, we need to choose one
of the three responses, and reasoned that in non-synaesthetes
the first response was least likely to be confounded by other
responses. Furthermore, removing all but the first trial is essen-
tially equivalent to measuring each letter–colour association
once. This procedure is thus in line with the overall question
in this project: can reported colour associations in an individual
be used to predict if that individual is a synaesthete, without
using consistency data?
(b) Experiment 1: visualizing and quantifying the
synaesthetic ‘palette’

In this experiment, we visualize the colours evoked by letters;
in particular, their distribution in colour space. A perfectly
random palette would produce a uniform distribution of
colours in colour space, whereas biases in the colours
synaesthetes or non-synaesthetes associate with letters would
produce an inhomogeneous palette. The palettes of
synaesthetes and non-synaesthetes will furthermore be com-
pared, to determine whether there is a significant difference
in the synaesthetic ‘colour palette’.
(i) Methods
CIELUV u*v* visualizations. For our first visualizations
(figure 1a,b), we randomly sampled 1500 associations from
each group (synaesthetes versus non-synaesthetes), and
plotted them in the u*v* plane of CIELUV colour space. This
colour space was designed (using human perceptual measure-
ments) to be perceptually uniform: pairs of colours which are
equidistant in CIELUV space are approximately equal in per-
ceived colour difference. We used the CIELUV space because
measures of synaesthetic colour consistency in CIELUV are
most consistent (of any colour space) with subjects’ subjective
reports [41]. Figure 1c depicts 1500 randomly generated points
in CIELUV colour space; i.e. a distribution of colours that could
be expected if there were no systematic biases in the synaesthe-
tic or non-synaesthetic palette. For our next visualizations
(figure 1d,e), we plotted the histograms of the frequency of
all synaesthete and non-synaesthete colour associations as a
function of the hue angle, arctan2(v*,u*). These figures omit
the saturation and luminance of the colour associations, and
instead indicate only whether associations are biased towards
certain hue angles.

Berlin–Kay colour category visualizations. For our final visual-
izations (figure 1f,g,h), we consider the colour category of the
letter–colour associations, rather than the actual colour. Seman-
tic associations with colour names demonstrably influence
some grapheme-colour associations (e.g. ‘B for Blue’, [12]),
suggesting that biases may arise at the level of colour categories
rather than particular locations in colour space. We chose a
categorization that most closely fits with basic colour terms as
obtained across different cultures: the Berlin–Kay basic colour
terms [42]. For our participant groups (Dutch and American),
this entails 11 basic colour terms: black, white, red, green,
yellow, blue, brown, purple, pink, orange and grey. Each
letter–colour association (for both synaesthetes and non-
synaesthetes) in our datawas categorized into these 11 basic col-
ours [42], using a previously collected dataset of 1354 colours
that had been categorized into basic colour terms [42] by 1177
subjects [43]. For each colour in our dataset,we found the closest
colour (i.e. shortest Euclidean distance in CIELUV) in Jraisatti &
Douven’s dataset [43], and then used this to assign to our colour
the likeliest Berlin–Kay colour term (themodal Berlin–Kay term
for the colour in the Jraisatti & Douven database).
(ii) Results
Qualitative observations. In all three visualizations (u*v* plane,
hue angle, colour category), both synaesthetes’ and non-
synaesthetes’ palette appears different from what would be
expected under a uniform distribution (i.e. choosing colours
randomly). First, the (u*v* plane and hue angle) visualizations
show red, green, blue and—to a lesser degree—yellow, ‘axes’
or ‘peaks’. This shows that a few specific colour hues are
more common for both synaesthetes and non-synaesthetes.
Furthermore, colour regions also show a non-uniform distri-
bution; in particular, more synaesthetic colours are in the
yellow-to-red range than in the purple-to-green area. Note
that this is entirely consistent with the high density of
‘yellow’ Munsell colours (compared to red, green, blue and
purple) reported for the synaesthetes in Hamada et al. [39]. In
addition, the Berlin–Kay colour category visualizations show
clear differences between synaesthetes and non-synaesthetes
in terms of the presence of colour categories. The follow-up
quantitative analyses were set up to show exactly which
colour categories are significantly different between the two
participant groups.

Quantitative analyses.We first examined non-uniform distri-
bution of colour hues. The four distinct sharp peaks/axes in
figure 1a,b,d,e were found at the hue angles for ‘unique’ hues
(shades of red, green, blue and yellow that are ‘pure’—notmix-
tures of two or more colours). Analyses showed that indeed
15.4% of all chromatic colour associations for non-synaesthetes,
and 18.5% for synaesthetes, are within one degree of the hue
angle of a unique hue (significantly more than the 2.2%
that would be expected by chance; binomial test; synaesthetes:
p < 0.0001, RR = 8.32; non-synaesthetes: p < 0.0001, RR = 6.92).
Consistent with our qualitative observations, synaesthetes
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Figure 1. Visualizations of the synaesthetic and non-synaesthetic ‘palette’. (a–c) The distribution in the u*v* plane of CIELUV colour space of equal-size random
samples from (a) synaesthetes, (b) non-synaesthetes and (c) a uniform distribution in CIELUV. Each graph contains the same number of points. (d,e) The distribution
in hue angle of CIELUV of all chromatic associations of (d ) synaesthetes and (e) non-synaesthetes. A uniform distribution in this space would be a ‘flat’ histogram.
( f,g) The distribution of associations in each Berlin–Kay colour category for ( f ) synaesthetes and (g) non-synaesthetes. (h) The standardized residuals of a χ2-test of
independence for the distribution of Berlin–Kay colour associations for synaesthetes versus non-synaesthetes. The large dashed lines are uncorrected p < 0.05
thresholds for significance; the small dashed lines are Bonferroni-corrected p < 0.05 thresholds.
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experienced 3.1%more associations in this range (within 1° of a
unique hue) than non-synaesthetes, a statistically significant
difference (x21 ¼ 8:92, p < 0.005, RR = 1.20).

Next, we determinedwhether the distribution of Berlin–Kay
colour categories is quantitatively different in synaesthetes as
compared with non-synaesthetes. We ran a 2 × 11 χ2-test of the
null hypothesis that the counts of colours in each category for
synaesthetes and non-synaesthetes came from the same
distribution. The χ2-test showed a highly significant difference
between synaesthetic and non-synaesthetic distribution in
Berlin–Kay colour categories (x210 ¼ 354:11, p< 0.0001). This
result confirms that synaesthetic colour concurrents are different
from non-synaesthetic colour associations. Figure 1h depicts the
standardized χ2-residual [44] for each colour (positive values
mean that the association is likelier in synaesthetes, while associ-
ations with negative values are likelier in non-synaesthetes).
These residuals are approximately normally distributed, and
can be used as a moderately conservative post-hoc test [45] to
determinewhich colour(s) significantly contributed to the over-
all χ2-value. Thedashed lines depict cut-off points for the p< 0.05
threshold, either uncorrected (large dash) or Bonferroni-cor-
rected for 11 comparisons (small dash). The colour categories
are not equally present in both groups. First, synaesthetes are
significantly likelier than non-synaesthetes to experience the
achromatic colours black, white and grey. Second, synaesthetes
are significantly likelier to experience yellow, brown and (mar-
ginally significant) orange, whereas non-synaesthetes are
significantly likelier to experience green, purple, blue and pink.
Interestingly, this distinction neatly fits a relative preference for
‘warm’ colour in synaesthetes and ‘cool’ colours in non-
synaesthetes. The only exception is that the colour red is equally
present in non-synaesthetes and synaesthetes.
(iii) Conclusion
Visualization of all colours chosen by synaesthetes reveals the
synaesthetic palette: an inhomogeneous distribution of colours in
perceptually uniform colour space. Both qualitative and quan-
titative analyses suggest that (i) synaesthetic and non-
synaesthetic palettes are non-uniform in colour space and
(ii) synaesthetic and non-synaesthetic palettes are different
from each other. We quantified the differences between the
synaesthetic and non-synaesthetic palette, and found that
synaesthetes are more likely to experience ‘unique’ hues
(pure red, green, blue or yellow), achromatic colours (black,
white, grey), and ‘warm’ colours (yellow, brown, orange),



Table 1. Performance measures of the Naive Bayes classifier trained to
predict a subject’s synaesthesia status using only the distribution of Berlin–
Kay colour categories in the palette.

accuracy sensitivity specificity AUC
AUC
95% CI

0.777 0.817 0.699 0.833 [0.783, 0.882]
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whereas non-synaesthetes are more likely to experience ‘cool’
colours (green, pink, blue, purple).

(c) Experiment 2: classifying synaesthesia status based
on an individual’s colour palette

Although we have observed strong differences at the group
level between synaesthetes and non-synaesthetes, these
measures communicated information about the size of the
effect in the population, rather than in the individual. Can the
observed differences between synaesthetic and non-synaes-
thetic colour associations be used to reliably identify a single
subject as a synaesthete or a non-synaesthete, without knowing
anything other than the subject’s reported colours (e.g. no con-
sistency data)? In other words, can the synaesthetic ‘palette’ be
used to classify a subject as a synaesthete or non-synaesthete?

(i) Methods
We used leave-one-out cross-validation to quantify the accu-
racy of a Naive Bayes classifier (using the naive Bayes function
in R’s e1071 package; [46]) trained to classify synaesthesia
status using only the subject’s colours (the subject’s pro-
portion of associations for each Berlin–Kay colour, e.g. 20%
red, 6% blue, etc.). Naive Bayes classifiers compute the con-
ditional probability of feature values (in this case,
proportion of associations for each Berlin–Kay colour) for
each target class (in this case, synaesthete or non-
synaesthete). Given a new set of feature values (i.e. a new
subject), the classifier then uses Bayes’ Rule to predict the
probability of class membership, given the observed values.
Leave-one-out cross-validation is a general machine learning
technique used to combat overfitting: for each subject, the
classifier is trained using data from which the subject to be
classified has been removed. In this way, each subject’s
synaesthesia status was predicted from just the colours of
their palette, using a classifier that was not trained on that
subject’s data.

Classification accuracy is the leave-one-out cross-validation
accuracy at the optimal decision boundary. Since we wish to
weight false negatives and false positives equally, our optimal
decision boundary is Youden’s J [47], the point which maxi-
mizes the distance between the ROC (receiver operating
characteristic) curve and the diagonal; i.e. the point which
maximizes both sensitivity and specificity. AUC (area under
the ROC curve) is a measure of performance across all choices
of threshold; the AUC value can be interpreted as the prob-
ability that the classifier assigns a higher probability of
synaesthesia to a randomly chosen synaesthete than to a ran-
domly chosen non-synaesthete.

(ii) Results
The classifier that was trained using leave-one-out cross-vali-
dation yielded a classification accuracy of 77.7% at the
Youden’s J threshold, with a sensitivity of 81.7%, and speci-
ficity of 69.9%. The AUC was significantly higher than
chance (Mann–Whitney test, p < 0.0001, 95%). Table 1 gives
full performance measures of the classifier. Evidently, the
difference between the synaesthetic and non-synaesthetic pal-
ette (figure 1) is sufficient to classify synaesthetes versus non-
synaesthetes at the level of a single individual.

In addition to testing generalizability using leave-one-out
cross-validation, we also tested generalizability by subsetting
our data into Dutch and English samples. We calculated both
within-language classification accuracy (using leave-one-out
cross-validation) and cross-language classification accuracy:
could a classifier trained on only Dutch data correctly classify
English synaesthetes, and vice versa? Table 2 gives the per-
formance measures for these classifiers; figure 2 depicts the
ROC curve for each classifier. Classification accuracy was
remarkably high for all iterations (all AUCs significant at
p < 0.0001).

(iii) Conclusion
The high performance of the classifier suggests that even at
the level of an individual subject there is a meaningful differ-
ence between grapheme-to-colour mappings for synaesthetes
and non-synaesthetes. Together, the results show that the set
of colours an individual has provided is sufficient to predict
with approximately 78% accuracy if that individual will
qualify as a synaesthete on the Eagleman Battery [11].

(d) Experiment 3: testing (alternative) explanations for
the synaesthetic palette

Having shown that there are significant differences in the
colour palette of synaesthetes and non-synaesthetes, we
next sought to explore the potential mechanisms of this
difference. In particular, we wanted to rule out three potential
confounds that might cause us to observe a difference in the
synaesthetic ‘palette’ when none was actually present.

(e) Experiment 3A: do particular grapheme-colour
associations drive the observed differences between
synaesthetes and non-synaesthetes?

Previous research has shown that for both synaesthetes and
non-synaesthetes there are biases in the particular colour associ-
atedwith a particulargrapheme [12]. Apossible confound in our
findings could be that a few very strong (consistent) letter–
colour associations that are present in synaesthetes but not
non-synaesthetes (or vice versa) make the overall synaesthetic
‘palette’ appear different. Is the obtained difference in palette
attributable to the outsized influence of just a few letters?

(i) Method and results
To rule out the potential confound of only a few strong letter-
colour associations driving the effect, we replicated the
χ2-residual analysis from Experiment 1, but ran 26 χ2-tests
(one for each letter) instead of a single test for all letters. For
10 out of 26 letters (indicated with asterisks next to the letter
in figure 3a), there was a significant difference in the colour
associations of synaesthetes and non-synaesthetes (omnibus
χ2-statistic; p < 0.05, Bonferroni-corrected for 26 comparisons).
For each of these 10 letters, the colours which significantly



Table 2. Within- and between-language performance measures of the Naive Bayes classifier, trained to predict a subject’s synaesthesia status using only the
distribution of Berlin–Kay colour categories in the palette.

train test accuracy sensitivity specificity AUC AUC 95% CI

English English 0.800 0.815 0.786 0.871 [0.806, 0.935]

Dutch Dutch 0.748 0.730 0.811 0.835 [0.769, 0.902]

Dutch English 0.755 0.778 0.732 0.825 [0.749, 0.901]

English Dutch 0.736 0.738 0.730 0.802 [0.725, 0.879]
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Figure 2. The ROC curve of the classifiers. Sensitivity is the probability of
correct classification for synaesthetes; specificity is the probability of correct
classification for non-synaesthetes. EN, English; NL, Dutch.

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

374:20190028

6

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

03
 J

an
ua

ry
 2

02
2 
contribute to the omnibus χ2-statistic (indicated with the larger
circles in figure 3a) are consistent with differences in the synaes-
thetic palette. Visualizing the data as a function of colour
(figure 3b) clearly shows that the difference between the synaes-
thetic and non-synaesthetic palettes (‘warm’ versus ‘cool’,
achromatic versus chromatic) is not driven exclusively by
these 10 large (significant) effects. For example, for 25/26 letters,
white is more common in synaesthetes than non-synaesthetes,
which suggests that the tendency for synaesthetes to experience
more white graphemes cannot be attributed to just the large
residuals for ‘I’ and ‘O’. To quantify this observation, we
removed these 10 letters and re-ran the χ2-test from Experiment
1 (depicted in figure 1h) using only the 16 letters for which there
was no per-letter significant difference in the synaesthetic pal-
ette (as compared with non-synaesthetic). Figure 3c depicts
the residuals of this χ2-test; it is clear that the effects described
in Experiment 1 (synaesthetes experience more achromatic col-
ours, more ‘warm’ colours and fewer ‘cool’ colours) are still
present even after removing the letters which most strongly
differentiate synaesthetes from non-synaesthetes.
(ii) Conclusion
In sum, our analyses showed that the observed differences
between the synaesthetic and non-synaesthetic palette
cannot be attributed to particular grapheme-colour associ-
ations; instead, the difference appears to be present in
associations across most graphemes.
( f ) Experiment 3B: did misinterpretation of instructions
cause the observed differences between
synaesthetes and non-synaesthetes?

Synaesthetes had more achromatic (black/grey/white)
colours in their palette. One important potential confound
in this result is that perhaps non-synaesthetes did not under-
stand the task instructions, and did not think that they were
allowed to choose an achromatic colour. Indeed, 46.2% of
non-synaesthetes did not report a single achromatic associ-
ation, as would be expected if they interpreted ‘colour’ to
mean chromatic colours only. To control for this potential
confound, we collected data from a new set of non-
synaesthetes and explicitly instructed them that they were
allowed to choose black, white and grey as ‘colours’.
(i) Methods and results
Subjects were 88 non-synaesthetes recruited from the Univer-
sity of California San Diego. Methods were identical to
Experiment 1, except that we added to the task instructions
the sentence ‘In this experiment, white, grey and black are
considered ‘colours’; you can also choose each of these if
you think it is the best colour for that letter’. Data were pre-
processed exactly as in Experiment 1: non-synaesthete
status was verified (average sum of the Euclidean distance
in CIELUV between repetitions greater than 135), and all
but the first trial for each letter was removed. Each colour
choice was categorized into Berlin–Kay colours using the
same method as Experiment 1 (modal colour choice for
the nearest colour in the [43] database).

First, we compared non-synaesthetes in our new dataset to
non-synaesthetes in our old dataset. Did the new instructions
change non-synaesthetes’ behaviour? Indeed, non-synaesthetes
in our new data, who were explicitly instructed that black/
white/grey were valid responses, were likelier to choose at
least one achromatic colour than non-synaesthetes in our old
data (76.1% of new subjects versus 53.8% of old subjects,
x21 ¼ 8:95, p < 0.005, RR= 1.42). Furthermore, the proportion
of non-synaesthetes in our new data who chose at least one
achromatic colour was not significantly different from the pro-
portion of synaesthetes who chose at least one achromatic
colour (76.1% versus 83.3%, x21 ¼ 1:55, p = 0.21, RR= 1.10).
Thus, there is evidence that at least some non-synaesthetes in
our first group may have misunderstood the task instructions.

Next, we replicated the analysis and visualization for
figure 1h (χ2-residuals for the associations of synaesthetes
versus non-synaesthetes), but with our new non-synaesthetes
given explicit instructions that achromatic responses are
valid. Figure 4 depicts the standardized χ2-residual [44] for
each colour (positive valuesmean that the association is likelier
in synaesthetes, while associations with negative values are
likelier in non-synaesthetes). These residuals are approxi-
mately normally distributed, and can be used as a
moderately conservative post-hoc test [45] to determine
which colour(s) significantly contributed to the overall χ2-
value. The dashed lines depict cut-off points for the p < 0.05
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Figure 3. (a) χ2-residuals for each colour for each letter, for the null hypothesis that synaesthetes and synaesthetes’ colour associations are the same. The four
dashed lines depict cut-off points for the p < 0.05 threshold, either uncorrected (large dash) or corrected within letter (small dash). Asterisks indicate that the
omnibus per-letter χ2-test was significant ( p < 0.05, Bonferroni-corrected). Large circles indicate, for each significant omnibus result, which χ2-residuals were
significant ( p < 0.05, Bonferroni-corrected). (b) The same points as in (a), but plotted as a function of colour category instead of inducer. (c) The standardized
residuals of a χ2-test of independence for the distribution of Berlin–Kay colour associations for synaesthetes versus non-synaesthetes, after removing letters for
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threshold, either uncorrected (large dash) or Bonferroni-cor-
rected for 11 comparisons (small dash).

Comparing the residuals in figure 4 to the residuals in
figure 1h, it is clear that in addition to replicating our result
that warm colours are more common in synaesthetes and cool
colours aremore common in non-synaesthetes, we also replicate
our result with achromatic colours: even non-synaesthetes who
are explicitly instructed that black/white/grey are valid
responses still choose achromatic colours significantly less
frequently than synaesthetes (all p < 0.05, Bonferroni-corrected).

One additional potential confound is that achromatic associ-
ations might yield higher test–retest accuracy: subjects who
reportmanyachromatic associationsmay look particularly con-
sistent only because it is trivially easy to choose pure black or
white using a colour picker; in other words, the Eagleman
test may produce more false positives when more achromatic
colours are picked. To control for this possibility, we recalcu-
lated the consistency scores for all synaesthetes with eight or
more achromatic associations (no non-synaesthete in our
dataset chose more than seven achromatic colours), using
only their chromatic associations. In this analysis, 100% (25/
25) of the subjects would still qualify as synaesthetes if their
achromatic associations were removed (mean consistency:
71.3; max consistency: 108; synaesthesia criterion: consistency <
135).

(ii) Conclusion
After controlling for both confounds, synaesthetes still
experience significantly more achromatic associations than
non-synaesthetes. Changing task instructions did influence
non-synaesthetes’ responses: more non-synaesthetes chose
achromatic colours when explicitly instructed that these were
valid responses (either because it eliminated subjects’misunder-
standing or because it primed subject responses). Nevertheless,
synaesthetes still reported more achromatic associations than
non-synaesthetes, when only the non-synaesthetes receive task
instructions inviting achromatic colour choices. In other
words, the result that synaesthetes experience more achromatic
concurrents cannot be explained by non-synaesthetes misinter-
preting task instructions.

(g) Experiment 3C: did the testing methods (colour
picker) influence the distribution of colour
associations?

A subtler potential confound of experimental design is the
nature of the Eagleman Battery’s colour picker. In this battery,
subjects choose hue with a colour slider scaled in the HSV
colour space. HSV space is perceptually non-uniform, and
the spatial array of the colour picker does not translate
equally into Berlin–Kay colour categories. Consistent with
Simner et al. [12], our non-synaesthetes clearly make some
non-random colour associations: for example, associating
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Figure 5. (a) The ‘random palette’: the distribution of colours obtained when
sampling uniformly using the Eagleman Battery Colour Picker. (b) The
residuals of a χ2-goodness-of-fit test of the non-synaesthetes’ palette to a
distribution that accounts for non-synaesthetes propensity to choose some
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thresholds for significance; the small dashed lines are Bonferroni-corrected
p < 0.05 thresholds.
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‘A’ with red (51% of non-synaesthetes) and ‘G’ with green
(42% of non-synaesthetes). However, it is plausible that
non-synaesthetes select colours randomly on a subset of
trials. Critically, cool colours (specifically: green, blue and
purple) occupy a large amount of HSV space, suggesting
that the warm/cool difference in the synaesthetic and non-
synaesthetic ‘palettes’ might be explained by non-
synaesthetes sometimes choosing colours randomly.

(i) Methods and results
To control for this confound, we created a computer simula-
tion of picking random points in the Eagleman Battery, and
simulated the trials of 200 ‘subjects’. This yielded a 15 600
data point sample (200 ‘subjects’ × 26 letters × 3 repeats) of
the ‘random palette’, the distribution of colours expected
when a subject selects colours randomly on the Eagleman
Colour Picker (figure 5a). While the random palette is not
identical to the non-synaesthetic palette (compare figure 5a
to figure 1g), it is notable that the most common colours
in the random palette (green, blue and purple, blue) are
also over-represented in the non-synaesthetic palette.

(ii) Results
To quantify this observation, we constructed a model in which
the non-synaesthetic palette is a proportional combination of
the synaesthetic palette and the random palette (e.g. a non-
synaesthete who chooses randomly on 10% of trials will have
the distribution of associations 0.9(synaesthetic palette) +
0.1(random palette)). We used grid search (step size: 1%)
to determine for each subject the number of random choices
that best explained the subject’s palette. On average, the
non-synaesthetic palette was best explained by assuming that
non-synaesthetes choose randomly on 37.6% of trials. Per sub-
ject, the model estimate varied widely (from 0 to 100%) but
critically, the model estimate was strongly correlated with test–
retest consistency score (t91 = 5.447, p< 0.0001, r = 0.495). This
correlation thus supports our approach of using the model as
a way to measure the degree in which a non-synaesthete’s pal-
ette is random: subjects whose palettes more-closely resembled
the random palette performed worse on test–retest consistency,
as would be expected if they were choosing more randomly.

Next, we can compare our ‘random colour’ model’s pre-
dictions to the observed palette of non-synaesthetes using a
χ2-goodness-of-fit test, and examine the residuals using
the same methods as Experiment 1. Significant residuals
here indicate differences between the synaesthetic and non-
synaesthetic palette that cannot be attributed to non-synaesthetes
choosing some associations randomly. Figure 5b depicts the
residuals of this test. The purple residual is no longer signifi-
cant (unlike in figure 1h), suggesting that the preponderance
of purple associations in non-synaesthetes can be attributed
to non-synaesthetes choosing randomly. However, the other
cool colours (green, blue, pink) are still significantly more
common in non-synaesthetes than synaesthetes, even after
accounting for non-synaesthetes tendency to choose randomly
on some subset of trials.

(iii) Conclusion
Random choices by non-synaesthetes can explain part, but not
all, of the ‘warm/cool’ difference between the synaesthetic and
non-synaesthetic palette. This has important implications in
the design of control conditions for experiments that compare
synaesthetes and non-synaesthetes; using the colour picker in
the Eagleman test battery biases particular colour categories,
and results would need to be compared with simulations of
random colour picking, as we have done here. Our finding is
consistent with previous results that when non-synaesthetes
instead supply written colour labels, there is a relationship
between non-synaesthetes’ colour choices and ease-of-gener-
ation (the distribution that would be expected if non-
synaesthetes were randomly naming colours, [12]). In other
words, test design in general exerts a measurable influence
on non-synaesthetic colour associations. Nevertheless,
random choice is not the sole reason for obtaining the non-
synaesthetes’ ‘cool’ palette: non-synaesthetes still experience
more ‘cool’ colours than synaesthetes, even after controlling
for their increased propensity to choose colours randomly.
3. Discussion
We have shown, for the first time, that the set of synaesthetic
colours in colour space (which we termed the ‘synaesthetic
colour palette’) is sufficient to reliably predict whether an indi-
vidual is a synaesthete or not. Furthermore, we have shown
three particular characteristics of this synaesthetic colour pal-
ette. First, we found that the over-representation of unique
hues (pure shades of red, green, blue and yellow) was more
pronounced in synaesthetes than in non-synaesthetes.
Second, compared to non-synaesthetes, synaesthetes’ colour
palettes contained more ‘warm’ (Berlin–Kay colour categories
yellow, brown and orange) colours and fewer ‘cool’ colours
(Berlin–Kay colour categories green, blue, purple and pink).
However, red colour choices did not differ between
synaesthetes and non-synaesthetes. Third, compared to non-
synaesthetes, synaesthetes’ colour palettes contained more
achromatic (black, grey and white) colours.

An important limitation in the interpretation of the current
results lies in the commonly used strategy of using consistency
as the gold standard in screening for synaesthesia. The current
study mainly shows a relationship between synaesthesia as
screened based on consistency, and the set of colour concurrents
experienced by these presumptive synaesthetes. While consist-
ency is an important characteristic of synaesthesia, it is not a
sufficient condition for having synaesthesia. The conscious,
automatic, percept-like, involuntary and effortless nature of
the experiences is another critical aspect of synaesthesia that
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unfortunately we had no opportunity to include in our current
analyses. We can therefore not relate these characteristics to the
current findings, and this is an important topic for follow-up
research. Indeed, a related limitation is that approximately
10% of self-reported synaesthetes do not qualify as synaesthetes
by the standard threshold used to screen synaesthesia in online
consistency studies [41]. One important question is therefore
whether our study’s conclusions also apply to synaesthetes
who do not meet this consistency threshold: do these
synaesthetes also have a warmer and more achromatic
palette? This points at a broader important current issue in
synaesthesia research: how the different measurements of
synaesthesia (e.g. the Stroop effect, localization, automaticity/
attention and consistency scores, [48]) do, or do not, align.
Future research should compare each of these diagnostics
(including the ‘palette’ score from Experiment 2) to determine
whether their predictions overlap, and for example, whether
future experiments should verify synaesthesia using some com-
bination of diagnostics rather than consistency alone. In such a
line of research, it would be useful to contrast individual differ-
ences in the nature of synaesthetic experiences as well (‘in the
mind only’ versus ‘in the outside world’) as previous findings
have indicated that these differential experiences reflect differ-
ences in the underlying synaesthetic mechanisms [49–51].
Finally, there are more differences between synaesthetes and
non-synaesthetes than these defining characteristics, such as
enhanced imagery, increased creativity, higher IQ, improved
memory performance, particular personality profile, and so
on [52–56], each potentially pointing at explanatory (mechanis-
tic) cognitive and neuroscientific differences between
synaesthetes and non-synaesthetes.

While our results show clear (colour) characteristics on
which synaesthetes are different from non-synaesthetes, we
have not determined what drives these observed differences.
We did formulate a few ‘trivial’ causal hypotheses (which
failed to explain results) in Experiment 3. In follow-up research,
more interesting causal explanations could be tested. This
would increase our understanding of the mechanisms
underlying synaesthesia; logically, the differences between
synaesthetic and non-synaesthetic colour patterns are indica-
tive of influences on colour concurrents that are unique to
synaesthetes. In a contemporaneous publication [25], we
showed how a particular grapheme-colour association present
in adult synaesthetes, but not present in non-synaesthete
colour associations, could be traced to a particular environ-
mental effect in early childhood (a preference for the colour
‘pink’ in young girls). Previous literature has supported
relative over-representation of influences related to learning
processes taking place during the development of grapheme-
colour synaesthesia in early childhood [13,57,58]. However, it
is not clear yet which mechanisms underlie the development
of synaesthesia, nor what are the similarities and differences
with ‘normal’ (non-synaesthete) development.

What explains the specific colours in the synaesthetic colour
palette is an interesting topic for future research. Colour prefer-
ences change through development in a direction consistent
with differences in the synaesthetic palette: in a study compar-
ing colour preferences at age 7, 11 and adulthood, Terwogt &
Hoeksma [59] found a monotonic increase with age in prefer-
ence for blue, and a monotonic decrease with age in
preference for yellow. Alternatively, the differences in palettes
could be attributed to the nature of synaesthetic associations
as ‘real’ or ‘concrete’ [2] rather than abstract: objects (compared
to backgrounds) in natural scenes are likelier to have warm col-
ours than cool colours [60], so perhaps synaesthetes view letters
as ‘objects’ and match their colour palette to scene statistics of
the natural world. Finally, we notice that the synaesthetic palette
is approximately evenly divided between warm and cool col-
ours, which, respectively, have a positive versus negative
value of the L-M cone contrast [61]. This could be consistent
with suggestions that synaesthetic colour processing is
influenced by early colour-opponent channels [62].
(a) In sum
In this study, we characterized the synaesthetic palette:
a consistent difference in the set of colours experienced by
synaesthetes versus non-synaesthetes. Future research may
shed light into the mechanisms which cause this difference.
For now, we demonstrate for the first time that such a differ-
ence between synaesthetes and non-synaesthetes exists, and
that this difference can be used to ‘diagnose’ synaesthesia
based only on the set of colours a subject reports.
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