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One of the most astonishing properties of synesthesia is that the evoked concurrent experiences are
perceptual. [s it possible to acquire similar effects after learning cross-modal associations that resemble
synesthetic mappings? In this study, we examine whether brain activation in early visual areas can be
directly related to letter-color associations acquired by training. Non-synesthetes read specially prepared
books with colored letters for several weeks and were scanned using functional magnetic resonance
imaging. If the acquired letter-color associations were visual in nature, then brain activation in visual

KeyWQrdS-' cortex while viewing the trained black letters (compared to untrained black letters) should predict the
Learning strength of the associations, the quality of the color experience, or the vividness of visual mental imagery.
RM;r;?lrgy Rest.llts.showed that t.raining-re.lated activation of area V4 was cprrelated with diffgrences in reported
Training subjective color experience. Trainees who were classified as having stronger ‘associator’ types of color
Synesthesia experiences also had more negative activation for trained compared to untrained achromatic letters in

area V4. In contrast, the strength of the acquired associations (measured as the Stroop effect) was not
reliably reflected in visual cortex activity. The reported vividness of visual mental imagery was related to
veridical color activation in early visual cortex, but not to the acquired color associations. We show for
the first time that subjective experience related to a synesthesia-training paradigm was reflected in vi-
sual brain activation.

Mental imagery
Individual differences

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction and experience as synesthetes from high-frequency exposure to

cross-modal stimuli. Bor et al. (2014) had participants complete an

The prevalence of culturally dependent inducers (e.g. language,
numbers, time) of synesthetic experiences begs the questions to
what extent synesthetic associations are ‘picked up’ directly from
the environment and whether synesthesia can be learned given
enough training. Associative learning has long been speculated to
play a role in the mechanisms behind the development of sy-
nesthesia (Howells, 1944; Kelly, 1934). Developmental synesthesia
might arise because individuals with a certain genetic predis-
position have a relatively low threshold for forming hard-wired
connections between cross-modal and cross-sensory stimuli that
tend to co-occur in the environment. However, the mechanism of
developmental synesthesia does not necessarily preclude the
possibility that non-synesthetes can acquire the same behavior
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intensive nine-week synesthesia-training paradigm that consisted
of several different tasks, some of which were adaptive to the level
of the individual's performance. Arguably, the most striking
characteristic exhibited by the participants in this study was the
reported phenomenological experience of color in the absence of
the corresponding veridical color (although this did not persist for
the participants three months after training ceased). Such results
imply that our experience of the world is more modifiable than
previously believed. It is still unknown how acquired phenomen-
ological associations affect the brain. In the current study, we in-
vestigate the relationship between letter-color associations ac-
quired by reading books with colored letters and brain function in
the visual cortices of non-synesthetes while the participants
viewed achromatic and colored letters.

Letters are presented thousands of times in a typical novel,
which are normally printed in black text. Reading books with

Please cite this article as: Colizoli, O., et al., Visual cortex activity predicts subjective experience after reading books with colored letters.
Neuropsychologia (2015), http://dx.doi.org/10.1016/j.neuropsychologia.2015.07.006



www.elsevier.com/locate/neuropsychologia
http://dx.doi.org/10.1016/j.neuropsychologia.2015.07.006
http://dx.doi.org/10.1016/j.neuropsychologia.2015.07.006
http://dx.doi.org/10.1016/j.neuropsychologia.2015.07.006
mailto:o.colizoli@uva.nl
http://dx.doi.org/10.1016/j.neuropsychologia.2015.07.006
http://dx.doi.org/10.1016/j.neuropsychologia.2015.07.006
http://dx.doi.org/10.1016/j.neuropsychologia.2015.07.006
http://dx.doi.org/10.1016/j.neuropsychologia.2015.07.006
https://www.researchgate.net/publication/232606458_The_experimental_development_of_color-tone_synesthesia?el=1_x_8&enrichId=rgreq-ef5aef82a40d2477fe62b008be1abca2-XXX&enrichSource=Y292ZXJQYWdlOzI3OTk4ODE4NztBUzoyNTIxNDEyMTQzNjc3NDdAMTQzNzEyNjU1ODYwMA==
https://www.researchgate.net/publication/232595905_An_experimental_attempt_to_produce_artificial_chromaesthesia_by_the_technique_of_the_conditioned_response?el=1_x_8&enrichId=rgreq-ef5aef82a40d2477fe62b008be1abca2-XXX&enrichSource=Y292ZXJQYWdlOzI3OTk4ODE4NztBUzoyNTIxNDEyMTQzNjc3NDdAMTQzNzEyNjU1ODYwMA==

2 0. Colizoli et al. / Neuropsychologia  (AEEN) REE-EER

colored letters is therefore a feasible associative training para-
digm; it is primarily an incidental form of learning, although the
participants are aware of the colored letters (Colizoli et al., 2012,
2014a). While the focus when reading is on the meaning of the
text, repeatedly seeing the same letters in the same colors has an
effect on behavior. We have previously shown that automatic as-
sociations between letters and colors could be acquired by simply
reading books with consistently colored letters, as measured by
the ‘synesthetic’ Stroop effect (Colizoli et al., 2012). We stress that
the Stroop effect found after reading the colored books reflects the
automatic, but not necessarily perceptual, component of the ac-
quired associations between letters and colors (MacLeod and
Dunbar, 1988). In addition, a positive correlation was found be-
tween participants answers to the question ‘I am experiencing color
when thinking about certain letters’ and the size of the Stroop effect
after reading, indicating that individuals who tended to agree with
this question more also showed greater Stroop effects. In contrast,
no correlation was found between answers to the question ‘I am
experiencing color when [ see certain letters’ and the size of the
Stroop effect after reading. Although we could not discern from
these two questions alone exactly what these participants were
experiencing or thinking about, the results led us to hypothesize
that individual differences in visual mental imagery or the quality
of the subjective experience (i.e. the location or intensity of a
mental color experience) would be factors related to developing
an acquired Stroop effect. In addition, we predicted that evidence
of color (perhaps as color imagery or the expectation of color)
would be apparent in the visual cortices of non-synesthetes while
viewing the achromatic trained stimuli after they had completed a
synesthesia-training paradigm.

Mental imagery and synesthetic experiences seem to be closely
related but are not the same. For example, in a well-controlled
color imagery experiment, Rich et al. (2006) found that color
imagery activated a region near area V4 in both synesthetes and
controls, while synesthetic color activated the left medial lingual
gyrus for the synesthetes only. Synesthesia is furthermore quali-
tatively and quantitatively different from spontaneous mental
imagery, because the experienced associations are automatically
and reliably evoked, highly specific and consistent over long per-
iods of time, and are seemingly arbitrary while having substantial
bandwidth (i.e. the number of mappings) (Colizoli et al., 2014b;
Rothen and Meier, 2014; Mylopoulos and Ro, 2013). Interestingly,
synesthetes reported having more vivid visual mental imagery
(not necessarily related to their synesthesia) compared to controls
(Barnett and Newell, 2008) as measured with the vividness of
visual mental imagery questionnaire (VVIQ) (Marks, 1973). The
VVIQ scale ranges from ‘no visual experience at all (only knowing
that something is the case)’ to having a mental experience that is ‘as
clear and vivid as normal vision.” Similarly, the diversity of the re-
ported experiences of the synesthetic concurrent sense is an in-
dication that the phenomenology for some individuals is more
perceptual in nature (i.e. as clear and vivid as normal vision) than
for others (Simner, 2013). Therefore, we hypothesized that those
individuals who report experiencing more vivid mental imagery
would be more likely to acquire letter-color associations.

In addition to being more or less vivid, synesthetic experiences
can have other qualities. For example, the experiences can or
cannot be localized in physical and mental space. Some sy-
nesthetes locate the synesthetic color outside of themselves (i.e.
projected into the world), while others describe the color experi-
ence as being ‘in the mind’s eye.’ Dixon et al. (2004) termed this
the ‘projector-associator’ (PA) distinction. The PA distinction has
been a fruitful approach in brain imaging research on synesthesia.
The PA distinction of synesthesia has been related to specific
neural markers (Terhune et al., 2015; Rouw and Scholte, 2010,
2007) and brain dynamics (van Leeuwen et al., 2010, 2011).

Intuitively, it seems that the projector-type of synesthetic experi-
ences more closely resemble normal vision than the associator-
type. We would therefore expect that forms of newly acquired
synesthetic experiences via associative training would fall in the
associator-range of experiences and not in the projector-range for
most individuals. Furthermore, we examined if the quality of the
color experience measured by the PA dimension might be evident
in brain activation within the visual cortices of non-synesthetes
participating in a synesthesia-training paradigm.

In the current study, participants read specially prepared books
with colored letters for several weeks and were subsequently
scanned using functional magnetic resonance imaging (fMRI) in
order to assess the effects of repeated letter-color mappings (i.e.
training) on brain function. A standard retinotopic mapping
technique (Wandell et al., 2007) and a visual word form area lo-
calizer (VWFA) (Baker et al., 2007) were applied before training
began in order to independently assess the contributions of the
different regions of interest (ROIs): areas V1, V2, V3, V4 and the
VWFA. A color localizer was administered after training was
completed to test for activation related to training effects and
veridical color. The acquisition of the letter-color associations was
verified using a synesthetic version of the classic Stroop task
(Colizoli et al., 2012, 2014a). Vividness of visual mental imagery
was assessed using the VVIQ (Cui et al., 2007; Marks, 1973). The
projector-associator questionnaire (Rouw and Scholte, 2010, 2007)
was administered in order to assess the nature of any (possible)
color experiences in the absence of veridical color after training. At
the behavioral level, we expected that individuals who report
experiencing more vivid visual mental imagery or more color ex-
periences would also be the most susceptible to acquiring letter-
color associations (measured as a stronger Stroop effect). If the
acquired letter-color associations are visual in nature (even as a
visual mental image), then brain activation in visual cortex while
viewing the achromatic trained letters (compared to achromatic
untrained letters) are expected to predict the strength of the as-
sociations, the quality of the color experience, or the vividness of
visual mental imagery. We furthermore investigated whether re-
lative brain activation in visual cortex while viewing untrained
letters presented in veridical color (compared to achromatic let-
ters) was related to any of the behavioral variables of interest.

2. Materials and methods
2.1. Participants

Twenty-two subjects participated in the study (16 women,
M=24.95 years, SD=2.44, range=[22, 30] years). Half of the
sample was a (1st, 2nd or 3rd degree) relative of a grapheme-color
synesthete; the other half was matched on age, gender, handed-
ness and education. For the current study, we evaluated all parti-
cipants as a single group (N=22) for the individual differences
analysis after verifying that none of the variables of interest dif-
fered by group. Participants were screened by questionnaire and
interview with the researcher for synesthesia, dyslexia, and at-
tention-deficit disorder (ADD), in addition to standard MRI-related
risk factors. Participants were tested for color blindness using the
Ishihara test for color blindness (Ishihara, 1936). The Ethical
Committee of the Department of Psychology at the University of
Amsterdam approved this experiment. All participants were in-
formed that they could terminate their participation at any time
and gave written informed consent before participating in the
research. Participants were rewarded financially for participating
in this study. No MRI runs were discarded due to motion ( <1 mm
in all directions) or other artifacts. One run of one participant
(relative group) for the Stroop task in the scanner was lost due to
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technical error. The behavioral log files of one participant (non-
relative group) for two runs of the Stroop task in the scanner were
lost due to technical error.

2.2. Experimental procedure

We aimed to replicate the behavioral results of our previous
study in a different sample (Colizoli et al., 2012). Therefore, we
decided not to make major changes to the experimental paradigm,
for example, by introducing new (control) conditions. Our para-
digm did not allow us to fully balance the letter conditions be-
tween or within individuals, because we required that the con-
sistently colored letters in the books were viewed as often as
possible; therefore, we chose very frequent letters to be presented
in color. Before testing began, we determined letter-color pairs
separately for each participant using a procedure identical to the
one reported in Colizoli et al. (2014a). All participants read spe-
cially prepared books that contained four high-frequency lower-
case letters (‘a’, ‘e’, ‘n’, and ‘") in four high-frequency colors (red,
orange, green and blue). Participants were instructed to always
read the books as they normally would but always under good
lighting conditions to ensure the colors were visible. They were
instructed to keep track of how much they read (by marking in the
books where they stopped before the second testing session in
case it was not at the end of the book) and to inform the re-
searcher before they ran out of reading material so that a new
book could be delivered. We emphasized honesty in reporting
how much was read and explained that it was crucial to get an
accurate representation of the amount of reading for the research
goals. The permission to reprint and use the books along with the
digital copies of the original books were given to us by the Pub-
lisher Nijgh & Van Ditmar (www.nijghenvanditmar.nl). All books
were in the Dutch language. The content of the books was not
altered in any way. The formatting of the colored books for reading
can be found in Colizoli et al. (2014a).

All participants were tested before and after training. Before
and after reading, participants completed both a behavioral and
MRI testing session and filled in several questionnaires. The order
of the behavioral and MRI sessions were counterbalanced between
participants, but remained the same for each individual when
possible. In the behavioral sessions, participants completed a
Stroop task, a crowding task and were asked to read text on the
screen while eye movements were recorded (crowding and read-
ing data not reported here). The order of the behavioral tasks was
counterbalanced between participants but remained the same for
each individual across testing sessions. Each behavioral session
took approximately one hour to complete. Participants were se-
ated 50 cm in front of a computer monitor. This distance remained
constant by the use of a chin rest. All stimuli were presented on a
PC with Presentation (version 14; www.neurobs.com) on a 20-inch
VGA monitor. The screen resolution was 1280 x 1024 pixels. All
responses were recorded with a USB keyboard. In the pre-training
testing session, participants completed a general screening form,
the first part of a test of consistency, and the VVIQ (Cui et al., 2007;
Marks, 1973). In the post-training testing session, participants
completed the second part of the consistency test, the PA Ques-
tionnaire (Rouw and Scholte, 2010, 2007), and a general ques-
tionnaire about their reading experience (Colizoli et al., 2014a).

For the MRI procedure, the functional tasks differed between
testing sessions. Functional (T2*-weighted) and structural data
(T1-weighted and diffusion-weighted) were collected using a fixed
order of runs across participants (this order was optimized during
piloting in order to minimize fatigue while in the scanner). During
the pre-training MRI session, a VWFA localizer and a retinotopic
mapper were administered. The VWFA localizer always preceded
the retinotopic-mapping runs. During the post-training MRI

session, the Stroop task and crowding task (data not reported
here) were administered in addition to a color localizer. The color
localizer always preceded the Stroop and crowding tasks. All
participants were monitored with an eye tracker to ensure that no
one fell asleep. Each MRI session took 1.5 h of scanning time.

Subjects were debriefed about color phenomenology at the end
of the post-training testing session with two questionnaires: the
‘reading experience questionnaire’ that had been adjusted from
our earlier study (Colizoli et al.,, 2012; 2014a) and the PA ques-
tionnaire that had previously only been given to synesthetes
(Rouw and Schote, 2007; 2010). Both of these questionnaires asked
about conscious color phenomenology upon viewing or thinking
about black letters. Participants were able to ask clarification
questions to the researcher at any time. There were no specific
questions aimed at their experiences during the color localizer.
Participants were given space to openly report any other
comments.

We do not report the data on the crowding task (Colizoli et al.,
2012) for the following reasons. An untrained letter condition was
intended to serve as a within-subjects baseline measure for the
crowding task. In the absence of the predicted effect of enhanced
performance on trained letters after training, we should at least
see equal performance between the two letter conditions before
training to assure a proper baseline measure. Based on the fact
that the untrained letters were identified significantly better than
the trained letters in the behavioral and MRI sessions, and this did
not change related to reading, we can conclude that the crowding
task was not effective. The difference found between letter con-
ditions must be attributed to the differences in the physical letters
that make them more or less easy to ‘crowd’ and therefore
meaningless for our purposes here. We note that in the previous
study, uppercase letters were trained in the books and used in the
crowding task. Here, we trained only lowercase letters and these
were used in the crowding task.

2.3. Test of consistency

We aimed to objectively verify that none of our participants
had grapheme-color synesthesia using a test of consistency. We
followed the questionnaire test-retest paradigm (Asher et al.,
2006; Baron-Cohen et al., 1987). The cutoff for considering a ‘di-
agnosis’ of synesthesia was greater than 70% consistent across the
43 items (Asher et al., 2006; Baron-Cohen et al., 1987). During the
pre-training testing session, participants were presented with a
list of 26 letters (all uppercase), 10 digits (0-9) and seven days of
the week (43 items in total). Participants were asked: if each letter,
number or day were to have a color, what color would it be? They
were instructed to indicate the color of each item by filling in the
questionnaire. They were instructed not to list the same color for
all items (e.g. as all ‘black’). The participants were not informed
that they would receive this questionnaire again. During the post-
training testing session, they were again given the same list of 43
items again in randomized order. The instructions were the same
as during the pre-training session.

2.4. Stroop task

The procedure for the Stroop task followed previously de-
scribed methods (Colizoli et al., 2014a) with the following excep-
tions: Participants were shown one of eight letters (‘a’, ‘b’, ‘e’, ‘g’,
‘k’, ‘n’, ‘r’, or ‘t’) in one of four colors (red [RGB=230, 0, 0], orange
[255,143, 0], green [0, 181, 0] or blue [0, 125, 255]). The letter-color
pairs comprised three conditions: (1) the congruent condition
consisted of four trained letters (‘a’, ‘e’, ‘n’, and ‘r’) presented in
colors congruent with the colors presented for each individual

within the books, (2) the incongruent condition consisted of four
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trained letters (‘a’, ‘e’, ‘n’, and ‘r’) presented in colors incongruent
with the colors presented for each individual within the books,
and (3) the neutral condition consisted of four untrained letters
(‘g’, ‘t’, 'K, and ‘b’, that were always in black text within the books)
presented in the four colors used during training. The congruent,
incongruent and neutral trials were randomized, with a total of 288
trials (96 congruent, 96 incongruent, and 96 neutral trials). Reaction
times that were greater than 2.5 times the standard deviation per
participant and condition were removed. We expected to replicate
our previous result of the two-way ANOVA interaction between
testing session (pre-training vs. post-training) and congruency
(congruent vs. incongruent) (Colizoli et al., 2012). The neutral letter
condition was used as an exploratory measure. Participants were
instructed to indicate (via a keyboard press) the color of the letter
presented as fast and accurately as possible.

2.5. Color localizer

A color localizer was used to test for voxels that respond to the
achromatic trained stimuli and veridical color modeled after van
Leeuwen et al. (2010). It consisted of three stimulus conditions: (1)
trained letters presented in black (‘a’, ‘e’, ‘n’, and ‘r’), (2) untrained
letters presented in black (‘0’, ‘z’, ‘v, and ‘w’), and (3) untrained
colored letters (‘C’, ‘m’, ‘v’, and ‘s’) presented in eight distinct colors
(red [RGB=230, 0, 0], orange [255, 102, 0], brown [179, 110, 0],
yellow [246, 236, 0], green [0, 210, 0], blue [0, 203, 230], purple
[150, 45, 225] and pink [242, 112, 220]). Our rationale behind the
stimuli used for the color localizer was the following. As this ex-
periment was the first of its kind, we had no information con-
cerning whether any training-related differences would be ob-
tained using this specific paradigm. Therefore, we aimed to keep
the context of the letters in all conditions of the color localizer as
visually similar as possible to the way that the letters appeared in
the books. Within the books, all letters were always presented in
the font ‘Arial Black’ and all untrained letters were presented in
black text against a white background. Therefore, in the localizer,
we used the same font (Arial Black) as presented in the books and
also chose to present the letters in black font color for both the
trained and untrained (i.e. achromatic) letter conditions. This pre-
vented us from greyscale-matching the luminance of the colored
letters to the luminance of the achromatic letters within the color
localizer. Therefore, the contrasts of veridical color contain effects
of luminance differences in addition to differences between hues.
The background during the color localizer was light gray
[RGB=217, 217, 217]. We did not use a white background, because
during piloting it was reported that there was insufficient contrast
on the screen in the scanner when the letters were presented in
yellow against a white background. Changing the background to-
wards gray was reported to have helped with the contrast of
yellow letters against the background. For the colored condition,
we chose to use different variations of hues of red, orange, green
and blue compared to those that were trained, as we aimed not to
introduce possible confounds related to training in the veridical
color condition.

The color localizer was a blocked design with 16-s stimuli
blocks and 16-s periods of rest between blocks (fixation cross).
Conditions were presented in pseudo-randomized blocks and each
condition was presented six times (18 blocks in total). Within each
block, 16 stimuli were randomly presented (four letters with four
repetitions) for 500 ms with an inter-trial interval of 500 ms. For
each block of condition 3, each of the eight colors was shown
twice and the order of the colors remained constant, while the
four letters were randomly assigned (with four repetitions) to each
color. The color localizer consisted of 330 volumes and lasted
11 min. Participants passively viewed the stimuli. The instructions
were to focus on the middle of the screen during the duration of

the localizer, both when the letters appeared and also when the
fixation cross was presented.

2.6. Visual word form area (VWFA) localizer

A VWFA localizer was used to define the VWFA for each par-
ticipant (Qiao et al., 2010; Baker et al., 2007; Dehaene et al., 2004;
Polk and Farah, 2002; Dehaene et al., 2001). The VWFA localizer
was a blocked design with 16-s stimuli blocks and 16-s periods of
rest between blocks (fixation cross). It consisted of two stimulus
conditions: (1) Dutch words with four letters and equal average
frequencies chosen at random, and (2) The same words from
condition 1 presented as Chinese characters in Hanzi Kaishu font.
Each condition was presented nine times (18 blocks in total) in
alternating order (i.e. ABAB). Within each block, 16 words were
randomly drawn from a list of 144 words per condition without
repetition and presented for 500 ms with an inter-trial interval of
500 ms. All words were presented in black Courier New font
against a white background. The VWFA localizer consisted of 330
volumes and lasted 11 min. Participants passively viewed the sti-
muli. The instructions were to focus on the middle of the screen
during the duration of the localizer, both when the words ap-
peared and also when the fixation cross was presented.

2.7. Retinotopic mapping

Retinotopic visual areas were localized following standard
protocol (Wandell et al., 2007). The retinotopic mapper consisted
of two polar-angle mapping (wedge stimulus) runs and one ec-
centricity mapping (expanding ring) run. Each functional run of
the retinotopic mapper (three runs in total) consisted of 270 vo-
lumes and lasted 4.5 min. During all retinotopic-mapping runs,
participants indicated a change in the color of the fixation cross
with a key press. Fourier-based techniques were used to de-
termine the preferred polar phase and F-test statistic of each voxel
in visual cortex. Polar phase and eccentricity preference values
were color-coded and projected onto an inflated structural T1-
weighted image for each subject (Wandell et al., 2007). Borders
between the separate visual areas were drawn manually for areas
V1, V2v, V2d, V3v, V3d, V3AB, and V4 according to standard criteria
(Wandell et al., 2007).

2.8. Image acquisition

Scans were acquired on a Philips 3T Achieva TX scanner, located
at the Spinoza Center, Amsterdam, the Netherlands. Whole brain
gradient-echo echo-planar imaging (EPI) measurements (voxel
size=3 x 3 x 3 mm>, repetition time [TR]=2000 ms, echo time
[TE]=27.63 ms, flip angle=76.1°, FOV=240 x 240, matrix=
80 x 80, slice thickness=3 mm, slice gap=0.3 mm, 38 slices per
volume, sensitivity encoding factor of 2) were acquired to measure
blood oxygen level-dependent (BOLD) magnetic resonance images
with a 32-channel SENSE head coil. Scans for the retinotopic
mapping runs consisted of partial volume scans (voxel
size=2.5 x 2.5 x 2.5 mm°>, repetition time [TR]=2000 ms, echo
time [TE]=34.53ms, flip angle [FA]=76.1°, FOV=200 x 200,
matrix=_380 x 80, slice thickness=2.5 mm, slice gap=0.25 mm, 24
slices per volume, sensitivity encoding factor of 2). Two T1-
weighted anatomical scans were acquired per session (four T1
volumes per participant, voxel size=1 x 1 x 1 mm?, TR=8229 ms,
TE=3.77 ms, flip angle=8°, FOV=256 x 256, matrix=256 x 256,
slice thickness=1 mm, no slice gap, 160 slices per volume). Only
one T1-weighted image was used for registration purposes.
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Table 1

Individual differences data for behavioral measures and questionnaires. The table is ordered by the projector-associator (PA) score for convenience. Data for each participant
is given concerning group membership (relative of a synesthete=1, non-relative=2), amount of reading (word and character counts, spaces not included), consistency scores
(percentage of a total of 43 items), Stroop effects for the post-training reaction time (RT) data (in milliseconds), vividness of visual mental imagery scores (VVIQ), projector-
associator (PA) scores including the associator (Assoc.) and projector (Proj.) average responses, and responses to question 30 (Reading Exp. Q30) from the reading experience
questionnaire (Colizoli et al., 2014 a). The possible responses for Q30 were: (a) ‘When I see certain letters in black text (e, n, a, r), I see them in color.” (b) ‘When I see certain letters
in black text (e, n, a, r), I experience them in color (i.e. in the mind’s eye).’ (c) ‘When I think about certain letters (e, n, a, 1), I experience them in color (i.e. in the mind’s eye).’ (d)
‘When I think about certain letters (e, n, a, 1), I see them in color.’ (e) ‘Whenever I see or think about letters, I have no color experience.” Mean (M) and standard deviation (SD) are

given for the numerical data.

Group Word count Character count Consistency (%) Stroop RT wIQ PA Assoc. Proj. Reading exp. Q30
2 88,986 433,757 16.28 63.78 2.81 -1.67 2.67 1.00 c
1 34,982 171,405 55.81 39.38 1.34 -1.50 317 1.67 c
2 56,807 283,656 30.23 41.65 2.59 -1.33 317 1.83 d
1 58,065 266,666 34.88 22.36 2.75 -1.33 3.00 1.67 d
2 73,125 338,759 30.23 18.93 2.66 -1.17 217 1.00 ce
2 91,212 423,076 13.95 4.30 2.00 -0.83 1.83 1.00 c
1 33,164 153,301 23.26 24.70 1.72 -0.67 1.67 1.00 e
2 180,423 835,654 34.88 43.88 241 —0.50 2.83 2.33 d
2 95,175 438,967 30.23 27.27 213 —0.50 1.50 1.00 c
2 43,714 209,931 37.21 1.92 1.75 -0.33 133 1.00 e
1 75,889 380,750 30.23 59.30 2.06 -0.17 1.33 117 d
1 58,065 266,666 16.28 41.73 1.63 0.00 1.00 1.00 e
1 58,065 266,666 39.53 3212 2.88 0.00 1.00 1.00 e
1 68,353 322,812 16.28 21.32 1.94 0.00 1.00 1.00 e
1 46,574 231,568 9.30 18.20 2.78 0.00 1.00 1.00 e
1 165,178 818,795 39.53 13.71 2.75 0.00 1.00 1.00 e
2 101,084 468,530 34.88 13.83 1.91 0.00 1.00 1.00 e
2 118,043 554,853 44.19 61.40 2.50 0.00 1.00 1.00 e
1 68,353 322,812 39.53 52.97 2.06 0.00 1.00 1.00 e
2 75,061 356,033 39.53 —31.90 294 0.00 1.00 1.00 e
2 58,065 266,666 51.16 32.01 2.67 0.00 1.00 1.00 e
1 120,362 570,853 44.19 —34.53 2.94 0.17 1.00 117 e
M: 80,397.50 381,008.00 3235 25.83 233 -0.45 1.62 1.17 -
SD: 38,278.92 182,383.01 12.30 25.91 0.49 0.59 0.82 0.36 -

2.9. fMRI preprocessing and statistical analysis

The fMRI images for the color localizer and VWFA localizer
were analyzed using the FMRI Expert Analysis Tool (FEAT) version
6.00, part of University of Oxford’s Functional MRI of the Brain
Software Library (FSL) version 5.0.4 (http://www.fmrib.ox.ac.uk/
fsl). Preprocessing steps included motion correction (Jenkinson
et al., 2002), spatial smoothing using a Gaussian kernel of full-
width at half-maximum (3 mm), grand-mean intensity normal-
ization of the entire 4D dataset by a single multiplicative factor,
and high-pass temporal filtering using a Gaussian-weighted least-
squares straight line fitting (¢=48 s). Voxels belonging to brain
tissue were extracted from non-brain tissue voxels using the Brain
Extraction Tool (BET) (Smith, 2002). In the first-level analysis, the
time course of each run was convolved with the double gamma
hemodynamic response function and tested with an uncorrected
voxel threshold of p=0.05 for the color localizer and p=0.001 for
the VWFA localizer following Yeatman et al. (2013). Resulting
contrast images were linearly registered to the anatomical struc-
ture using FMRIB's Linear Registration Tool (FLIRT) with 7° of
freedom and the full search space (Greve and Fischl, 2009; Jen-
kinson and Smith, 2001), then spatially normalized to the T1-
weighted MNI-152 stereotaxic space template (2 mm) using
FMRIB's Non-Linear Registration Tool (FNIRT) with 12 degrees of
freedom and the full search space. The higher-level analyses were
carried out using an analysis of mixed effects (FLAME) stages 1 and
2 with automatic outlier detection. Z-statistic (Gaussianised T/F)
images were thresholded using clusters determined by Z> 3 and a
corrected cluster significance threshold of p=0.05.

2.10. Regions of interest selection

ROIs were determined a priori as visual areas V1, V2, V3, V4 and
the VWFA. All ROIs were defined in each subject’s native space.

Each retinotopic region was transformed using FLIRT from surface
space into volumetric space based on the subject-specific trans-
formation matrices determined in the first level analysis of the
color localizer. Thereafter, dorsal and ventral components for areas
V2 and V3 were combined. The two hemispheres for areas V1, V2,
V3 and V4 were combined. A binary mask for each retinotopic area
was created for each participant. The VWFA was defined per par-
ticipant (in volumetric space) as all significant voxels (uncorrected
at p<0.001) for the contrast of Dutch > Chinese words in the
ventral occipital-temporal cortex of the left hemisphere only
(Yeatman et al., 2013). A binary mask of the VWFA was created
from the resulting voxels and transformed to the native space of
each participant for the color localizer using FLIRT. All overlapping
voxels between the ROIs were removed for the analyses. The un-
corrected activation (Z-stat) for the contrasts of interest of the
color localizer was averaged across all voxels per ROI per
participant.

3. Results

The significance level for the repeated measures ANOVAs and
post hoc t-tests conducted was a=0.05. A total of 18 variables
were investigated in the individual-differences correlation analy-
sis, resulting in a correlation matrix of 324 possible comparisons.
The false discovery rate (FDR) (Benjamini and Hochberg, 1995) was
used to correct for multiple comparisons that included all reported
behavioral correlations and brain-behavior/experience correla-
tions. The FDR-adjusted significance threshold was a=0.016. All
correlations reported are non-parametric rank-based correlations
and are two-tailed unless otherwise specified.
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3.1. Behavioral results

All reaction time data are reported in milliseconds (ms) and
accuracy data reported are the percentage of correct responses.

3.1.1 Test of consistency

Results for the test of consistency are presented in Table 1. The
time between the first and second version of the questionnaire
was on average 20 days (SD=11). Consistency scores ranged from
9.30% to 55.81%. None of the participants were considered to have
synesthesia based on the test of consistency for the 43 items, be-
cause all scores were below 70% consistent. Synesthetes typically
score above this threshold over longer periods of time than were
tested here (Asher et al., 2006; Baron-Cohen et al., 1987). Im-
portantly, none of the subjects reported having any conscious
perceptual grapheme-color associations (Colizoli et al., 2014b).

3.1.2 Acquired letter-color associations from reading in color

We aimed to confirm that participants learned the associations
from reading the colored books to the point that they interfered
with task demands at the level of the whole sample tested. The
strength of the learned letter-color associations acquired by
reading the colored books was tested with a ‘synesthetic’ version
of the classic Stroop task following our reading-in-color training
paradigm outlined in Colizoli et al. (2014a). Participants read the
colored books within an average of 20 days (SD=11). The number
of words and characters read within the colored books per parti-
cipant is presented in Table 1. The two groups did not differ in
terms of the number of words read, t(20)=1.09, p=0.289, or
characters read, t(20)=0.98, p=0.340.

The behavioral Stroop results were analyzed with separate
three-way ANOVAs for the reaction time (RT) and accuracy vari-
ables. Data are presented in Supplementary Table 1. Both ANOVAs
consisted of the within-subjects factors of congruency with three
levels (congruent, incongruent, and neutral) and testing session
with two levels (pre-training and post-training) and the between-
subject factor of group (relative of a synesthete or non-relative).
Greenhouse-Geisser statistics are reported for the congruency
factor in the accuracy data, because sphericity was violated. The
main effect of testing session was significant for RT, F(1,20)=6.23,
p=0.021, 1,2=0.239, and for accuracy, F(1,20)=6.35, p=0.020,
np2:0.241. The main effect of congruency was significant for RT, F
(2,20)=6.77, p=0.003, 7,2=0.253, and for accuracy, F(1.5,29.9)=
3.80, p=0.045, 17,>=0.160. No other significant effects were found.
The interaction between testing session and congruency was not
significant for RT, F(2,40)=1.92, p=0.160, or for accuracy, F
(1.9,38.8)=0.06, p=0.946. There was no significant interaction
between testing session and group for RT, F(2,40) < 0.00, p=0.994,
or for accuracy, F(1,20)=3.54, p=0.075. There was no significant
interaction between congruency and group for RT, F(2,40)=0.80,
p=0.455, or for accuracy, F(1.5,29.9)=0.92, p=0.385. There was no
significant 3-way interaction between testing session, congruency
and group for RT, F(2,40)=0.21, p=0.808, or for accuracy, F
(1.9,38.8)=0.76, p=0.471. Finally, there was no significant be-
tween-subjects effect of group for RT, F(1,20)=0.05, p=0.835, or
for accuracy, F(1,20)=0.29, p=0.595.

The Stroop effect is defined as the difference between con-
gruent and incongruent trial conditions (MacLeod, 1991). Based on
our previous study (Colizoli et al.,, 2012), we expected to find a
significant interaction between testing session (2 levels: pre-
training vs. post-training) and Stroop congruency (2 levels: con-
gruent vs. incongruent) in a two-way repeated measures ANOVA
for the RT data. As expected, there was a significant interaction
between testing session and congruency in RT, F(1,21)=4.75,
p=0.041, 17,2=0.184, but not for accuracy, F(1,21)=0.11, p=0.743.
Crucially, participants responded to incongruent trials (M=630.43

ms, SD=75.79) slower than congruent trials (M=604.59,
SD=72.11) after training, t(21)=4.68, p < 0.001, but there was no
difference between incongruent (M=647.08, SD=72.20) and
congruent (M=640.22, SD=81.62) trials before training, t(21)=
0.98, p=0.336. The main effect of testing session was significant
for RT, F(1,21)=7.49, p=0.012, 7,2=0.263, but was not for accu-
racy, F(1,21)=3.73, p=0.067. The main effect of congruency was
significant for RT, F(1,21)=12.97, p=0.002, #,°=0.382, and for
accuracy, F(1,21)=4.80, p=0.040, 7,°=0.186. We note that in-
cluding the exploratory condition consisting of the neutral trials
(i.e. when including three levels of congruency) in the ANOVA in-
terfered with the significant interaction between testing session
and congruency in RT. Therefore, we cannot infer that behavior on
the three levels, congruent, incongruent and neutral, were all
widely deviating in their response to training. Instead, after
training the neutral condition had response times that on average
were in between the congruent and incongruent conditions
(Supplementary Table 1), and the relationship in RT between
congruent and incongruent trials differed significantly between
testing sessions.

The Stroop effect in the RT data was also obtained in the MRI
scanner after training. Participants were significantly slower to
respond to incongruent trials (M=675.59, SD=103.93) compared
to congruent trials (M=631.45, SD=97.10), t(20)=2.67, p=0.015.
No significant difference between congruent (M=95.60, SD=7.99)
and incongruent (M=96.00, SD=7.99) trials was found for accu-
racy, t(20)=0.62, p=0.540. Congruent trials were faster compared
to the neutral trials (M=658.11, SD=93.80), t(20)=2.08, p=0.051,
but were not more accurate than the neutral trials (M=95.64,
SD=7.71), t(20)=0.07, p=0.949. There was no difference between
the incongruent trials and the neutral trials for RT, {(20)=1.25,
p=0.227, or accuracy, t(20)=0.61, p=0.548.

Despite instructions to ignore the trained color, automatic in-
terference effects were measured by the Stroop effect after several
weeks of reading books with colored letters; the Stroop effect is
defined here as the measure of reaction times on incongruent
trials compared to congruent trials during the post-training be-
havioral testing session. The Stroop effects for all participants are
presented in Table 1 (range=[—34.53, 63.78]).

3.1.3 Vividness of visual mental imagery questionnaire (VVIQ)

Vividness of visual mental imagery was assessed using the
VVIQ score. The VVIQ scores for all participants are presented in
Table 1. The scores ranged from 1.34 to 2.94. The VVIQ scores were
not significantly different for the two groups, #(17.7)=0.66,
p=0.518 (equal variances not assumed). It should be noted that a
score of 1 implies that a visual mental image is as clear and vivid
as normal vision, while a score of 5 implies that there is no visual
mental imagery at all. Therefore, the participants all indicated
having relatively vivid visual mental imagery, because all scores
were closer to 1 than to 5.

3.1.4 Projector-associator (PA) scores

After reading the colored books, participants completed a PA
questionnaire designed for grapheme-color synesthetes as an ex-
ploratory experiment. Although we did not expect that the parti-
cipants would necessarily report having strong associator-type or
projector-type of experiences, we felt that such a questionnaire
could provide a more sensitive indicator of individual differences
in phenomenological experience after reading in color compared
to our original questions about subjective experience (Colizoli
etal., 2012, 2014a). A negative score indicates an associator-type of
experience and a positive score indicates a projector-type of ex-
perience (maximum range=[—4, 4]). In previous studies using
this questionnaire, the PA scores of synesthetes ranged from —3.1
to 4 (n=18) (Rouw & Scholte, 2007) and from —4 to 4 (n=42)
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(Rouw and Scholte, 2010); we note that there were partially
overlapping participants in these two studies.

The PA scores for all participants are presented in Table 1. For
additional interpretation of the scores of non-synesthetes on this
synesthesia questionnaire, the associator and projector questions
have been separately evaluated in Table 1. In the current study, the
PA scores of non-synesthetes after reading in color ranged from
—1.67 to 0.17. The PA scores were not significantly different for the
two groups, £(20)=1.02, p=0.320. Ten of the 22 participants had a
PA score of exactly zero. A PA score of zero could arise because the
individual either (maximally) agreed or disagreed with all of the
questions. Each of these ten individuals disagreed with all of the
PA questions (marked a score of 1 for all questions), which means
that they maximally disagreed with all associator-type and pro-
jector-type of experiences. None of the participants maximally
agreed with all of the questions (marked a score of 5 for all
questions), which would have represented agreeing with having
both strong associator-type and projector-type of experiences. One
participant had a positive score (0.17) in the projector direction,
albeit very close to zero. The PA scores for the rest of the partici-
pants ranged from —1.67 to —0.17, all in the associator direction.
Given the range of scores found, we can consider the PA dimension
in the case of the trainees to be reflecting the degree to which the
reported experiences were in the associator direction and not the
projector direction. The range of scores found furthermore did not
span the entire range of the associator direction. These results are
notably different from the pattern of scores found for develop-
mental synesthetes using the same questionnaire. Therefore, it is
important to carefully examine the scores to arrive at a correct
interpretation of the current results.

As expected, the reported experiences of acquired letter-color
associations were overall related to the associator-type of experi-
ences and not the projector-type. However, half of the sample
maximally disagreed with all of the PA questions (indicated by a
score of zero). Since the PA questionnaire was designed for sy-
nesthetes (who would be expected to have color experiences), a PA
score of zero in this sample is ambiguous. We are not able to in-
terpret from the PA score alone whether individuals who dis-
agreed with the questions did so because they did not have loca-
lizable color experiences or because they did not have any color
experiences evoked by the letters. In Table 1, we present the
participants’ responses to question 30 from the 'reading experi-
ence questionnaire’ that asks participants to choose one statement
out of a list of statements that best describes their experiences
(Colizoli et al., 2014a). Table 1 is ordered by PA score along side the
responses to this question. Overall, participants responded either
that they had no color experiences related to the letters (‘e’ re-
sponses), or that they were internally generated experiences (‘cC’
and ‘d’ responses). None of the participants chose statements re-
lated to color experiences induced by seeing the letters (‘a’ and ‘b’
responses). Of the participants with an associator score, 9 out of 11
individuals reported seeing or experiencing color in the mind’s eye
when they think about these letters (‘c’ and ‘d’ responses). The ten
participants with a PA score of 0 all indicated they have no color
experiences (‘e’). Based on the converging results, we can assume
that a PA score of zero in this case implies that the individual did
not have any color experiences, whether they are projected into
the world, in the mind’s eye or a strong feeling of awareness
without visual representation.

Some limitations of the comparison between the PA and
reading experience questionnaires are apparent from the current
data. First, there were individual differences in the semantic
mapping of the verbs ‘see’ and ‘experience’ to subjective experi-
ence. All participants who chose option ‘d’ also agreed with pro-
jector questions, while the converse is not true. For instance, there
was one trainee who had a positive PA score (0.17) who also

indicated ‘no color experience.’ She indicated a 2/5 Likert rating for
the question ‘The color is projected on the letter/number.’ Notably,
this particular question lacks the terms ‘see’ and ‘experience.’ She
indicated a 1/5 for all the other questions on the PA questionnaire.
Due to the limited range of her responses, we would not consider
her a ‘projector.’ Second, the reading experience questionnaire
missed a category related to ‘knowing’ that a color is associated to
a certain letter without necessarily having a visual experience
(noted in Colizoli et al. (2014a)). Specifically, three of the partici-
pants who had an associator score also indicated option ‘e’ as a
best fit for their experiences. In order to address this, we in-
vestigated their individual answers on both questionnaires. These
three participants all agreed (to a degree) with the following as-
sociator questions: ‘The figure does not have a color, but I am aware
that it is associated with a specific color’ and ‘I don’t see the letters/
numbers literally in a color, but I have a strong feeling that I know
which color belongs to a specific letter/number.’ None of these same
participants agreed with any of the projector questions of the PA
scale. It seems to be the case that these three participants probably
chose option ‘e’ on the reading experience questionnaire because
they interpreted ‘see’ and ‘experience’ to mean a visual re-
presentation of the color, while they did report ‘knowing’ and
having a strong ‘feeling’ about the letter-color associations. On the
reading experience questionnaire, there was no separate corre-
sponding category for the participants who wanted to indicate
‘knowing’ or ‘being aware’ of a color association. Unfortunately,
this issue was unapparent to us at the time of data collection. For
this reason, the PA questionnaire was able to pick up more var-
iance related to the subjective experience of the participants, be-
cause it described a wider range of the types of possible color
‘experiences’ taken in the broad sense.

3.1.5 What is the relationship between the Stroop effect, VVIQ and PA
scores?

We hypothesized that individuals who report experiencing
more vivid visual mental imagery would be more likely to acquire
stronger letter-color associations, as measured by the size of the

1

Correlation Coefficient

Fig. 1. The correlation matrix for variables of interest. Variables of interest were the
Stroop effect (Stroop), projector-associator score (PA) and vividness of visual
mental imagery score (VVIQ). Neuroimaging contrasts of interest for the color lo-
calizer were: trained > untrained (all achromatic) letters (T > U), colored > untrained
letters (C>U), and colored > trained letters (C > T). The five brain regions of in-
terest were retinotopically defined visual areas V1, V2, V3, V4, and the visual word
form area (VWFA). All correlations reported are non-parametric rank-based cor-
relations and were corrected for multiple comparisons using the false discovery
rate.
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Stroop effect after training. Correlation coefficients are presented
in Fig. 1. The VVIQ score and Stroop effect variables were however
not significantly correlated (p=0.485), in contrast to our ex-
pectations. Additionally, individuals who reported experiencing
more vivid visual mental imagery may be more likely to report
having more associator-type of color experiences, as measured by
the PA questionnaire after training. The VVIQ score was not sig-
nificantly correlated with the PA score (p=0.321). Finally, we
tested whether individuals who had bigger Stroop effect sizes
reported having more associator-type of color experiences, as
measured by the PA questionnaire after training. The size of the
Stroop effect after training was not significantly correlated with PA
score (p=0.211).

We therefore cannot confirm our hypotheses that the vividness
of visual mental imagery or the quality of the color experience
after training are directly related to the strength of the acquired
associations as measured by the degree of interference of the
learned letter-color association while naming incongruently co-
lored letters. The degree to which the participants indicated lo-
calizing any color experience (mainly in the associator-range) was
furthermore unrelated to the reported vividness of visual mental
imagery. Taken together, these three measures seem to be re-
flecting different underlying factors, and therefore would be ex-
pected to differentially explain variance found in brain activation.

3.2. Neuroimaging results

The three conditions of interest during the color localizer were
trained letters presented in black font color (trained), untrained
letters presented in black font color (untrained), and untrained
letters presented in eight different font colors (colored). Whenever
we refer to the colored letter condition of the color localizer, we
are always referring to untrained colored letters. The sets of letters
used for the untrained and colored conditions were different.
Contrasts of interest were colored > trained letters, colored >
untrained letters, trained > untrained letters, and untrained >
trained letters.

3.2.1 Whole-brain analysis of the color localizer

The contrasts of interest for the color localizer were evaluated
at the level of the whole brain. None of the contrasts of interest
interacted with group (F-tests) at the level tested. The results of
the whole brain analyses for the contrasts of interest across the
entire sample (N=22) are reported in Table 2.

As expected, both color contrasts evoked activity along the
ventral visual cortex in both hemispheres. The colored and
achromatic letter conditions were not matched for luminance, and
therefore, any activation reported includes effects related to lu-
minance differences. The peak voxel for the contrast
colored > untrained black letters was located in the right occipital
fusiform gyrus and very close to the region of retinotopically de-
fined area V4 in our sample (Fig. 2A). The peak voxel for the
contrast colored > trained black letters was also located in the oc-
cipital fusiform gyrus but more anterior to both area V4 and the
peak voxel of the colored > untrained black letters contrast. The
contrast trained > untrained black letters did not evoke significant
activation in the whole brain, while the opposite contrast
untrained > trained black letters was significant in the left and
right occipital lobe (Fig. 2B). For the contrast untrained > trained,
the peak voxel in the right hemisphere cluster was on the border
between areas V1 and V2. The peak voxel in the left hemisphere
was not located in any of the retinotopically defined regions for
our sample, however, the cluster itself extended into area V4.

From the contrast of letter conditions, we cannot definitively
conclude that the differences in brain activation found between
the trained and untrained conditions was due to training alone,

Table 2

Whole brain contrasts for the color localizer. Atlas-based brain regions, Z-statistic
values (Z-max) and MNI coordinates (x, y, z) for the peak voxel of each cluster are
reported in addition to cluster size as the number of voxels for each contrast of
interest. The reported results refer to the entire sample (N=22).

Cluster Brain region X y z Z- Voxels
max

colored > untrained

1 R occipital fusiform gyrus 32 -80 —18 545 2969

2 L temporal occipital fusiform gyrus —32 —60 —-18 535 2745

3 L posterior cingulate gyrus -6 —-26 24 383 83

4 L frontal pole 50 40 6 3.61 58

colored > trained

1 R occipital fusiform gyrus 32 -74 —-18 5.61 9441

trained > untrained: no significant clusters

untrained > trained

1 L occipital pole —-24 -96 12 459 674

2 R occipital pole 18 -96 8 394 115

because the letter conditions used each contained a different set of
four letters. The letter conditions differed in respect to their exact
visuospatial properties, as well as their average letter frequencies
(the trained letters are more frequent). It is known that the fre-
quency of letter strings differentially activates the ventral visual
system (Vinckier et al., 2007). We tested if the relative activation
difference found between the trained and untrained letter condi-
tions was directly related to the amount of training. Relative BOLD
activity was compared to the number of characters read in the
colored books. The correlation was not significant, r(20)= —0.13,
p=0.553. Therefore, overall differences in brain activation while
viewing the trained compared to the untrained black letters is
likely due to effects related to both training and inherent proper-
ties of the letters. Differences in features such as low-level vi-
suospatial properties of the letters or letter frequency may ad-
ditionally contribute to BOLD-related effects of training. While a
contrast with sub-optimally balanced stimuli may fall victim to
such confounds, significant correlations would be robust against
them, as the bias is identical for each case tested.

3.2.2 Region-of-interest analysis of the color localizer

Visual brain activation during the color localizer in response to
viewing the different letter conditions across the five ROIs was
investigated with a three-way ANOVA on the dependent variable
of averaged normalized brain activation (Z-scores). The three-way
ANOVA consisted of the within-subjects factors of letter condition
with three levels (trained, untrained, and colored) and visual area
with five levels (areas V1, V2, V3, V4, and the VWFA) and the
between-subject factor of group (relative of a synesthete or non-
relative). Data are given in Supplementary Table 2. Greenhouse-
Geisser statistics are reported for the visual-area factor and the
interaction between the visual-area and letter-condition factors,
because sphericity was violated.

The main effect of letter condition was significant, F(2,40)=
20.92, p < 0.001, 77,°=.511. The main effect of visual area was sig-
nificant, F(1.9,37.4)=37.77, p <.001, np2=0.654. The interaction
between letter condition and visual area was significant, F
(3.8,75.6)=9.28, p < 0.001, 77,°=0.317. No other effects were sig-
nificant. Group did not interact with the within-subjects factors of
letter condition, F(2,40)=1.09, p=0.345, or visual area, F
(1.9,37.4)=0.47, p=0.618. There was no significant three-way in-
teraction with group, letter condition and visual area, F(3.8,75.6)=
0.15, p=0.957. Finally, the between-subjects factor of group was
not significant, F(1,20)=0.68, p=0.418.
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Colored > Untrained

Untrained > Trained
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Fig. 2. Whole brain results for the color localizer and retinotopically defined visual area V4 (in dark blue). (A) Activation for the contrast colored > untrained letters (32x,
—80y, —18z). (B) Average activation for the contrast untrained > trained letters ( —24x, —96y, 12z). The crosshairs are centered on the peak voxel of the first cluster for each

contrast shown (in MNI space).

Post hoc comparisons revealed that activation while viewing
the untrained letters (M=0.18, SD=0.67) was significantly greater
compared to the trained letters (M= —0.21, SD=0.73), t(21)=2.56,
p=0.017. Activation while viewing the colored letters (M=0.74,
SD=0.77) was significantly greater compared to the trained letters,
t(21)=5.92, p < 0.001. Activation while viewing the colored letters
was significantly greater compared to the untrained letters, t(21)=
4.26, p <0.001. The difference between the colored and trained
letters (M=0.95, SD=0.75) was significantly greater than the dif-
ference between the colored and untrained letters, (M=0.56,
SD=0.62), t(21)=2.59, p=0.017. The difference between the
trained and untrained letters was significant in each visual area
except for within the VWFA (Suppementary Table 3). The differ-
ence between the colored and trained letters was significant in
each visual area (Suppementary Table 3). The difference between
the colored and untrained letters was significant in each visual area
(Suppementary Table 3). As expected, V4 responded significantly
more to colored than to achromatic letters (trained and untrained)
compared to all of the other visual areas (Suppementary Table 3);
we can thereby confirm that the paradigm was sufficiently sensi-
tive to veridical color. The size of the difference between the
trained versus untrained black letters was significantly different
between areas V2 (M=-0.31, SD=0.60) and V3 (M=-0.42,
SD=0.54), t(21)=2.79, p=0.011, between areas V3 and the VWFA
(M= -0.11, SD=0.72), t(21)=2.93, p=0.008, and between area V4
(M= —-0.36, SD=0.61) and the VWFA, t(21)=2.53, p=0.035.

As can be seen in Fig. 3, the achromatic letter conditions
(trained and untrained) evoked a negative BOLD response com-
pared to baseline (fixation cross) during the color localizer. The
trained letters evoked a significant negative BOLD response com-
pared to baseline in areas V1, V2 and V3 (Suppementary Table 3).
The untrained letters evoked a significant negative BOLD response
compared to baseline in area V1 only (Suppementary Table 3).
Activation for the colored letters was not significantly different
from baseline in areas V1-V3 (Suppementary Table 3). Notably, the
trained letters evoked a greater negative BOLD response in areas
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Fig. 3. Average normalized brain responses during the color localizer. The trained
condition consisted of achromatic letters that had been consistently paired with
colors during training. The untrained condition consisted of achromatic letters that
were never paired with colors during training. The colored condition consisted of a
different set of letters that were never paired with colors during training, presented
in eight different colors (and not the same colors that had been trained). Regions of
interest were retinotopically defined visual areas V1, V2, V3, V4 and the visual word
form area (VWFA). Activation shown here is relative to the baseline period (fixation
cross). There was a significant difference between trained and untrained letter
conditions in each visual area except for the VWFA. Error bars represent the
standard error of the mean of the whole sample (N=22).

V1, V2 and V3 compared to the untrained black letters.

3.3. Correlations between brain activation, behavior and experience

For the first time, we investigate in non-synesthetes whether
brain activation in the visual cortex is related to letter-color as-
sociations acquired by reading colored books.
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3.3.1 Does brain activation in visual cortex predict the Stroop effect?

Do individuals with the strongest acquired associations also
show more relative visual brain activation while viewing the
achromatic and colored letters? Based on the results found related
to grapheme-color synesthesia by Hupé et al. (2012), we examined
whether a similar difference in activation might be obtained in a
training paradigm. If this is true, viewing the trained compared to
untrained letters would be negatively correlated with the post-
reading Stroop effect in the early visual areas V1, V2, and V3. Hupé
et al. (2012) used a measure of synesthetic strength based on a
combined score of two modified Stroop tasks.

We tested whether average activation in each ROI for the
contrast of trained > untrained letters was related to the Stroop
effect. None of the correlations were significant after correction for
multiple comparisons (1-tailed); V1: r4(20)= —0.39, p=0.035, V2:
r(20)=—-0.25, p=0.132, V3: r420)=-042, p=0.027, V4:
1{(20)= —0.31, p=0.081, VWFA: {(20)= —0.17, p=0.222. Although
not significant, the directions of all correlation coefficients were
negative, suggesting that a larger Stroop effect would be related to
greater deactivation on average of trained as compared with un-
trained letters in areas V1-V3.

As an exploratory analysis, we tested whether brain activation
for the two color contrasts was significantly correlated to the
Stroop effect in each of the ROIs. Correlation coefficients are pre-
sented in Fig. 1. No significant correlations were found between
the Stroop effect and brain activation related to the contrasts of
colored > trained letters or colored > untrained letters in any of the
ROIs (all ps > 0.06).

3.3.2 Does brain activation in visual cortex predict the PA score?

Do individuals who report having stronger associator-type of
color experiences also show more relative visual brain activation
while viewing the achromatic and colored letters? As an ex-
ploratory analysis, we tested whether the nature of the subjective
experience of color (in the absence of veridical color) as measured
by PA score was related to brain activation for the three contrasts
of interest within the five ROIs. Correlation coefficients are pre-
sented in Fig. 1.

PA score was significantly correlated with activation for the
contrast of trained > untrained letters in area V4 only, r4(20)=0.51,
p=0.016 (Fig. 4A). The direction of this relationship was that in-
dividuals who reported having stronger associator-type color ex-
periences also showed a bigger difference (in the negative direc-
tion) between the trained compared to the untrained letters in V4
(both the trained and untrained letter conditions evoked a positive
BOLD response on average compared to baseline in V4 [Suppe-
mentary Table 3]). Removing the 10 individuals who had a PA
score of zero (i.e. including only non-zero PA scores) increased the
correlation coefficient in V4, but did not change the significance
level, r4(10)=0.68, p=0.016. Thus, the range of the non-zero PA
scores (i.e. the individuals who reported having color experiences)
was driving the correlation in V4.

Related to veridical color activation, PA score was significantly
correlated with the average activation for the contrast
colored > trained letters in areas V2, r4(20)= —0.57, p=0.006, V3,
1{(20)= —0.62, p=0.002, and V4, r{(20)= —0.55, p=0.008 (Fig. 4B;
only V4 is illustrated). The direction of this relationship was that
individuals who reported having stronger associator-type of color
experiences also showed a bigger difference (in the positive di-
rection) between the colored letters compared to the trained letters
in areas V2, V3 and V4. In contrast, no significant correlations were
found between PA score and activation for the contrast of
colored > untrained letters in any of the ROIs (all ps > 0.07).

3.3.3 Does brain activation in visual cortex predict the VVIQ score?
Do individuals who report having more vivid visual mental
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Fig. 4. The relationship between brain activation and projector-associator (PA)
score in area V4. (A) PA score was significantly correlated with the average acti-
vation for the contrast of trained > untrained (all achromatic) letters in area V4 only.
(B) PA score was significantly correlated with the average activation for the contrast
colored > trained letters in areas V2, V3 and V4 (only V4 is illustrated here). No
significant correlations were obtained for the average activation for the contrast
colored > untrained letters in any of the regions of interest.

imagery also show more relative visual brain activation while
viewing the achromatic and colored letters? As an exploratory
analysis, we tested whether the reported vividness of visual
mental imagery as measured by VVIQ score was related to brain
activation for the three contrasts of interest within the five ROIs.
Correlation coefficients are presented in Fig. 1.

No significant correlations were found between VVIQ score and
activation for the contrasts of trained > untrained letters or
colored > trained letters in any of the ROIs (all ps > 0.04). VVIQ
score was significantly correlated with activation for the contrast
of colored > untrained letters in areas V1, ry(20)= —0.69, p < 0.001,
V2, 1r(20)=—0.73, p < 0.001, and V3, rs(20)= —0.68, p < 0.001. The
direction indicates that individuals who reported having more
vivid visual mental imagery, as indicated by a lower VVIQ score,
also showed greater differences (in the positive direction) between
the colored compared to untrained letters in areas V1, V2 and V3
(Fig. 5; only V1 is illustrated).
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Fig. 5. The relationship between brain activation and vividness of visual mental
imagery questionnaire (VVIQ) scores in area V1. VVIQ scores were significantly
correlated with the average activation for the contrast colored > untrained letters in
areas V1, V2 and V3 (only V1 is illustrated here). No significant correlations were
obtained for the contrasts of trained > untrained letters or colored > trained letters
in any of the regions of interest. A lower VVIQ score indicates having reported more
vivid visual mental imagery.

4. Discussion

We have shown for the first time that reading books with
consistently colored letters affects brain activation in visual cortex
while viewing achromatic trained stimuli in non-synesthetes. Vi-
sual brain activation related to the contrast of trained versus un-
trained achromatic letter conditions was the strongest predictor of
color experience measured along the projector-associator dimen-
sion of grapheme-color synesthesia. Specifically, relative activation
in area V4 while viewing the achromatic trained letters compared
to the untrained letters was negative in direction, and this effect
significantly correlated with the PA scores (which were only in the
associator-range). This suggests that area V4 reflected individual
differences in how learned color associations were experienced.
Furthermore, the PA scores indicated that the associated colors
were considered to resemble mental images (‘in my mind’) more
than veridical perception. In contrast, brain activation was not a
reliable indicator of the objective measure of the strength of the
acquired associations (i.e. the Stroop effect). Taken together, these
results imply that visual brain activation is more related to the
subjective experience of the acquired associations than the se-
mantic components measured as interference effects during a re-
action-time task. Related to veridical color, the difference in acti-
vation between the colored and trained letters in areas V2, V3 and
V4, were related to the PA scores, while the difference between the
colored and untrained letters predicted the VVIQ score in areas V1,
V2 and V3. Thus, a stronger ‘associator’ score on the acquired color
associations, and more vivid visual mental imagery, were both
related to greater activation differences (in the positive direction)
between the colored compared to achromatic letters, in visual brain
areas.

Relative activation in early visual cortex seems to play a sig-
nificant role in accounting for the individual differences in per-
ceptual experiences of non-synesthetes exposed to frequently
occurring letter-color combinations, in addition to accounting for
their reported vividness of visual mental imagery. In contrast,
activation in the VWFA did not correlate with any of the measures
tested, indicating that the specialized grapheme-processing region

is not a neural correlate of the measured dimensions related to the
acquired letter-color associations. While the contrasts of the letter
conditions of the color localizer included effects of visuospatial
properties and letter frequency in addition to training-related ef-
fects, there are no theoretical or empirical reasons to assume that
differences between the average letter frequencies or low-level
visual properties in the different conditions would contribute to
the correlations between reported color experience, visual ima-
gery and brain activation. Any confounds present in the contrasts
of the color localizer were constant across all individuals tested,
and therefore, would not contribute to the results obtained based
on individual differences.

The cross-activation theory of synesthesia proposed that the
‘epicenter’ of the synesthetic color experience is located in the
visual region of the brain that is known to correspond highly to
the subjective experience of veridical color, namely area V4, which
is also notably close to the visual word form region (Ramachan-
dran and Hubbard, 2001a, 2001b). The literature has shown mixed
results concerning the location of specific neural markers for sy-
nesthetic color in the presence of (achromatic) inducing stimuli
(see: Hubbard and Ramachandran (2005), Hupé et al. (2012) and
Rouw (2011)); some studies have shown that area V4 or regions
near V4 were responding significantly to synesthetic color, while
other studies did not. The pattern of mixed results in the literature
on synesthetic color localization could arise due to several differ-
ent factors that have been previously described in detail, for ex-
ample, task instructions and presentation modality (Hubbard
et al., 2005; Hubbard and Ramachandran, 2005; Hupé et al., 2012;
Rouw et al., 2011).

In a previous study with synesthetes, projector-type of ex-
periences were found to be related to the anatomy of sensory
brain areas (Rouw and Scholte, 2010). Following this, it might be
hypothesized that trained projector-like experiences are also re-
lated to stronger (training-related) activation in area V4 compared
to trained associator-like experiences. In the current study, we
could not test this because participants were almost entirely in the
associator range of the PA dimension. The V4 activation related to
associator experiences may signal that results with trainees are in
contrast with the previous results with synesthetes (we thank an
anonymous reviewer for pointing this out). As far as we know, this
is the first study examining the neurological basis of experiences
evoked by a synesthesia-like training paradigm, which means that
replications are in order before strong conclusions can be drawn.
Particularly because specific choices in neuroimaging analyses
steer which conclusions can (and which cannot) be drawn. The
current study uses only ROI-based analyses, which yields a higher
signal-to-noise ratio, but is more limited in terms of brain areas
investigated. In contrast, in previous synesthesia studies using
whole-brain analyses, areas of visual cortex (such as area V4) were
neither localized nor used as ROIs (Rouw and Scholte, 2007, 2010).

A study by Hubbard et al. (2005) was the first to employ re-
tinotopic mapping in order to define visual area V4 in synesthetes.
They found that activation for the contrast of synesthetic color was
positively correlated with performance on a perceptual crowding
task in areas V1, V2 and V4, indicating that individuals who per-
formed better on this task (i.e. due to ‘pop-out’ of their synesthetic
colors) also had greater relative activation for inducing compared
to non-inducing stimuli. Such a correlation provided support for
the idea that synesthetic color experiences are truly perceptual in
nature, because they are directly related to activation in the visual
cortex. In contrast, Hupé et al. (2012) found a pattern of negative
correlations between early visual areas (V1, V2, and V3) and the
strength of the synesthetic associations measured as a combined
score of performance during two versions of the synesthetic
Stroop task. Essentially, the measure of ‘synesthesia’ between both
studies was qualitatively different. The synesthetic Stroop effect
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(like the canonical Stroop effect) is not considered to be a measure
of perceptual effects, but instead reflects a semantic component of
the letter-color associations (MacLeod and Dunbar, 1988). There-
fore, the inverse relationship found by Hubbard et al. compared to
Hupé et al. between brain activation in retinotopically defined
visual regions may reflect the different components of the sy-
nesthetic associations that were measured in each study.

Our results can be taken to suggest that activity in visual cortex
is a better indication of subjective perceptual experience com-
pared to semantic measures such as the Stroop effect. It seems
logical to expect that perceptual components of the synesthetic
experience would be directly related to activity in primary or
secondary sensory brain regions, while the semantic or attentional
components of the synesthetic associations (as measured by in-
terferences effects of higher-level processing) would be mediated
by activity in associative brain regions, such as parietal or frontal
cortex. Although we did not find significant correlations between
visual activity and the Stroop effect, our results for non-sy-
nesthetes were in the same direction as that found by Hupé et al.
for grapheme-color synesthetes. We cannot however draw con-
clusions based on insignificant correlations. One point we would
like to stress in order to better compare results across future
studies is that a correct interpretation of negative or positive dif-
ferences in BOLD activation is dependent on the relationship be-
tween the parameter estimates compared to some baseline ac-
tivity in each of the ROIs. It is therefore important to show not only
relative activity (e.g. inducing graphemes > non-inducing gra-
phemes) but also the activity in each condition relative to the
baseline used. Compared to baseline, the trained letters were un-
expectedly related to deactivation in areas V1-V3 and activation in
area V4 and the VWFA. Therefore, it was necessary to use an
overall baseline condition in order to fully interpret the direction
of the difference between conditions.

As expected, we found that V4 responded significantly more to
the colored letter condition compared to any other region. If the
participants were supposed to have color experiences, would we
not expect the trained condition to look more like the colored
condition in area V4? Activation for the contrast colored > trained
letters was overall greater than for the contrast colored > untrained
letters, since lower relative activation was related to the trained as
compared to the untrained letter condition. As previously men-
tioned, these differences can be partially attributed to visuospatial
and frequency differences between the letter conditions, but they
cannot explain the individual differences correlations. This led us
to speculate possible explanations for the underlying mechanisms.
The relationship between relative activation in different brain re-
gions may represent signals of ‘competing percepts’ (O’Hanlon
et al., 2013). At least two studies on grapheme-color synesthesia
lend some empirical support for this competing percepts hy-
pothesis. O’Hanlon et al. (2013) found negative BOLD effects in
visual cortex and in the post-central gyrus related to letters that
induced synesthesia in grapheme-color synesthetes. Terhune et al.
(2011) showed that inhibition of primary visual cortical activity
using tDCS enhanced the synesthetic experience in grapheme-
color synesthetes. Training-synesthesia paradigms are uniquely
able to test such a hypothesis of competing percepts, for instance,
whether certain patterns of brain activation are evident when an
implicit letter-color association becomes a conscious color ex-
perience (in the absence of real color).

The self-reported vividness of visual mental imagery was pre-
dictive of the BOLD response in early visual cortex (areas V1-V3)
for colored compared to untrained letters. Why would veridical
color activation be related to the reported vividness of visual
mental imagery? Mental imagery and veridical perception share
neural mechanisms to a certain extent (McNorgan, 2012). One
explanation is that individuals who have greater visual responses

to salient stimuli (such as color) also have more active visual
cortices in general, which are able to internally generate more
vivid visual imagery. Previously, it has been shown that the VVIQ
score was predictive of combined activation in areas V1 and V2
(compared to activation in the whole brain) during an imagery
task (Cui et al, 2007). In that study, individuals who reported
experiencing more vivid visual mental imagery also had the
strongest interference effects of veridical color on a behavioral
color-naming task. Similarly, Amedi et al. (2005) found a correla-
tion between the VVIQ score and the amount of negative activa-
tion in the auditory cortex of participants during a visual imagery
task. The VVIQ score therefore seems to be a reliable indicator of
brain activity related to subjective reports of visual mental ima-
gery. Interestingly, the relationship found in the current study
between VVIQ score and color activation seems not to be reflected
in the ‘color region’ of V4, but instead in earlier visual regions.
Why was the relationship between color activation and VVIQ score
most evident in the earlier visual areas but not in the higher areas,
especially area V4? Although certain questions of the VVIQ include
instructions to visualize color in the different contexts (e.g. ‘the
color and shape of the trees’), these questions do not selectively
address color imagery. It is possible that individuals who report
experiencing vivid visual imagery have weak-to-no color imagery.
Furthermore, the reported vividness of visual mental imagery was
not indicative of the susceptibility to report differences in color
experiences (measured as PA score) or the strength of the acquired
associations (measured as the Stroop effect). Although we ex-
pected otherwise, the data suggest that the tendency to report
experiencing vivid visual imagery (in general) is independent from
the susceptibility to acquiring letter-color associations.

Both visual mental imagery (e.g., Barnett and Newell, 2008;
Nunn et al.,, 2002; Rich et al., 2006) and the PA distinction (e.g.,
Dixon et al., 2004; Rouw and Scholte, 2010, 2007; van Leeuwen
et al., 2010, 2011) have received substantial attention in the gra-
pheme-color synesthesia literature. The PA distinction has proven
to be a useful tool for capturing an essential component of sy-
nesthetic experience, because it has been able to distinguish
neural markers in synesthetes (Rouw and Scholte, 2010, 2007; van
Leeuwen et al., 2010, 2011). We have now shown that the PA
distinction can also be relevant for characterizing certain aspects
of acquired letter-color associations and furthermore is an indictor
of related visual brain activation in non-synesthetes. Using the
current paradigm, we could not however discern to what extent
the correlations between experience and visual brain activation
were related to color-specific processes or processes related to
attentional selectivity for the trained stimuli. Furthermore, it was
not possible to disentangle the effects of differences between the
inherent visual features or letter frequency from the contrasts of
the color localizer. Future research is needed in order to address
these issues. In addition, it would be interesting to investigate
whether the associator-type of acquired phenomenological ex-
periences could turn into the projector-type of experiences. Per-
haps it would be possible given more intense training, training
over longer periods of time, or training during childhood. It is
unknown how different types of training might affect brain
function and structure in visual cortex. Since our participants are
by definition non-synesthetes, the pattern of brain activation
suggests that some common neural mechanisms may underlie
letter-color associations whether they are life-long or recently
acquired via training over several weeks. In the current study, we
pooled together two groups of participants, the relatives of sy-
nesthetes and non-relatives, for the individual differences analyses
because no group differences were obtained in any of the variables
of interest in the current study. Although we did not find beha-
vioral differences or differences in visual brain activation in this
sample, it is possible as well as consistent with the literature that
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non-synesthete relatives of synesthetes might show differences in
brain function in other regions of interest, brain structure, or be-
havior and experience that we have not tested in the current
study.

Our results illustrate the potential of how subjective experience
can be affected by associative learning in addition to being re-
flected in brain activation. The data furthermore highlight the
importance of taking into account the different dimensions of the
acquired associations. Subjective experience and objective beha-
vior such as reaction time differences are not necessarily related
and are furthermore not necessarily mediated by the same brain
regions entirely. Future research should aim at comparing the
neurobiological markers of trainees who report having phenom-
enological color experiences to synesthetes in order to better as-
sess what is uniquely related to synesthesia.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.neuropsychologia.
2015.07.006.
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