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In synaesthetes, specific sensory stimuli (e.g. black letters) elicit additional
experiences (e.g. colour). Synaesthesia is highly prevalent among individuals
with autism spectrum disorder (ASD), but the mechanisms of this co-
occurrence are not clear. We hypothesized autism and synaesthesia share
atypical sensory sensitivity and perception. We assessed autistic traits, sensory
sensitivity and visual perception in two synaesthete populations. In Study 1,
synaesthetes (N =79, of different types) scored higher than non-synaesthetes
(N'=76) on the Attention-to-detail and Social skills subscales of the autism
spectrum quotient indexing autistic traits, and on the Glasgow Sensory
Questionnaire indexing sensory hypersensitivity and hyposensitivity which
frequently occur in autism. Synaesthetes performed two local/global visual
tasks because individuals with autism typically show a bias towards detail
processing. In synaesthetes, elevated motion coherence thresholds (MCTs)
suggested reduced global motion perception, and higher accuracy on an
embedded figures task suggested enhanced local perception. In Study 2,
sequence-space synaesthetes (N = 18) completed the same tasks. Questionnaire
and embedded figures results qualitatively resembled Study 1 results, but no
significant group differences with non-synaesthetes (N =20) were obtained.
Unexpectedly, sequence-space synaesthetes had reduced MCTs. Altogether,
our studies suggest atypical sensory sensitivity and a bias towards detail
processing are shared features of synaesthesia and ASD.

This article is part of the discussion meeting issue ‘Bridging senses: novel
insights from synaesthesia’.

1. Introduction

Synaesthesia is a mixing of the senses: specific sensory stimuli evoke unusual,
additional experiences. For instance, ‘A’ evokes the colour red; music elicits
colours; or the word “parents’ tastes like apple. Synaesthesia is elicited automati-
cally, is stable over time and the prevalence is estimated at 2—4% of the population
[1]. The prevalence of synaesthesia is substantially higher (approx. 20%) among
individuals with autism spectrum disorder (ASD) [2,3]. ASD is a neurodevelop-
mental condition affecting approximately 1% of the population [4] and
characterized by deficits in language and social interaction, repetitive behaviour
and restricted interests [5]. The remarkably high co-occurrence of synaesthesia
and autism—both relatively rare conditions—suggests that the two conditions
are related, but the exact nature of the relationship is unknown.

An important hypothesis states that synaesthesia and autism share atypical
sensory sensitivity and altered sensory perception [6,7]. In autism research,
increased attention to sensory abnormalities (e.g. [8-10]) has resulted in the
addition of sensory dysregulation as a diagnostic criterion in the recent DSM-5
[5]. Individuals with ASD frequently experience hypersensitivity or hyposensitiv-
ity to the environment, e.g. hypersensitivity to bright lights or strong colours or, to
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the contrary, seek stimulation by engaging in repetitive beha-
viours (e.g. fluttering the arms) [5]. Sensory atypicalities can
negatively impact daily functioning, as in sensory overload
[9], but can also entail enhanced perceptual skills [11-13]
or savant abilities (e.g. [14]). Enhanced perception of details
(a “local bias’) is widespread in autism (e.g. [12,15,16]) and fea-
tures centrally in several autism theories, e.g. the weak central
coherence theory [11] and the enhanced perceptual functioning
model [13]. A recent formal meta-analysis on local-global
visual processing in ASD, however, revealed no structurally
enhanced local visual processing in autism, but concluded
that global visual processing requires more time and effort
in individuals with autism, especially when incongruent
low-level information is present [17].

Synaesthesia is a sensory condition characterized by unu-
sual perception. Sensory atypicalities have been reported for
synaesthesia beyond the synaesthetic experiences themselves.
These include hypersensitivity of the parvocellular visual
system [18], enhanced perception of and sensitivity to colours
in colour synaesthetes [19-21] and enhanced tactile sensiti-
vity in tactile synaesthetes [19]. Enhanced colour processing
in synaesthetes may come at the cost of reduced motion-
processing abilities [22], an example of sensory impairment in
synaesthesia which parallels reduced motion processing
in autism (e.g. [23,24]). Synaesthesia occurs more frequently
among ASD individuals with savant abilities compared to
those without these abilities [25] and savant skills often involve
synaesthesia [14,26]. Enhanced perception of details is reported
for synaesthetes, e.g. for perception of detailed facial features
[27] and on visual tasks [7]. Altogether, sensory atypicalities in
both synaesthesia and autism form a reason to explore whether
atypical sensory processing is shared between the conditions.

A better understanding of the relationship between
synaesthesia, autism and sensory atypicalities may elucidate
the role of sensory processing in the mechanisms of autism.
Deficits in early (multi)sensory processing in autism are
suggested to lead to social symptoms [28,29] as these complex
cognitive functions rely on proper integration of (multi)sensory
cues, for instance, when interpreting speech and simultaneously
integrating facial expressions. Care for individuals with autism
may benefit from better understanding of (synaesthesia-related)
sensory symptoms. Autism and synaesthesia may share
other mechanisms: implicit learning, for instance, is altered in
both populations [30,31]. Here, however, we focus on sensory
processing and explicitly test whether sensory sensitivity
and perception in synaesthesia resemble sensory processing
in autism.

Several studies have used self-report questionnaires and
visual experiments to directly assess autism-related sensory aty-
picalities in synaesthetes [6,7,32,33]. Ward et al. [6] deployed the
Glasgow Sensory Questionnaire (GSQ) which indexes sensory
hypersensitivity and hyposensitivity in seven modalities and
typically correlates positively with autistic traits [34-36].
Synaesthetes scored intermediate between controls and ASD
individuals, qualitatively resembling the ASD pattern. On the
autism spectrum quotient (AQ) [37], a self-report questionnaire
about autistic traits, synaesthetes scored within the ASD range
on the Attention-to-detail subscale but not on other AQ
subscales (e.g. social skills). Ward et al. [7] replicated the elev-
ated GSQ and AQ-Attention-to-detail scores for synaesthetes
and found dose effects of synaesthesia: having more types of
synaesthesia was associated with higher scores supporting a
common mechanism of synaesthesia and autism. In Burghoorn

et al. [32], autistic traits (AQ-Total) and synaesthesia consistency [ 2 |

scores correlated positively in neurotypical individuals extend-
ing the autism—synaesthesia relation to neurotypicals. In Mealor
et al. [33], synaesthetes scored higher on AQ-Attention-
to-detail-derived questions. Hence, self-report questionnaire
findings suggest that the synaesthesia—ASD relationship
involves perceptual and sensory atypicalities.

Experimental findings from the same studies [7,32] are
somewhat mixed. Individuals with autism tend to focus
more easily on local than on global visual elements (although
they are not necessarily impaired at the global level as reported,
for example, by Van der Hallen et al. [15,17]). Ward et al. [7]
assessed local/global perceptual abilities in synaesthetes
using an embedded figures test and a change blindness test
on which individuals with ASD have been reported to perform
better [38—42]. The embedded figures test involves identifying
alocal target shape in a larger complex figure, while the change
blindness test involves finding the difference between two
alternating pictures (e.g. removal of a small object). On both
tests, synaesthetes were more accurate than controls without
response time differences, supporting an interpretation of
enhanced perception of detail in synaesthetes similar to ASD.
In Burghoorn et al. [32], neurotypical individuals performed
three visual experiments on local/global perception and were
assessed for autistic traits (AQ) and the degree of synaesthesia.
Given that AQ-Total and synaesthesia consistency scores were
correlated, both measures were expected to relate to enhanced
perception of details—individuals with high AQ resemble
individuals with ASD [43]. High AQ-Attention-to-detail corre-
lated positively with performance on an embedded figures
task and a visual illusions task (two ‘local’ tasks), but not
on a motion coherence task (a ‘global’ task). The degree of
synaesthesia, however, did not correlate with the performance:
only a trend in the visual illusions task resembled the AQ
results. In these visual illusions (Miiller-Lyer and Ebbinghaus),
relatively more focus on local elements reduces susceptibility
to the illusion, which is induced by the global Gestalt context
of the display. Higher AQ-Attention-to-detail was associated
with more veridical perception in the Miiller-Lyer illusion in
Burghoorn et al. [32], in line with the reduced susceptibility
to these illusions in ASD (e.g. [44]). The absence of any corre-
lations of performance with the degree of synaesthesia
suggested that the relationship between synaesthesia and per-
ceptual abilities is weaker than the relationship between
autistic traits and perception.

Here, we assessed autistic traits, sensory sensitivity and
local/global visual perceptual abilities of synaesthetes and
related those characteristics to known features of ASD. The
same tasks were performed by a large heterogeneous online
cohort of synaesthetes (Study 1) and a smaller laboratory
cohort of sequence-space synaesthetes (Study 2). Sequence-
space synaesthetes perceive sequences such as days of the
week, months and/or numbers in a spatial arrangement.
We assessed autistic traits (AQ [37]) and sensory sensitivity
(Dutch Glasgow Sensory Questionnaire (GSQ) [34,35]). We
hypothesized that synaesthetes would score high on AQ-
Attention-to-detail and would score more extreme on the GSQ.

Two visual tasks were used to test local/global visual
perception in synaesthetes. In a Motion Coherence task, we
assessed global motion processing: participants indicate the
global direction of motion of a dot display in which a limited
number of dots move in a coherent direction (electronic sup-
plementary material, figure S2). Attending to individual dots



impairs performance. Individuals with autism generally need
approximately 10% more dots to move coherently before
perceiving the global motion direction (e.g. [12,15,23,24,45]),
although several studies have reported better performance for
ASD individuals [46], mixed results depending on whether indi-
viduals with ASD or Asperger syndrome were tested [47] or no
difference between ASD individuals and controls [48]. On the
basis of the majority of studies, however, we expected a similarly
decreased performance (higher motion coherence thresholds
(MCTs)) for synaesthetes. We replicate one previous study
with N=10 synaesthetes [22] that reported increased MCTs
in synaesthetes, and one study with N =34 synaesthetes in
which sequence-space synaesthetes (N =22) displayed lower
MCTs than grapheme-colour synaesthetes (N = 12) and controls
(N =34) [49]. The second experiment was the Leuven Embedded
Figures Test [50,51] on which we expected synaesthetes to do
better because focusing on local elements is beneficial in this
task (electronic supplementary material, figure S3). We explored
correlations of performance on these visual tasks with AQ and
GSQ scores, and dose effects of synaesthesia.

Our overall approach expands upon Ward et al. [7] in
three ways: we added a motion task on which decreased
performance of synaesthetes was expected, to rule out stron-
ger motivation of synaesthetes as a potential confounding
factor; we added a difficulty manipulation in the embedded
figures task, to examine the performance of synaesthetes on
this task in more detail, and we used Dutch versions of the
AQ and GSQ, replicating earlier studies in another language.

2. Methods Study 1: heterogeneous cohort of
online synaesthetes

(a) Participants

Participants were recruited via a nationally advertised crowd-
sourcing website about sensory perception and synaesthesia
(gno.mpi.nl, [52,53]) and the institute’s online recruitment
system. One hundred and fifty-nine participants (109 self-
reported synaesthetes) completed the online synaesthesia
screening questionnaire. Thirty-three people (26 synaesthetes)
were excluded because of neuropsychiatric disorders (e.g.
ASD, depression), six synaesthetes stopped after the first ques-
tionnaire and one synaesthete did not meet our synaesthesia
cut-off (consistency tests and classification of synaesthesia
types according to Novich et al. [54] are described in the elec-
tronic supplementary material). In total, 76 synaesthetes and
43 non-synaesthetes completed the study online. Participants
were compensated by entering a raffle for a tablet and/or
course credits. The study was approved by the Ethics Commit-
tee of the Faculty of Social Sciences (ECSS) at Radboud
University, Nijmegen.

Thirty-nine individuals, recruited on campus and via the
institute’s participant recruitment system, completed the study
in the laboratory as part of a perception study [32]. Three indi-
viduals were excluded because of neuropsychiatric conditions,
and three laboratory participants were synaesthetes, resulting
in 33 non-synaesthetes and 3 synaesthetes. Participants were
compensated with 12.50 euros or 1.5 course credits. The study
was approved by the ECSS at Radboud University, Nijmegen.

Combining online and laboratory participants,' the total
sample included 79 synaesthetes and 76 non-synaesthetes.
The groups differed in age (synaesthetes of 36.2 +15.1 years;

range, 18-72 years; non-synaesthetes of 23.3+6.7 years;
range, 18-61 years; t;53=—6.83, p <0.001). Age was included
as a covariate in all group analyses. Gender distribution
was similar across groups (synaesthetes, 8M/71F; non-
synaesthetes, 15M/61F; i 155 = 2.83, p=0.092). Synaesthetes
predominantly experienced grapheme-colour synaesthesia
(N=59) and sequence-space synaesthesia (SSS) (N=21);
36 synaesthetes experienced one type of synaesthesia,
26 synaesthetes experienced two types and the remainder
(N =17) three or more types (see electronic supplementary
material, figure S1 and table S1 for details). We created three
subgroups of synaesthetes to explore whether synaesthesia
type influenced the results (e.g. [49]): only grapheme-colour
synaesthesia (N =29), synaesthesias including SSS (N =21)
and ‘other’ types (N=29). All but three synaesthetes in the
sequence-space group had more than one type of synaesthesia
(see electronic supplementary material, figure S1).

(b) General procedure

Online participants completed the study in LimeSurvey
(https://www.limesurvey.org/). The opening webpage
informed participants about the study’s purpose and duration
and invited them to a synaesthesia consistency test (see
electronic supplementary material). Next, participants gave
online informed consent. Subsequently, a synaesthesia screen-
ing questionnaire (5min), the AQ (10 min) and the GSQ
(10 min) were completed. After completing the GSQ, partici-
pants received feedback and clarifications on their AQ and
GSQ scores, including a general explanation about the ques-
tionnaires, comparisons of their own scores to normative data
and the information that the AQ was not a diagnostic instru-
ment. Instructions and weblinks to the motion coherence task
(5 min) and embedded figures task (10 min) were provided.
Feedback on the performance was given after each task. The
entire experiment took approximately 50 min.

Participants in the laboratory had a slightly different task
order. They started with the two experimental tasks (and an
added visual illusions task reported elsewhere [32]). Instruc-
tions were provided on paper and by the researcher. Next, the
synaesthesia consistency test, AQ and GSQ were completed.
If the allotted laboratory time was insufficient, the GSQ was
completed on a voluntary basis at home. At the end of
the laboratory session, participants were debriefed on the
research purpose and hypothesis.

(c) Questionnaires

(i) Synaesthesia screening questionnaire

Participants reported types of synaesthesia by ticking pre-set
boxes and free typing. If synaesthesia was reported, detai-
led questions on synaesthesia characteristics were presented
(e.g. ‘Since when have you experienced synaesthesia?’). Demo-
graphic and health-related questions were used to exclude
individuals with poor eye-sight, ASD/psychiatric conditions, etc.

(i) Autism Spectrum Quotient

The AQ assesses autistic traits in non-clinical populations [37]
and consists of 50 statements to which individuals agree
or disagree on a four-point Likert scale (e.g. ‘I tend to notice
details that others do not’, ‘I find social situations easy’). The
Dutch version (AQ-NL, [55]) uses the full Likert scale (slightly
(dis)agree to definitely (dis)agree) resulting in a minimum
score of 50 and a maximum score of 200; a score above 145 is
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within the ASD range. Aside from the cumulative score (AQ-
Total), the AQ has five subscales: Attention to detail, Social
skills, Communication, Attention switching and Fantasy. We
specifically hypothesized that synaesthetes would score
higher on AQ-Attention-to-detail [6,7] and AQ-Total [32].

Data analysis. AQ-Total and the five subscores were sub-
jected to ANCOVAs including Group as a between-subjects
factor and age as a covariate of no interest.

(iii) Glasgow Sensory Questionnaire

The GSQ consists of 42 questions (e.g. ‘Do you find certain
sounds and/or pitches annoying?’) assessing hypersensitiv-
ity and hyposensitivity across seven sensory modalities
(Visual, Auditory, Olfactory, Proprioceptive, Gustatory,
Tactile and Vestibular). Individuals with ASD or a high AQ
typically score higher [35]. We used the Dutch version
recently validated by Kuiper et al. [34]. We hypothesized
higher total GSQ scores for synaesthetes [6,7].

Data analysis. Total GSQ scores were analysed with an
ANCOVA including Group (between-subjects) and age
as a covariate of no interest. In an exploratory analysis, hyper-
sensitivity and hyposensitivity subscales for the seven
sensory modalities were subjected to a 2 x 7 repeated-measures
ANOVA with Group as between-subject factor and age as a
covariate of no interest.

(d) Visual tasks

(i) Motion Coherence task

On each 600-ms motion coherence trial, 200 white dots (diam-
eter, 0.15°) moved with a speed of 6° s™' across an 11.7 by
11.7 em grey square background (see electronic supple-
mentary material, figure S2). A subset of dots moved in a
coherent direction: participants indicated the direction of
coherent motion using arrow keys (right, left, up and
down). Individual dot lifetime was 60 ms, discouraging the
‘local’ strategy of tracking individual dots ([56]; see Simmons
et al. [12] for an overview of MC parameters in ASD studies).
Three staircase runs of 60 trials began with 50% of dots
moving coherently. After each correct trial, the coherence
level for the next trial was reduced logarithmically, dividing
by 10%%; if incorrect, the coherence level was multiplied by
10%1, making the task easier. The minimum motion coherence
level was close to 0, the maximum 1.0 (100% coherent dots).

The experiment was programmed in HTML 5 (HTML/
CSS/JavaScript) running in an Internet browser. The online
participants used their home devices to complete the task.
As arrow keys were needed for the response, we deduce
online participants completed the experiment on a device
with a keyboard. For the laboratory participants, the task
was run in Google Chrome and displayed on a 24" BenQ
screen (1920 x 1080 resolution) controlled by a Windows 7
Dell computer.

Data analysis. The end scores of the three staircase runs
(trials 60, 120, 180) were averaged to obtain an overall MCT
for each participant, defined as the percentage of coherent
dots necessary to detect the coherent motion.

(i) Embedded figures task

We implemented the Leuven Embedded Figures Test online
[50]. On each trial, a target stimulus was presented above
three embedding stimulus contexts (electronic supplementary

material, figure S3A), and the participants identified the
embedding context containing the target as fast and accurately
as possible using their mouse or touchpad. Error rates and
reaction times were recorded.

The 16 target stimuli consisted of 3, 4, 6 or 8 lines (elec-
tronic supplementary material, figure S3B, see also De-Wit
et al. [50], and see the Data Accessibility statement for how
to access the complete stimulus set). Half the targets were
closed forms, half were open forms; half were symmetric
and half asymmetric. The difficulty of target detection was
manipulated by modifying the number of target lines that
continued into the embedding context (0%, 34%, 64% and
100% of lines on average, electronic supplementary material,
figure S3C [50]). The 100% continuous condition was the
hardest. Sixteen target stimuli appeared once at each diffi-
culty level, resulting in 64 experimental trials. Participants
started with 12 practice trials. Visual feedback was given on
every trial (green or red border around chosen context),
and after an incorrect response, participants re-tried until suc-
ceeding. After trial completion, an arrow appeared allowing
the participants to continue to the next trial. The task took
approximately 10 min.

Targets and contexts consisted of dark grey line stimuli
on a white background (electronic supplementary material,
figure S3). The background screen was light grey. The exper-
iment was programmed in HTML 5 (HTML/CSS/]JavaScript)
running in an Internet browser. The online participants
used their home devices to complete the task, and for the
laboratory participants, the task was run in Google Chrome,
displayed on a 24’ BenQ screen (1920 x 1080 resolution) con-
trolled by a Dell Windows 7 computer.

Data analysis. Error percentages and reaction times were cal-
culated for each subject and stimulus condition. Reaction times
to incorrect trials and reaction time outliers of +2 s.d. from the
subject and condition mean were removed. The participants
performing more than 2 s.d. away from their group mean on
overall error rates or reaction times (RTs) were removed prior
to analysis.

3. Results Study 1

All statistical tests were two-sided and with a=0.05. The
descriptive statistics of all main dependent variables are
listed in electronic supplementary material, table S2.

(a) Autism Quotient

Our predictions were partly confirmed: synaesthetes (N =79)
scored significantly higher than non-synaesthetes (N =76)
on AQ-Attention-to-detail score (26.7 versus 23.9, Fj 15 =
9.46, p=0.002, n’% =0.059, figure 1), but not on AQ-Total
(110.7 versus 106.0, Fy 15, =2.37, p=0.126, nﬁ =0.015).

We explored group differences for the remaining AQ sub-
scales (figure 1). Synaesthetes scored lower on AQ-Fantasy
(18.4 versus 20.0, Fi15=5.11, p=0.025, ni =0.033) and
higher on AQ-Social skills (20.7 versus 19.4, F;15,="7.44,
p=0.007, n’% = 0.047). No differences were found for AQ-
Attention switching or AQ-Communication (all F;35,<1,
n.s.). Only the difference on AQ-Social skills survived Bonfer-
roni correction for multiple comparisons (corrected a = 0.01).

Several synaesthetes (N =8) and non-synaesthetes (N =2)
obtained an elevated AQ score of greater than 130 (below the
clinical cut-off of 145 but nonetheless elevated). This raises the
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possibility that our sample included individuals with ASD
without a formal diagnosis. To exclude the possibility that
our AQ group effects were driven by potential undiagnosed
individuals, we repeated the analyses without those 10 individ-
uals. The group effects remained: AQ-Attention-to-detail,
F114=8.33, p=0.005, n§ = 0.055; AQ-Social skills, F;142=
6.73, p=0.010, n% = 0.045. Both the effects survived Bonferroni
correction for multiple comparisons (corrected o= 0.01).

Dose effects of synaesthesia were found for AQ-Social skills:
individuals with more types of synaesthesia scored higher
(r79=0.243, p=0.031, 95% CI (0.039, 0.426)). This effect did
not survive correction for multiple comparisons across all five
subscales of the AQ. The other dose effects were not significant:
AQ-Total 17,9=0.154, p=0.17, AQ-Attention-to-detail 779 =
0.086, p=0.45, AQ-Communication 779=0.052, p=0.65; AQ-
Attention switching r;,9=0.179, p=0.11 and AQ-Fantasy
r79=—0.090, p = 0.43. This was contrary to our expectations of
synaesthesia dose effects on AQ-Attention-to-detail [7].

(b) Glasgow Sensory Questionnaire

As predicted, synaesthetes (N=74) scored higher than
non-synaesthetes (N = 62): 54.3 versus 46.5 (F;133=4.41, p=
0.038, 775 = 0.032). Overall, our sample’s GSQ scores are
higher than those of the normative population (33.5+14.5,
[34]), suggesting recruitment bias to our perceptual study.
Synaesthetes with high AQ-Total (greater than 130) scored
65.2+22.0 on the GSQ, in line with reported scores
for high-AQ, synaesthetic or diagnosed ASD individuals
(e.g. [7,34]).

As predicted GSQ scores correlated with AQ-Total across
the entire sample (r13, = 0.360, p < 0.001, 95% CI (0.227, 0.498))
and for both groups separately (synaesthetes r,4=0.351, p =
0.002, 95% CI (0.141, 0.544); non-synaesthetes rqp=0.329,
p=0.009, 95% CI (0.064, 0.514)). Correlations of AQ-Atten-
tion-to-detail and AQ-Social skills with GSQ scores were
explored because of group effects on these AQ subscales.
For synaesthetes, GSQ score correlated positively with
AQ-Attention-to-detail (r74 =0.460, p <0.001, 95% CI (0.247,
0.628); AQ-Social 74 =0.096, n.s.). For non-synaesthetes, the
AQ-Attention-to-detail correlation with the GSQ score
revealed a trend (rs;=0.223, p=0.081, 95% CI (-0.010,
0.406)), while AQ-Social skills correlated positively with the
GSQ score (16, =0.303, p=0.017, 95% CI (0.005, 0.568)).

For the GSQ hyper/hyposensitivity and sensory modality
subscores, group effects were explored (figure 2). A repeated-
measures ANOVA revealed no three-way interaction of
Sensitivity (hyper/hypo) by Sensory modality (7 subscales)
by Group (Fg 795 =1.56, p=0.16) and no Sensory modality x
Group interaction (Fg 795 = 1.57, p = 0.15), suggesting a similar
across-modality distribution for both groups. The Sensitivity
by Group interaction was significant (F; 133 =>5.13, p=0.025,
nf, = 0.037): synaesthetes scored higher on hypersensitivity
subscales (F; 133 =6.91, p =0.010, ng = 0.049) but not on hypo-
sensitivity subscales (F; 133 =1.47, n.s.). Exploration of group
effects on separate sensory modalities was not justified.

In both synaesthetes and non-synaesthetes, hypersensitiv-
ity and hyposensitivity scores (total scores collapsed over
modalities) correlated significantly, r7; =0.629, p<0.001,
95% CI (0.448, 0.774) and rs9=0.697, p<0.001, 95% CI
(0.487, 0.827), respectively. Using Fisher’s r to z transforms,
we compared the correlation coefficients between the two
groups and these did not differ (z=-0.67, p =0.50).

A marginal dose effect of synaesthesia on GSQ scores
(r74=0.223, p=0.056, 95% CI (0.010, 0.453)) suggests that
having more types of synaesthesia is associated with a
higher score (electronic supplementary material, figure S4A).

(c) Motion Coherence task

Fifty-one synaesthetes and 52 non-synaesthetes completed
the motion coherence task.> One synaesthete and one control
completed only two staircase runs but were retained in the
analysis. Serious task completion could not be verified for
four individuals with an MCT of 1.0, leaving 49 synaesthetes
and 50 non-synaesthetes for analysis. Overall, the MCT was
0.40 +0.23 indicating high task difficulty [12].

As hypothesized, the MCT was higher in synaesthetes
(0.45 versus 0.34, F; 96 =8.30, p=0.005, n’% = 0.080, figure 3):
synaesthetes needed more coherently moving dots to detect
the global direction of motion.

In synaesthetes, the MCT did not correlate significantly
with any AQ-(sub)scale (all r49 between (—0.103, 0.137), all
p>0.35), but correlated positively with GSQ scores (ryg=
0.471, p=0.001, 95% CI (0.241, 0.658)); synaesthetes who
scored high on the GSQ as an index of sensory sensitivity per-
formed worse on motion coherence. Correlations with the
MCT for the GSQ hypersensitivity and hyposensitivity
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scores of the synaesthetes were r45 =0.426, p=0.003, 95% CI
(0.194, 0.624) and r4ys=0417, p=0.003, 95% CI (0.175,
0.617), respectively, providing no indication that hypersensi-
tivity scores in particular were related to MCT performance.
For controls, the MCT did not correlate with any AQ-(sub)-
scale (all r5p between (—0.091, 0.079), all p>0.52) nor GSQ
score (r59 =0.036, n.s.).

There was a significant dose effect of synaesthesia on the
MCT (r49=0.309, p=0.031, 95% CI (0.000, 0.595), indicating
that individuals with more types of synaesthesia had a higher
MCT (poorer task performance, electronic supplementary
material, figure S4B).

(d) Embedded figures task

Forty-nine synaesthetes and 70 non-synaesthetes completed
the embedded figures task (EFT) with high accuracy (88.5 +
7.1% correct in 4.3 +2.7 s). No one responded unrealistically
fast (greater than 15% incorrect responses within less than

1.5s, see [50]). The reaction time outlier percentage was
49% (synaesthetes 52%, non-synaesthetes 4.7%). Five
synaesthetes and six non-synaesthetes were excluded for per-
forming more than 2 s.d. away from their group mean on
overall error rates or RTs. A speed-accuracy trade-off between
overall error percentages and overall RTs was present in both
groups, synaesthetes: r44 = —0.486, p <0.001, 95% CI (-0.649,
—0.292), non-synaesthetes: 154 =—0.536, p<0.001, 95% CI
(-0.701, —0.326).

We hypothesized that synaesthetes would outperform
non-synaesthetes on the EFT. We conducted a multivariate
repeated-measures ANOVA with error rates and reaction
times as dependent variables and the within-subjects factor
Continued lines (0%, 34%, 64% and 100%), the between-sub-
jects factor Group (synaesthetes and non-synaesthetes) and
age as a covariate of no interest. There was a main effect
of Continued lines (multivariate Fge30=12.9, p<0.001,
nf, =0.109) and an interaction of Continued lines with
Group, multivariate Fg 30 =2.14, p=0.047, 7;;2, = 0.020.

Univariate tests revealed that the error rates (figure 4a)
showed a main effect of Continued lines (F335=26.2, p<
0.001, 77127 =0.20), a Group x Continued lines interaction
(F3315=3.72, p=0.026, 171% = 0.034) and a marginal effect of
Group (Fy,105=3.79, p=0.054, 7;% = 0.35). Follow-up tests on
separate levels of Continued lines revealed that synaesthetes
made less errors on level 1 (3.7 versus 1.1%, F1,105=6.89, p=
0.010, nf, = 0.062) and level 4 (28.8 versus 20.1%, F; 105 =5.78,
p=0.018, nf, = 0.052) but not on level 2 or 3 (all Fy05<1,
n.s.). Thus, synaesthetes outperformed non-synaesthetes on
the easiest and hardest difficulty level.

Univariate tests of reaction times (figure 4b) showed no
main effects of Group or Continued lines (Fy105=2.88, p=
0.093, 17% = 0.027; F3315=0.923, p=0.361, respectively) and
no Group x Continued lines interaction (F33,5=0.755, p=
0.417). Increased RTs for synaesthetes in figure 4b are largely
explained by age, which correlated with RTs across our entire
sample (105 =0.605, p<0.001, 95% CI (0.326, 0.772)). Note
that age was a covariate in the analyses to control for age
effects and descriptive statistics are plotted in figure 4b
(without age correction).
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We explored correlations of EFT performance with AQ,
GSQ and MCT for overall EFT error rates and RTs. No corre-
lations were found for synaesthetes (all p>0.11) nor for
non-synaesthetes (p >0.24). There were no significant dose
effects of synaesthesia on the synaesthetes” EFT error rates
(r44 =—-0.072, n.s.) nor reaction times (44 = —0.012, n.s.).

(e) Subgroup analyses
We explored whether the type of synaesthesia(s) (only
grapheme-colour synaesthesia (N =29), synaesthesias includ-
ing SSS (N=21) and ‘other’ types (N=29)) influenced the
results. Age and number of synaesthesias were included as cov-
ariates of no interest in all analyses, and we analysed those main
dependent variables on which a significant group difference
between synaesthetes and non-synaesthetes was found.
Subgroup had a marginal effect on AQ-Attention-to-
detail (Fp74=2.51, p=0.088 and nf, = 0.064), but differences
between pairwise subgroups did not reach significance
(scores were 27.8, 27.3 and 25.3, respectively). Subgroup did
not affect AQ-Social skills (Fp74=0.158, n.s.) nor the GSQ
score (Fp,60 = 0.823 and p = 0.443). The MCT did differ between
the subgroups (Fy44=5.26, p=0.009 and nﬁ =0.19) with
grapheme-colour synaesthetes scoring better than sequence-
space (0.25 versus 0.48, F;,3=4.40, p=0.047 and nf, =0.16)
and ‘other’ synaesthetes (0.25 versus 0.56, F;3,=6.06, p=
0.019 and 17!2] = 0.16). The grapheme-colour subgroup did not
perform significantly better than non-synaesthetes (F; ;=
1.17 and p=0.284). Given that a dose effect of synaesthesia
was present for the MCTs (electronic supplementary material,
figure S4B) and the synaesthetes in the grapheme-colour sub-
group experienced only one form of synaesthesia, we
additionally compared all synaesthetes experiencing gra-
pheme-colour synaesthesia (N=59) with all other
synaesthetes (N =20) on the motion coherence task and
found no difference in performance (F; 44 =0.343, p=0.561).
This suggests the number of synaesthesia is the main factor
driving motion coherence performance. On the embedded
figures task, there was no main multivariate effect of subgroup
(F475=1.27, p=0.287), but there was a marginal multivariate
interaction of subgroup with difficulty (Fip034=1.70, p=
0.067, 17!2] = 0.080). Pairwise subgroups comparisons were not
significant for either the main effect or the interaction.

4. Methods Study 2: sequence-space
synaesthesia cohort

(a) Participants

Twenty sequence-space synaesthetes and 21 non-synaesthetes
took part in the experiment taking place in the laboratory.
Participation followed on a spatial navigation experiment
[57]. SSS was verified by means of an online screening ques-
tionnaire, a consistency test and a drawing test [57]. The
consistency test was a spatial computer task [58], in which
participants indicated the location of their synaesthetic
experiences [57]. Participants’ drawings of days, months
and numbers allowed verification of SSS by visual inspection
of the drawings’ characteristics. For details on SSS classifi-
cation, see fig. 7 and the supplementary material of Van
Petersen et al. [57].

One synaesthete’s SSS did not meet diagnostic criteria
and another synaesthete reported autism; one control reported
grapheme-colour synaesthesia. Therefore, 18 sequence-space
synaesthetes (mean age, 21.9 +4.62 years, 2 males) and 20
non-synaesthetes (mean age, 21.6+1.8 years, 2 males)
remained in the analyses. Age did not differ between groups
(t36=—0.302, n.s.). Five sequence-space synaesthetes reported
additional synaesthesias (e.g. grapheme-colour, day-colour),
but the majority experienced only SSS. Participants gave
informed written consent prior to participation and were com-
pensated with 15 euros or 1.5 credit points. The study was
approved by the ECSS at Radboud University, Nijmegen.

(b) General procedure

Questionnaires and visual tests were identical to Study 1. Par-
ticipants were invited to the laboratory on the basis of the SSS
screening questionnaire and first completed the consistency
test, drawing task and spatial navigation task as described in
Van Petersen et al. [57]. Next, the motion coherence task and
the embedded figures task were completed, running in
Google Chrome on a Dell Windows 7 computer with a 24’
BenQ screen (1920 x 1080 resolution). Task settings and instruc-
tions were identical to those of Study 1. If time permitted,
the AQ and GSQ were completed in the laboratory (partici-
pants were paid for 1.5 h); otherwise, participants voluntarily
completed the questionnaires at home. One sequence-space
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synaesthete did not complete the questionnaires. Dose effects of
synaesthesia were not considered in Study 2 because
participants predominantly experienced only SSS.

5. Results Study 2

All statistical tests were two-sided and with a=0.05. The
descriptive statistics of the main dependent variables are
listed in electronic supplementary material, table S3.
Additional correlation analyses for the GSQ, motion coher-
ence and embedded figures task are summarized in the
electronic supplementary material.

(a) Autism Quotient

Sequence-space synaesthetes scored numerically higher on
AQ-Total and AQ-Attention-to-detail (104.6 versus 102.7
and 23.9 versus 22.2, respectively, electronic supplementary
material figure S5), resembling the results of Study 1, but
group differences were not significant (AQ-Total, t35=—-0.518,
ns.; AQ-Attention-to-detail, f35=-1.23 and p=0.23). There
were no group differences on any other AQ subscale (all
t35<1) except for a trend on AQ-Fantasy (synaesthetes,
18.5; non-synaesthetes, 20.1; t35 =1.67 and p = 0.10).

(b) Glasgow Sensory Questionnaire

As predicted, GSQ scores were higher in sequence-space
synaesthetes (47.9 versus 42.6), replicating Study 1, but the
group difference was not significant (t35=-1.03, p=0.29,
electronic supplementary material, figure S6). For an explora-
tory analysis of hyper/hyposensitivity and sensory modality
subscales, see electronic supplementary material.

(c) Motion Coherence task

Questionable data of one control were removed (MCT of 1.0
with fast reaction times), leaving 18 sequence-space synaesthetes
and 19 non-synaesthetes for analysis. One synaesthete and one
control completed only two staircase runs but were included
in the analysis. Overall, the MCT was 0.33 +0.17. Contrary to
our expectations, sequence-space synaesthetes outperformed
non-synaesthetes (figure 5), displaying lower MCTs (27.1
versus 39.2% coherent dots, ¢35 =2.26, p=0.031).

(d) Embedded figures task

Eighteen sequence-space synaesthetes and 20 non-synaesthetes
completed the embedded figures task (accuracy 89.5+6.2%
in 3.15+1.29s). No one responded unrealistically fast [50].
The reaction time outlier percentage was 5.6% (synaesthetes,
54% versus non-synaesthetes, 5.8%). Two synaesthetes
and two non-synaesthetes were excluded for performing
more than 2 s.d. away from their group mean on overall
error rates or RTs. A speed-accuracy trade-off between overall
errors and overall reaction times was significant for sequence-
space synaesthetes (116 =—0.626, p = 0.009 and 95% CI (-0.859,
—0.289)), and marginal for non-synaesthetes (rig=-0.452,
p=0.060 and 95% CI (-0.756, —0.037)).

A multivariate repeated-measures ANOVA with error
rates and reaction times as dependent variables was run
with within-subject factor Continued lines (0, 34, 64 and
100%) and between-subject factor Group (sequence-space
synaesthetes

and non-synaesthetes). The multivariate
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Figure 5. Motion coherence thresholds for sequence-space synaesthetes (N =
18) and non-synaesthetes (N = 19). *p < 0.05. Error bars denote the standard
deviation. Individual participants’ thresholds are indicated by diamonds
(synaesthetes) and triangles (non-synaesthetes). (Online version in colour.)

analysis revealed a main effect of Continued lines (Fg 192 =
22.85, p<0.001 and nﬁ = 0.42), but no Continued lines by
Group interaction (Fg19,=0.978 and p=0.44). Univariate
analysis on the error rates (figure 6a) revealed a main effect
of Continued lines (F3 96 =54.7, p <0.001 and 17;2, = 0.63) and
a marginal effect of Group (Fi3,=329, p=0.079 and
nf, =0.093), but no interaction (Fz395=1.88, p=0.17 and
nf, =0.055). Thus, increased with difficulty;
synaesthetes numerically made fewer errors than non-

errors

synaesthetes. For univariate reaction times (figure 6b), there
was a main effect of Continued lines (F3q5=>50.9, p <0.001
and nf, = 0.61), no main effect of Group (F;3,=0.381, p=
0.541) and no interaction (F3 9 = 0.257 and p = 0.724), indicat-
ing reaction times increased with difficulty but did so
similarly for both groups.

6. Discussion

We hypothesized that synaesthetes would display atypical sen-
sory sensitivity and atypical sensory perception akin to
individuals with ASD. We assessed autistic traits, sensory sen-
sitivity and visual perception in synaesthetes. In Study 1, a
large heterogeneous group of synaesthetes showed enhanced
autistic traits (Autism Quotient), atypical sensory sensitivity
(GSQ), decreased global motion processing (Motion Coherence
task) and enhanced processing of local elements (embedded
figures task). The findings resemble atypical sensory sensiti-
vity and a bias towards local perception as reported for
autism, suggesting that synaesthetes share these atypicalities.
In Study 2, most findings were replicated qualitatively in
sequence-space synaesthetes, but group differences with non-
synaesthetes were non-significant; on the motion coherence
task, sequence-space synaesthetes unexpectedly performed
better than non-synaesthetes. We discuss the results in more
detail below.

(a) Questionnaires

On the Autism Quotient, synaesthetes (Study 1) scored higher
on the Attention-to-detail subscale, fitting with characteristics
of perception in ASD and with previous reports of enhanced
AQ-Attention-to-detail in synaesthetes [6,7,33]. The result
strengthens the hypothesis of shared atypical perception in
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Figure 6. (a) Embedded figures task error rates and (b) reaction times for sequence-space synaesthetes (N = 16) and non-synaesthetes (N = 18). Error bars denote
the standard deviation. The x-axis denotes increasing levels of task difficulty. (Online version in colour.)

synaesthesia and autism. Unexpectedly, synaesthetes also
scored higher than non-synaesthetes on AQ-Social skills. In
Ward et al. [7], synaesthetes scored significantly higher than
controls on “AQ-Other'—all AQ subscales except Attention-
to-detail. However, as far as we know, a higher synaesthete
score on AQ-Social skills specifically has not been reported.
This reminds us that the entire synaesthesia phenotype
should be considered when looking for commonalities with
autism. It is noteworthy that a possible dose effect of synaesthe-
sia emerged only for AQ-Social skills (even though this did not
survive corrections for multiple comparisons), suggesting that
having more types of synaesthesia increases the vulnerability
to specific autism symptomatology [7]. The AQ is a self-
report measure of autistic traits and not a diagnostic tool
assessing autism. So far, all synaesthete studies have used the
AQ: it would be informative if future research would deploy
other measures of autism symptomatology such as the
Social Responsiveness Scale [59] or structured diagnostic
observations or interviews (ADOS [60] or ADI-R [61]).

On the GSQ), synaesthetes (Study 1) obtained a significantly
higher total GSQ score, resembling atypical sensory sensitivity
to the environment in autism. Synaesthetes specifically scored
higher than non-synaesthetes on hypersensitivity subscales,
suggesting that atypical sensory sensitivity in synaesthetes
mainly manifests as hypersensitivity; in Ward et al. [6], how-
ever, both hypersensitivities and hyposensitivities were
present. The pattern of responses across the sensory modalities
was similar in synaesthetes and non-synaesthetes (e.g. higher
subscores for the auditory modality, lower scores for the vestib-
ular modality), and followed patterns expected from previous
studies using the GSQ [34-36]. Our high-AQ synaesthetes
scored in accordance with the literature on high-AQ individ-
uals (clinical or synaesthetes). Altogether the GSQ responses
from our synaesthetes appear reliable and confirm atypical
sensory sensitivity in synaesthetes.

In Study 2, the autistic-like profile of the Study 1
synaesthetes was not replicated, although sequence-space
synaesthetes did score numerically higher on the AQ and
GSQ subscales. One reason for the absence of any group differ-
ences could be the smaller sample size of Study 2 (18 versus
79 synaesthetes). Detecting rather subtle effects is more difficult
in a smaller population. Second, most participants in Study 2
had only one form of synaesthesia, namely SSS. Because
of the dose effects [7], individuals with only one type of

synaesthesia may display less autistic-like perception than
individuals with multiple types. Indeed, Study 2 synaesthetes
experienced on average 1.33+0.59 forms of synaesthesia,
a lower ‘dose’ than Study 1 participants (1.89+1.0). In
Mealor et al. [33], sequence-space synaesthetes (N=121)
scored higher than grapheme-colour synaesthetes (N =43) on
local/global perceptual questions, and in Ward et al. [6],
sequence-space synaesthetes scored numerically higher than
grapheme-colour synaesthetes on AQ-Attention-to-detail.
These findings suggest studying these characteristics in a
larger sample of sequence-space synaesthetes would be relevant.

(b) Visual perception
On the embedded figures task, synaesthetes in Study 1 outper-
formed non-synaesthetes on accuracy but not on reaction
times, similar to Ward et al. [7]. These results mirror enhanced
performance of individuals with ASD on this task (e.g. [38,39]),
which is the general consensus in the ASD literature even
though not all studies—especially those on adults—find that
individuals with ASD perform better [12,42,62]. In our study,
synaesthetes made fewer errors than non-synaesthetes on the
easiest and hardest difficulty levels, where either no target
lines (easiest) or all lines (hardest) continued into the embed-
ding context. In the hardest condition, the task required
considerable effort (as indicated by an error percentage of
approx. 25%, figure 4) and enhanced attention to local elements
may have benefitted the synaesthetes. Our hardest difficulty
level seems to match best with the difficulty level of the task
in Ward et al. [7], with error percentages above 20% and reac-
tion times around 8s. Together, our studies suggest that
synaesthetes benefit the most when the task is hard. It should
be noted, however, that in our study, non-synaesthetes also
made more errors on the easiest difficulty level, while they
did not on the intermediate difficulty levels. A possible expla-
nation may be that non-synaesthetes emphasized speed during
the task: in exploratory group comparisons of reaction times,
non-synaesthetes were significantly faster than synaesthetes
only at difficulty level 1. Emphasis on the speed can, however,
not explain why non-synaesthetes made more errors at
difficulty level 4, the hardest condition.

Our non-significant Study 2 results on the embedded
figures task suggestively corroborate the results of Study 1.
Sequence-space synaesthetes performed numerically better

¥2006L07 FLE g 20 Y “subil pyd  qisi/jeuinol/biobuiysigndKiaposjefo H



than non-synaesthetes on the most difficult task levels, and
the group difference with non-synaesthetes was marginal
(p=0.079) at identical reaction times. The similarities with
Study 1 can be seen when comparing figures 4 and 6. These
findings support the conclusion that synaesthetes outperform
non-synaesthetes on the embedded figures task and show
enhanced processing of local visual elements.

The increased MCTs for synaesthetes (Study 1) are in line
with increased motion thresholds in ASD (e.g. [23,24,45]).
Whether individuals with autism specifically show enhanced
perception of detail or whether global processing deficits are
also present is under discussion [11,13,15]. From a meta-analy-
sis, it appears that global visual processing mostly takes more
time and effort for individuals with autism and is especially
affected when low-level information is incongruent with the
global level [17]. Difficulties with global motion processing,
however, have proven rather robust [12,15,63], even though
there are exceptions [46,48]. In our task, the short individual
dot lifetime (60 ms) forced the participants to use global
motion information [56] and ensured that a bias towards
local perception (and slower global processing) would result
in higher motion thresholds. Moreover, in this task, indeed,
the low-level information in many of the individual dots is
incongruent with the global direction of motion.

The elevated thresholds for synaesthetes corroborate an ear-
lier study on N = 10 colour synaesthetes [22]. To our knowledge,
our study is the first to replicate this finding in a much larger
sample of synaesthetes (N'=79). Ward et al. [49] showed that
in N =34 synaesthetes, sequence-space synaesthetes (N =22)
performed Dbetter than those without it. In our Study 2,
sequence-space synaesthetes also displayed enhanced perform-
ance—lower thresholds—on the motion coherence task. It is
possible that motion deficits are less pronounced in sequence-
space synaesthetes because of the specific type of synaesthetic
experiences this entails. We also suggest a role for dose effects
of synaesthesia, given that our subgroup analyses revealed
that grapheme-colour synaesthetes with only one form of
synaesthesia performed better than the other synaesthetes,
and individuals with more types of synaesthesia displayed
higher MCTs (electronic supplementary material, figure S4B).
This figure shows that Study 1 synaesthetes with only one
type of synaesthesia (e.g. also the grapheme-colour synaesthe-
sia subgroup) score within the range of Study 1 controls
(figure 4). Given that most sequence-space synaesthetes of
Study 2 experienced just one type of synaesthesia, their MCTs
could be relatively low for that reason. More generally, our
motion coherence task comprised fewer trials (180) than pre-
vious studies because it was run online; it needed to be fast.
Also, our task was rather difficult as indicated by relatively
high MCTs compared to earlier studies [12].

Future studies could assess perception in synaesthetes with
additional local/global tasks such as visual illusions (e.g.
Ebbinghaus and Miiller-Lyer illusions) [32,64] or Navon para-
digms with hierarchical local/global stimuli [65]. Future
studies will have to show whether enhanced processing of
detail in synaesthetes is as pronounced as in autism and
whether only local biases [17] or additional global processing
deficits play a role.

Could synaesthesia and autism be explained by a similar
underlying neural mechanism? There is evidence of local

hyperconnectivity in both synaesthesia [66,67] and ASD [ 10 |

(e.g. [68,69]) with reduced long-range connectivity and
enhanced recruitment of ventral-occipital areas during
performance of visual tasks (e.g. [67,70]). This could explain
why synaesthetes and individuals with autism excel at
visual tasks in which global contexts, involving long-range
feedback, have to be ignored. Relatedly, for both synaesthesia
[18,20] and autism [56,71,72], atypical responses in the parvo-
cellular visual system have been reported, which is important
for processing spatial detail and colours. Hyperresponsivity
of the parvocellular system fits with enhanced perception of
details in both synaesthesia and autism and the many
forms of colour synaesthesias [1].

Another potential mechanism contributing to both condi-
tions could be a disrupted balance in excitation and inhibition
in the brain [73,74]. For autism, excess excitation has been
reported with hyper excitability of the cortex leading to
increased vulnerability to epilepsy [73]. Grapheme-colour
synaesthesia is associated with hyperexcitable visual cortex
[74,75]. Cortex that is easily excited leads to higher than
normal noise levels during cortical processing, which can
disrupt development because cortical selectivity comes about
through balanced excitatory and inhibitory processes. Oversen-
sitivity to sensory stimulation can result from hyperexcitable
cortex. Relatedly, enhanced local clustering and diminished
global brain connectivity has been reported for synaesthesia [66].

Recently, various psychiatric disorders including autism
have been interpreted in a predictive coding framework
[76-81], which is able to account for a wide variety of autism
characteristics. Predictive coding involves active predictions of
sensory inputs by the brain (priors), which are updated by
actual sensory input that matches or does not match the predic-
tion (prediction error). Predictive coding theories of autism
propose that either predictions are too weak [78] or error signals
(sensory input) are invariantly interpreted as strong and impor-
tant [79]. Both accounts predict perception in individuals with
autism to be dominated by feedforward, excitatory sensory
input. In synaesthete development, hyperexcitable cortex can
similarly lead to aberrant weighting of sensory input. Future
(modelling) studies could attempt to explain both autism and
synaesthesia within the predictive coding framework.

Females were overrepresented in all groups in our sample, as
often is the case in synaesthesia studies (e.g. [6,7,57]) even
though synaesthesia is equally prevalent in men and women
[1]. Gender is relevant because AQ is typically higher in
males [37,55]. With fewer males in our samples, we may under-
estimate the absolute elevation of AQ in synaesthetes.
Exploring AQ scores across gender in synaesthetes (Study 1),
we confirmed that males (N =8) scored higher than females
(N'=71) across all subscales and significantly higher on AQ-
Total (123.6 versus 109.3; t;7 =2.58, p=0.012) and AQ-Social
skills (25.5 versus 21.6; t;7 =2.15, p = 0.035).

Details of the recruitment method may limit the general-
izability of our study. Many of our participants were
recruited via advertisements in popular science media and
through the university. It is therefore no surprise that the
vast majority of our participants reported high levels of edu-
cation. In this respect, our sample is not representative of the
wider population and future studies could attempt to recruit
from a wider variety of locations. Another potential influence



of recruitment is that the studies were advertised as related
to perception and the senses (especially Study 1). Attracting
participants interested in perception may have stacked the
deck against finding group differences.

Individual differences in the spatial location of synaesthetic
experience may also influence experimental outcomes. Associa-
tor synaesthetes experience their synaesthesia ‘in the mind’s
eye’, while projectors experience their synaesthesia in a location
in space, for instance, overlaid on the inducing stimulus [82,83].
Projectors show behavioural and neurobiological differences
compared to associators (e.g. [82-85]), including greater
reliance on the visual cortex for their synaesthetic experience.
Visual atypicalities of the kind studied here may be more pro-
nounced in projector synaesthetes and may influence findings
with regard to the relationship between synaesthesia and
autism. This is an important area for future research.

Online testing, though important for increasing sample
size, also brings its own limitations: there is less direct control
of task completion and compliance with instructions. We took
the usual precautions to inspect all data gathered online for val-
idity (e.g. reaction time checks on the EFT data and visual
inspection of all MCT staircases), and included a second
cohort of synaesthetes tested in the laboratory (Study 2) allow-
ing cross-validation. Any noise in the data due to online testing
would not facilitate finding group differences, so if anything
this has made the findings reported here more conservative.

7. Conclusion

We have presented evidence that synaesthetes have a percep-
tual style that is characterized by atypical sensitivity to the
environment and enhanced attention to details. This pattern
resembles perception in autism. We add to the growing body
of literature showing synaesthesia and autism share perceptual
characteristics and encourage future research on this relation.
Understanding why synaesthesia is so prevalent in autism
may reveal common mechanisms. Awareness of synaesthesia
in ASD may improve therapies: could synaesthesia function
as a biomarker facilitating recognition of particular autism
subtypes, for instance, individuals with strong hyper-
sensitivities? Differences in functional connectivity patterns
in the brain have been linked to autism subtypes with certain
brain—behaviour relationships [86]; synaesthesia could, for
instance, relate to one of these subtypes. Recognizing
synaesthesia in individuals with autism (for instance, by
means of a simple questionnaire) can bring clarity about
sensory symptoms. Moreover, (multiple) synaesthesia(s) may
alert carers to the possibility of autism, aiding ASD diagnosis,
for instance, in females where ASD diagnoses are often missed
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