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a b s t r a c t

Recent research into synaesthesia has highlighted the role of learning, yet synaesthesia is clearly a ge-
netic condition. Here we ask how can the idea that synaesthesia reflects innate, genetic differences be
reconciled with models that suggest it is driven by learning. A number of lines of evidence suggest that
synaesthesia relies on, or at least interacts with, processes of multisensory integration that are common
across all people. These include multisensory activations that arise in early regions of the brain as well as
feedback from longer-term cross-modal associations generated in memory. These cognitive processes
may interact independently to influence the phenomenology of the synaesthetic experience, as well as
the individual differences within particular types of synaesthesia. The theoretical framework presented
here is consistent with both an innate difference as the fundamental driver of the condition of sy-
naesthesia, and with experiential and semantic influences on the eventual phenotype that emerges. In
particular, it proposes that the internally generated synaesthetic percepts are treated similarly to other
sensory information as the brain is learning the multisensory attributes of objects and developing cross-
modal associations that merge in the concept of the object.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

A synaesthetic episode is one in which a conscious, secondary
sensory experience is induced by the perception of a veridical
stimulus in the environment. This induced experience almost al-
ways occurs in a different sensory modality or sub-modality of the
stimulated sensory system (e.g. letters can induce colours but
there are no known cases of letters inducing other letters or
words). In rare cases, the inducing stimulus may be affective (e.g.
emotions can induce sounds) or conceptual (personalities induced
by numbers) rather than sensory per se. Synaesthetic experiences
can be induced by hallucinogenic drugs (Luke and Terhune, 2013)
or arise after injury (e.g., Ro et al., 2007), but the phenomenology
of these experiences differs substantially from that of develop-
mental synaesthesia (Sinke et al., 2012), on which we focus here.

The prevalence of synaesthesia in the population is thought to
be about 4%, although this proportion is constantly being revised
upwards (Ward, 2013). Synaesthetic experiences are known to be
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involuntary, stable over a lifetime (although see Simner et al.,
2009), and highly specific. Developmental synaesthesia can be
expressed in a wide variety of ways and present in diverse forms.
These include well-known forms like coloured hearing, coloured
letters or numbers, number forms (or spatial sequences), forms
involving smell or taste, such as tasting words or taste-to-shape
synaesthesia, as well as more conceptual forms such as personi-
fication of numbers, and forms that lack the normal arbitrariness
of associations such as visualised speech or mirror-touch
synaesthesia.

A recurrent question in relation to synaesthesia is whether it
represents a truly distinct phenomenon, qualitatively different
from typical perception, or reflects instead an amplification or
exaggeration of normal processes of multisensory integration
(Deroy and Spence, 2013a; Ward et al., 2006). A related question
concerns the extent to which particular synaesthetic associations
arise arbitrarily through intrinsic neural mechanisms or are driven
instead by experience and learning in ways that may be common
to all people (Watson et al., 2014). Both of these questions bear on
what is arguably the central question in the field: why do some
people have synaesthesia while most do not? The answers to these
questions thus determine fundamentally how we conceive of
synaesthesia.

On the one hand, synaesthesia represents a dichotomous
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phenotype – people are relatively easily categorised as sy-
naesthetes or non-synaesthetes. Moreover, the condition is clearly
genetic in origin, often running in families with a Mendelian
pattern of inheritance (some members clearly having the condi-
tion, others clearly not) (Asher et al., 2009; Barnett et al., 2008;
Baron-Cohen et al., 1996; Galton, 1883; Rich et al., 2005; Ward and
Simner, 2005). The primary answer to the question of why some
people have synaesthesia is therefore that they inherit a genetic
variant that strongly predisposes to the condition. This argues for
some intrinsic difference as a necessary starting point in explain-
ing the condition and against a model where general cognitive
processes are sufficient to explain it.

On the other hand, a number of lines of evidence suggest that
whatever is happening in synaesthesia, it relies on or at least in-
teracts with processes of multisensory integration that are com-
mon across all people. These include both low-level multisensory
activations as well as longer-term cross-modal learning. Moreover,
the relative influence of each may determine the phenomenology
of the synaesthetic experience, as well as the individual differ-
ences within particular types of synaesthesia.

First, there is strong evidence that most areas of what has been
deemed unisensory cortex are in fact essentially multisensory,
with extensive anatomical cross-connectivity and at least some
modulatory inputs from other modalities providing credible sub-
strates for cross-sensory interactions (e.g. Ghazanfar and Schroe-
der, 2006; Driver and Noesselt, 2008). Moreover, such interactions
may be revealed in situations of sensory deprivation or drug-in-
duced states. Here we consider whether florid forms of sy-
naesthesia, which involve early cross-sensory interactions, can
arise from an exaggerated form of normal multisensory processes
or represent a discrete phenotype. We also consider whether the
synaesthetic experience is an indicator of generally enhanced
multisensory integration in people with the condition.

Another line of evidence supports the idea that normal cross-
modal processes are involved in synaesthesia, but at a higher level,
involving semantic memory. For any form of synaesthesia, the
particular associations that emerge between inducers and con-
currents are idiosyncratic and tend to be dominated by apparent
arbitrariness in any individual. However, by looking across many
synaesthetes, it is possible to discern clear trends in such pairings,
for example between particular letters and their synaesthetic
colours. In English speakers, the letter B may be more commonly
blue than other colours (perhaps 30% of the time) and the letter Y
more commonly yellow (as high as 50% of the time) (Barnett et al.,
2008; Rich et al., 2005). It is even apparent that, for some sy-
naesthetes, all of their colour-letter pairings are derived from ex-
perience with childhood toys, such as refrigerator magnets (Wit-
thoft and Winawer, 2013; Witthoft, 2015). Similarly, for many sy-
naesthetes with number forms, the numbers 1 to 12 are arranged
in a circle like a clock face (Galton, 1883). Many word-taste pair-
ings can also be explained by semantic associations, such as
“Cincinnati” tasting of cinnamon and “Barbara” tasting of rhubarb
(Simner, 2007).

There are thus clear experiential, cultural and semantic influ-
ences on the particular pairings that emerge in developmental
synaesthesia. Some theorists have argued that such trends de-
monstrate that synaesthesia is caused by learning. For example, it
has been claimed that “semantic mechanisms may be responsible
for generating some forms of synaesthesia” (Mroczko-Wasowicz
and Nikolić, 2014), or that “synaesthesia could be due to associa-
tive learning” (Yon and Press, 2014). The latter reference goes on to
speculate that “the atypical correspondences seen in synaesthesia
could be accounted for if this group are “fast learners” – requiring
fewer pairings or weaker contingencies to form associations be-
tween stimulus features”. Watson and colleagues go even further,
proposing that “synaesthetic associations are not merely learned,
but learned for strategic purposes” (original emphasis) (Watson
et al., 2012), and that advantages in learning explain why sy-
naesthesia arises. Price and Pearson (2013) similarly suggest that
sequence-space synaesthesia may arise due to active visual ima-
gery which aids in learning sequenced stimuli. These kinds of
hypotheses have been presented as an alternative to models based
on cross-activation or disinhibition between cortical areas
(Mroczko-Wasowicz and Nikolić, 2014) or as “challenging a view
that synaesthesia requires unusual hard-wired cross-associations
between certain brain areas” (Asano and Yokosawa, 2013).

How can the idea that synaesthesia reflects innate, genetic
differences be reconciled with models that suggest it is driven by
learning? Here we develop a theoretical framework showing that
these two models are quite compatible (previously sketched out in
Barnett et al. (2008) and Mitchell (2013)). We argue: (i) that the
predisposition to develop synaesthesia at all is genetic and innate;
(ii) that the particular form and the pairings that emerge are dri-
ven largely by idiosyncratic connectivity differences; but (iii) that
because the processes through which such pairings consolidate
over time involve normal mechanisms of cross-modal learning and
categorical perception, the outcome can also be influenced by
experience. Whilst there is little evidence to support the strong
claim that synaesthesia is caused by learning, the emergence of
synaesthetic associations may provide an illustrative model of how
bottom-up multisensory interactions and top-down semantic as-
sociations converge to drive patterns of object knowledge.

Although it is important to provide a model of synaesthesia
which, in principle, maps on to all different forms, there is a strong
argument for studying the role of visual processes that underpin
the synaesthetic experience as a means to understand general
mechanisms. For example, although it is thought that there are
between 60–150 different types of synaesthesia (www.daysyn.
com; Simner, 2012; Simner, 2013) there are differences in the
frequency of sub-types of synaesthesia, with grapheme-colour
synaesthesia being the most common form. One consistent pat-
tern that emerges is that, whereas both vision and audition are
most likely to be the main sensory modalities that induce the
synaesthetic experience, visual concurrents are the most common
(Niccolai et al., 2012; Novich, 2011). Therefore, by elucidating the
nature of interactions which occur within the visual system, these
may be generalisable to other forms.
2. Low-level multisensory interactions

Perception is a fundamental function of the brain and it in-
volves the ability to encode, assimilate and integrate relevant
sensory inputs for the purpose of recognition or action. Our ability
to maintain a coherent perception of the world critically depends
on the efficient integration of task-relevant information across the
sensory modalities in the brain whilst ignoring irrelevant sensory
information. It has become increasingly evident, on the basis of
behavioural, neuroimaging and neurophysiological studies (e.g.
James and Stevenson, 2012; Stein and Meredith, 1993), that the
human brain does not process these sensory inputs in isolation but
that perception is based on the combination and integration of
relevant sensory inputs from the environment (e.g. Ernst and
Bülthoff, 2004; Alais et al., 2010). What is surprising, however, is
the consistent finding, from a broad range of studies, that these
multisensory interactions may arise directly, at early stages of in-
formation processing in the brain such as from the thalamocortical
pathways (Liang et al., 2013), or at the level of primary cortices
(Foxe and Schroeder, 2005; Giard and Peronnet, 1999; Qin and Yu,
2013) and are not necessarily attributed to feedback from asso-
ciation areas of the brain. The idea that such interactions may be
always present but not always consciously accessible is reinforced
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by the activation of primary visual areas in blind or blindfolded
individuals (Bavelier and Neville, 2002; Striem-Amit et al., 2012;
Merabet et al., 2008), or primary auditory areas in deaf individuals
(e.g. Karns et al., 2012) and by the phantasmagoric audiovisual
synaesthetic experiences associated with certain hallucinogens,
such as lysergic acid (LSD), psilocybin or mescaline (Schmid et al.,
2014; Sinke et al., 2012). The existence of such phenomena has led
some researchers to propose that synaesthesia represents an ex-
aggerated form of these processes (Brogaard, 2013 but see Luke
and Terhune, 2013).

However, drug-induced synaesthetic experiences have quite a
different phenomenology, tending to involve florid, detailed and
complex visual experiences induced by sound, especially music
(Deroy and Spence, 2013b; Sinke et al., 2012). By contrast, devel-
opmental synaesthesia is characterised by more stable and sedate
cross-sensory pairings of particular stimuli with particular addi-
tional percepts or conceptual attributes. Although there are early
cross-sensory interactions that can, under unusual circumstances,
drive visual experiences, the phenomenology of such experiences
is quite different from developmental synaesthesia and the idea
that developmental synaesthesia is driven by more exaggerated
forms or more consciously accessible forms thus remains
unproven.
Fig. 1. Plot showing reduced susceptibility to the sound-induced flash illusion be-
tween the younger (N¼8; mean age 26.4) and older (N¼3; mean age 57.3) sy-
naesthete participants in the Bargary (2008) study [*po0.05]. There was no differ-
ence across older and younger non-synaesthetes groups matched for age with the
synaesthete groups (Bargary, 2008).
3. Are common multisensory interactions generally enhanced
in synaesthetes?

It is possible that the apparent specificity of the phenomenon of
synaesthesia is misleading and that synaesthesia is merely one in-
dicator of more widespread differences in brain connectivity and
function. There is some evidence, from across a number of neuroi-
maging (EEG, MRI etc.) studies, for widespread brain and behavioural
differences between adult synaesthetes and non-synaesthetes that
are not necessarily associated with the synaesthetic experience itself
(however, see Hupé and Dojat (2015), for important caveats relating
to MRI studies in particular). A number of studies have found
structural differences between the brain of synaesthetes and non-
synaesthetes, with synaesthetes showing greater volumes of areas of
gray or white matter or greater fractional anisotropy within certain
white matter tracts than controls (Rouw et al., 2011; O’Hanlon et al.
2013; Jäncke et al., 2009; Rouw and Scholte, 2007, 2010; Weiss and
Fink, 2009). Such differences are considered widespread, extending
from ventral-occipital areas to frontal regions. A study of structural
connectivity patterns also found global network topology was sig-
nificantly different between synaesthetes and controls, with sy-
naesthetes showing increased clustering, suggesting global hy-
perconnectivity (Hänggi et al., 2008).

Consistent with these findings, Barnett et al. (2008) reported
differences in early sensory-perceptual processing in grapheme-
colour synaesthetes compared to non-synaesthete controls as re-
vealed by visual evoked potentials (see also Niccolai et al., 2012).
Enhanced excitability of the primary visual cortex in grapheme-
colour synaesthetes was also demonstrated by TMS (Terhune et al.,
2011). These widespread differences in neuronal processing may
be functionally relevant: enhanced perceptual ability is reported in
synaesthetes (Banissy et al., 2009) as well as more vivid imagery
(Spiller et al., 2015) even for stimuli not implicated in their sy-
naesthesia (Barnett and Newell, 2008). Synaesthesia is also asso-
ciated with increased scores of positive and negative schizotypy
(Banissy et al., 2012), indicating a general tendency to make
unusual cognitive associations. The condition has also been re-
ported as being significantly more common in people with autism
spectrum disorders (Baron-Cohen et al., 2013; Neufeld et al., 2013),
indicating that synaesthetic experiences can indeed arise as one
aspect of a broader phenotype.
An important question, then, is whether the kinds of cross-
modal experiences that characterise synaesthesia reflect a more
general tendency of increased multisensory integration. Indeed,
one possible model would suggest that differences in such early
processes might percolate upwards and drive the experience of
synaesthesia at higher levels. Several groups have investigated this
question, particularly in grapheme-colour synaesthetes, with in-
consistent results.

The test typically adopted to measure multisensory function is
the sound-induced flash illusion, or ‘SIFI’ (Shams et al., 2000). The
illusion occurs when the presentation of a single visual flash, when
accompanied by two auditory ‘beeps’ in succession, results in the
perception of two flashes. Susceptibility to the illusion, across
different temporal delays between the auditory beeps, is used as a
measure of multisensory function. Inconsistent findings have been
reported suggesting that synaesthetes are more (Brang et al., 2012)
or less (Neufeld et al., 2012) susceptible to this illusion at short
temporal intervals between the beeps. In contrast again, Whit-
tingham et al. (2014) and Bargary (2008) reported no differences
in susceptibility to the SIFI between synaesthetes and non-sy-
naesthetes, across a broad range of temporal intervals. It is not
clear what is the basis of these discrepancies, although the lack of
consistency in the results across studies suggests that these group
differences in multisensory processing are not reliable. The results
may be driven by small differences in the characteristics of the
synaesthete populations recruited across studies. For example,
although all four studies recruited mainly grapheme-colour sy-
naesthetes, Whittingham et al., and Neufeld also included some
colour-hearing synaesthetes in their sample, and details of any
other synaesthetic experiences were not provided. It may be
possible that different types of synaesthesia may affect whether
multisensory integration is observed for specific sensory interac-
tions or more broadly. Furthermore, we noticed that there was a
marked age difference in the synaesthetes recruited across studies
from young adults only in the Brang et al. (2012) study to a
broader range of ages including older adults in the other studies. It
is possible, on the basis of previous findings (e.g. Hillock et al.,
2011; Mahoney et al., 2011), that the ageing process has an effect
on multisensory function. Indeed, when the data from the Bargary
(2008) study were grouped for age, although sample sizes were
small, there was some evidence for reduced susceptibility to the
SIFI in the older than in the younger synaesthete adults (see Fig. 1).
This finding of reduced susceptibility is consistent with that re-
cently reported in a synaesthete sample by Whittingham et al.
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(2014) but is inconsistent with studies of normal ageing which
typically report an increase in multisensory integration in older
adults (Laurienti et al., 2006; Setti et al., 2011). To date, the role of
ageing in synaesthesia has received very little attention but these
findings suggest the importance of investigating whether sy-
naesthetic experiences are prone to the same neurodevelopmental
changes across the lifespan that are known to affect multisensory
integration. Nevertheless, as previously stated, evidence to sup-
port a tendency for increased multisensory integration in sy-
naesthetes is not forthcoming.

Other evidence does suggest, however, that crossmodal inputs
may influence the synaesthetic experience. For example, in an
attempt to establish a more direct role for common multisensory
interactions in the synaesthetic experience, we conducted two
different studies on grapheme colour synaesthesia. In the first,
Newell (2013) reported that letters encoded through touch could
also induce the same synaesthetic colour as their visual or audi-
tory counterparts. Furthermore, Bargary et al., (2009) found that
both the auditory and visual components of a spoken word com-
bine to induce a colour that qualitatively differed from the colours
induced by each of the unisensory component words. Specifically,
we took a well-known cross-modal illusion, known as the McGurk
effect (McGurk and MacDonald, 1976), to demonstrate that the
synaesthetic concurrent is influenced by the integration of cross-
modal inputs. Taken together, these findings suggest that there are
strong cross-modal influences on the synaesthetic experience it-
self, and that grapheme-colour synaesthesia in particular can be
triggered by supramodal processing. Moreover, the synaesthetic
experience is most likely linked to the concept of the letter, rather
than being linked to bottom-up processing in one specific mod-
ality alone. In accordance, there is some suggestion that the ima-
gined concept of the letter (Spiller and Jansari, 2008) or number
(Dixon et al., 2000) is sufficient to induce the synaesthetic ex-
perience, although evidence that linguistic meaning consistently
induces synaesthesia is less forthcoming (e.g. Barnett et al., 2009).

Currently, the data regarding general processes of multisensory
integration in synaesthesia are not consistent. Although multi-
sensory processes are involved in the synaesthetic experience
(Bargary et al., 2009) there appears to be little evidence for dif-
ferences in low-level multisensory integration between sy-
naesthetes and non-synaesthetes. In turn, this suggests that sy-
naesthetic experiences do not, in general at least, emerge from an
exaggeration of such low-level processes.
Fig. 2. Audiovisual synaesthesia. Audiovisual synaesthetes experience vivid visual
percepts in response to sounds. In (a) this is explained by a classic model of cross-
activation from auditory to visual pathways, at an early stage of processing. (b) The
patterns of neuronal firing in response to different sounds, if simply transferred via
topographically organised connections to visual areas, will generate essentially
arbitrary visual percepts.
4. The role of learning in synaesthetic cross-modal
associations

There is another important phenomenological distinction be-
tween lower-level, truly cross-sensory synaesthesia, and higher-
level, conceptual forms. In the former, taking coloured hearing as
an example, any sound may induce a visual percept, whether the
person has ever heard it before or not (Ward et al., 2006). The
same sound will tend to induce the same visual percept, but this
does not seem to require prior experience. A popular and parsi-
monious model to explain such forms (see e.g. Hubbard and
Ramachandran, 2005) involves some kind of cross-activation at
early stages of the respective sensory hierarchies (Fig. 2). Seth
provides a compelling theory for why such internally generated
synaesthetic percepts are not unlearned in the face of contra-
dictory sensory evidence, suggesting that they lack perceptual
presence arising from typical sensorimotor contingencies (Seth,
2014).

For many associative forms, however, the synaesthetic asso-
ciations arise only with a particular set of stimuli that have been
substantially processed in respective regions of the brain,
culminating in high-level representations that are invariant to
low-level sensory properties of the stimuli. Crucially, these are
almost exclusively stimuli that are (i) categorical, and (ii) learned
(often over-learned), such as letters, numbers, days of the week,
months of the year, musical notes, words, etc. The emergence of
these associative forms of synaesthesia must thus necessarily in-
volve learning and memory at some level (e.g. Dixon et al., 2006),
and indeed clearly interacts with normal processes through which
the multisensory attributes of objects are learned, and generalise
to novel instances (e.g. Mroczko et al., 2009).

4.1. Cross-modal learning of object categories

There is evidence to support the idea that multisensory inter-
actions are present from birth, occurring without influence from
higher-order, semantic processes (Bahrick and Lickliter, 2004; Kuhl



Fig. 3. Hierarchical feature extraction and categorical perception. The visual system
is arranged roughly hierarchically, with each stage integrating information from
multiple neurons at the stage below. This enables higher-level areas to extract
information about increasingly complex visual forms. Very high-level areas become
specialised for specific types of visual objects (in this case, graphemes). Different
patterns of neuronal activity would develop as attractor states in the network,
representing different letters.
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and Meltzoff, 1982; Lewkowicz and Turkewitz, 1980; Walker, et al.,
2010; de Hevia et al. 2014; Sann and Streri, 2007). Thus, the sug-
gestion is that some multisensory processes at least, can emerge in
an ‘unsupervised’ manner early in development (e.g. Saffran et al.,
1996), possibly based on the statistical learning of cross-modal
regularities or redundancies in the environment (Parise et al.,
2014). However, the development of efficient multisensory in-
tegration, such that information from across modalities is com-
bined in an optimal manner to enhance perception (Ernst and
Banks, 2002), appears to have a protracted developmental profile
(Gori et al., 2008, 2012; Nardini et al., 2010). This protracted de-
velopment is in line with that of the emergence of functional
specialisation in the brain, a process known to be highly depen-
dent on experience (see e.g. Bremner et al., 2012).

As we develop perceptual expertise, we come to categorise
objects into types and to recognise particular instances as tokens
of such types (Binder and Desai, 2011; Kourtzi and Connor, 2011).
In a process known as ‘perceptual narrowing’, perceptual sub-
categories become refined and expertise effects emerge in the
processing of those categories (Lewkowicz, 2014; Maurer, 2014).
The consequence of perceptual expertise is that stimuli within a
particular class of objects become more discriminable and re-
cognition more efficient in a process known as categorical per-
ception (Harnad, 1987; Levin and Beale, 2000; Bülthoff and Newell
2004; Newell and Bülthoff, 2002). It is argued that this expertise
may take years to develop (e.g Cohen Kadosh et al., 2011).

As such, for any particular object, we develop a conceptual
framework, consolidated over time, which incorporates its many
features into a single concept. Rapid, feed-forward processing of
visual input (Rousselet et al., 2002; Serre et al., 2007) culminates
in a categorisation process in the anteromedial temporal lobe and
in the prefrontal cortex in which object concepts are derived as
supramodal representations (Mahon and Caramazza, 2009; Bright
et al., 2005; Clarke and Tyler, 2014; Tyler et al., 2013; McKee et al.,
2014; Coutanche and Thompson-Schill, 2014) and which can be
thought of as ‘knowledge areas’ (Chiou et al., 2014; Kourtzi and
Connor, 2011). Thus, the concept of a banana includes its typical
shape, colour, taste, and other semantic associations. While such
representations incorporate attributes from multiple sensory do-
mains, they are essentially conceptual and supramodal.

Even for recent inventions like written alphabets, the related
functional areas in the brain tend to develop in the same positions
across people (Dehaene and Cohen, 2007). This suggests that the
specialisation of cortical areas for particular classes of objects re-
lies on an evolutionarily programmed pattern of connectivity that
places them at a convergence point of multiple, parallel hier-
archies, enabling them to integrate information across the relevant
sensory modalities.

The cross-modal processes by which such concepts emerge can
be illustrated by considering how letters are learned. As children
are learning to read they must learn to recognise and distinguish
the various graphemes of the alphabet and also link them to the
appropriate phonemes of their native language (Blomert and
Froyen, 2010). In the visual domain, recognising graphemes re-
quires, firstly, extraction of increasingly complex visual features
across the hierarchy of areas in the ventral visual stream (Kravitz
et al., 2013). Though it is a simplification, it is roughly true that
each level in the visual hierarchy extracts more complex features
by integrating inputs from multiple neurons at the level below,
eventually enabling representation of shapes and objects across
the visual field.

With learning, areas within the visual system become specia-
lised for processing specific types of visual information that cor-
respond to various categories (letters, faces, objects, scenes). This
kind of categorical perception enables the recognition of an object
that is invariant to various instances of that object – different sizes,
views or versions (such as of the letter “A” (A, A, a)) – all of which
can activate the representation of the concept of the object (Kra-
vitz et al., 2013) (Fig. 3). Similar processes arise as children learn
spoken language – they develop expertise in recognising the ty-
pical speech sounds and visemes associated with their native
language, but become less efficient in distinguishing between
uncommonly used phonemes (Pons et al., 2009; Weikum et al.,
2007).

Neuronal networks in general can learn in the following fash-
ion. Any given stimulus will activate a distinct subset of neurons
across an area of cortex, which can be thought of, reasonably ac-
curately, as a two-dimensional sheet of highly interconnected
cells. Due to their coincident activation, the connections between
these neurons will be slightly strengthened (Hebb, 1949). If a
particular stimulus is seen over and over again, this subset of
neurons will become a functional unit, primed to respond en
masse to similar stimuli. (More realistically, the properties of the
stimulus may be represented not by one static pattern but by the
dynamic trajectory of firing patterns across some time period
(Daelli and Treves, 2010)).
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The spatiotemporal patterns of neuronal activity that represent
any one object can be thought of as attractor states (Rabinovich
et al. 2000) – any stimulus that occupies a nearby spot in per-
ceptual space (e.g., that has a similar shape or sound) will be
“pulled into the attractor”, with the network state ultimately
converging on a pattern that represents that object. This “per-
ceptual magnet” effect can be observed in psychophysical results,
which show that discrimination between stimuli that fall within a
boundary is less than that between two stimuli that are equally
distant in stimulus parameters but that span a categorical
boundary (Daelli and Treves, 2010). It is important to note that this
perceptual categorisation, especially of ambiguous stimuli, is also
sensitive to context and top-down influences (Feldman et al.,
2009) – indeed, all perception involves the comparison of bottom-
up signals with top-down expectations, or prior probabilities, so as
to allow active inference of the objects in the world that are re-
sponsible for the pattern of sensory stimulation (Friston, 2010;
Gilbert and Li, 2013).

Linking the visual and auditory attributes of an object requires
integration and abstraction (Kourtzi and Connor, 2011) after the
respective features have been extracted. These cross-modal asso-
ciations may be driven by the statistical regularities of experience
involving attentional processes used to bind features together
(Treisman, 1998; Talsma, 2015) – when the letter A is seen, it is
Fig. 4. A schematic model integrating cross-modal learning and associative synaesthesia
and visual domains. A higher-order area receives information from both modalities, and m
concept of a letter that entails its visual and auditory attributes. (b) In synaesthetes, cross
additional perceptual attribute, which is also, through repeated co-activation, incorpor
percept that is triggered is arbitrarily determined by the topographic transferral of the
situation as in (b), but here top-down semantic information feeds back down and influe
colour (B-blue) and biasing the learning process towards that outcome. In Bayesian term
are associated, which may sometimes over-ride the lower-level representation of an arbi
bias, but not determine, the outcome and would not, in non-synaesthetes, lead to a stro
figure legend, the reader is referred to the web version of this article.)
typically accompanied by the sound ā, as in hay, or ă, as in cat. The
representations of these shapes and sounds are thus reliably
contingent and can lead to the development of a higher-level re-
presentation, incorporating both elements (Fig. 4a). The brain thus
builds up cognitive representations of letters as audiovisual ob-
jects with characteristic attributes, despite the fact that these are
essentially arbitrary pairings between symbols and sounds, de-
termined purely by convention (Blomert and Froyen, 2010).

The cross-modal associations strengthen categorical perception
within the auditory and visual sensory streams (see e.g. Vetter
et al., 2014). Though spoken language is learned much earlier and
much more easily than written language, learning to read never-
theless increases the ability to distinguish between phonemes
(which are not the natural basic units of speech) (Blomert and
Froyen, 2010; Dehaene et al., 2010). Conversely, phonetic re-
presentations are involved in strengthening categorical re-
presentations of graphemes (Brem et al., 2010). The process of
forming these associations is quite protracted, taking years to
reach a level of perceptual expertise that is effectively automatic,
as demonstrated by e.g. cross-modal mismatch negativity signals
(Blomert, 2010). The development of such automaticity is lacking
in dyslexia, presumably contributing to the fact that reading re-
mains effortful despite extensive training.

During the formation of a concept in memory, any areas that
. (a) Learning to read involves the integration of categorical perception in auditory
onitors the statistical contingencies, generating a supramodal representation of the
-activation of a colour area, from, in this case, the visual letter form area, triggers an
ated into the supramodal representation of the letter. In this scenario, the colour
relevant pattern of activity from the letter area to the colour area. (c) The same
nces the pattern of activity in the colour area, priming the semantically associated
s, this top-down information would represent the prior probability that B and blue

trary colour, in this case green. Under this model, such semantic information would
ng and automatic association. (For interpretation of the references to colour in this



F.N. Newell, K.J. Mitchell / Neuropsychologia 88 (2016) 140–150146
are reliably co-activated will be incorporated into the re-
presentation of an object, as supramodal areas monitor patterns of
co-activation across many lower areas and represent the statistical
regularities of such contingencies. This leads to a model of sy-
naesthesia whereby innate differences in brain wiring produce
internally generated percepts, which, over time, are incorporated
through the normal processes of cross-modal learning into the
concept of the inducing objects (Fig. 4b).

This model of cross modal associations in synaesthesia re-
quires, in the first place, some cross-activation of additional areas
not normally activated by particular objects (i.e., an innate differ-
ence between synaesthetes and non-synaesthetes). The primary
difference may involve structural changes with additional axonal
connections or functional changes in the strength of connections
that already exist. For example, recent research suggests that the
functional modules along the ventral visual stream, particularly
those subserving the perception of words, faces, and objects, re-
ceive inputs from other sensory modalities (see e.g. Amedi et al.,
2001; Blank et al., 2011; Yoncheva et al., 2010).

For letters, this might be an area representing colour, for ex-
ample (but the idea can be readily extended to other forms). If
such an area is topographically interconnected with say the gra-
pheme area, so that nearby neurons in the first area project to
nearby neurons in the second area (Hubbard et al., 2011; Bargary
and Mitchell, 2008), then activation of the pattern of neuronal
firing that represents any particular letter will necessarily cross-
activate some (arbitrary) pattern of neuronal firing in the colour
area (Brouwer and Heeger, 2009; Li et al., 2014).

Given that the colour areas mature much earlier than the gra-
pheme area (Batardiere et al., 2002; Bourne and Rosa, 2006; De-
haene and Cohen, 2007), such patterns will likely evolve towards a
set of attractor states that already represent specific colours
(Brouwer and Heeger, 2009; Li et al., 2014). This may or may not
lead to a conscious and vivid percept of colour, but should at least
lead to the activation of the concept of a colour. Over time, with
extensive repetition, this internally generated sensory property
will come to be incorporated into the representation of that letter,
becoming as much a part of the concept of the letter as its shape
(s) and sound(s). This type of consolidation will tend to happen
especially for over-learned categories, possibly explaining why
these types of inducing stimuli predominate in synaesthesia.

4.2. Accommodating second-order correspondences

In this model, without any other influences, the particular
pairings that emerge would be expected to be largely arbitrary –

dependent on the particular cross-connectivity at the anatomical
level. Such a model could explain observed second-order trends,
whereby similarly shaped letters tend to have similar colours
within individual synaesthetes, even though these colours differ
across synaesthetes (Watson et al., 2012). The letters E and F, for
example, are often similarly coloured, which would be expected
from an arbitrary topographic mapping between areas represent-
ing shape space and colour space (Brang et al., 2011).

In addition, one can imagine how the pairings might be influ-
enced by characteristics that affect the types of neural patterns
representing specific letters or colours (Chiou and Rich, 2014;
Deroy and Spence, 2013b; Ward et al., 2006; Watson et al., 2012).
For example, there could be some correspondences between the
states representing higher frequency letters and those represent-
ing higher intensity colours (such as the proportion of neurons
within the area that are recruited to the representational pattern
or some dynamical property of the pattern), which would make
pairings between members of those two types more likely to
emerge. While speculative, this kind of scenario may provide an
explanation of cross-sensory trends that do not rely on semantic
information but reflect some currently unknown representational
parameters that hold across modalities (Deroy and Spence, 2013b).
Such cross-sensory correspondences might be especially prevalent
during infancy and early childhood, stages characterised by greater
cross-talk between modalities (Spector and Maurer, 2011; Maurer
et al., 2013), and could thus have a biasing influence during
learning of inducer stimuli.

As with the pairings between graphemes and phonemes that
emerge during learning to read, synaesthetic pairings also take a
long to coalesce. Simner and colleagues found in a longitudinal
study of children an increase in both the number and stability of
synaesthetic correspondences between letters and colours at age
7/8 compared to age 6/7 (Simner et al., 2009) and more again at
age 10/11 (Simner and Bain, 2013). This leaves open the opportu-
nity for semantic associations to influence the ultimate outcome,
in the same way they do when learning the attributes of any
object.
5. Semantic memory and top-down influences

Making accurate decisions and inferences from sensory input
for the purpose of recognising and interacting with the environ-
ment requires the convergence of perceptual outputs and asso-
ciations in memory. Moreover, perception is dependent on the
generation of top-down predictions based on associations in long-
term memory (Bar, 2004; Bar et al., 2006). Despite increasing
knowledge on how feedback projections can influence lower-level
processing within the visual system in particular (e.g. Williams
et al., 2008; Harrison and Tong, 2009; Rao and Ballard, 1999), our
understanding of how these predictions are generated from
memory processes and from the convergence of multisensory in-
puts themselves is, however, poor. Furthermore, it is not clear how
these relative influences emerge and interact during the process of
development and to what extent one requires the other for normal
development.

Differences in the nature of the synaesthetic experience may
arise depending on the relative influence of memory and percep-
tual processes on the conscious experience. Recent evidence sug-
gesting that these systems may contribute independently to cross-
modal associations is consistent with this proposal. Neurophysio-
logical and neuropsychological studies suggest that the knowl-
edge-based processes involved in semantic memory and the more
information-driven processes involved in multisensory integration
may have independent but complementary roles in the formation
of an object concept (Watanabe et al., 2012). In particular, the
perirhinal cortex in the anterior temporal lobe is reported to be
involved in the formation of meaningful, semantic object concepts
whereas the posterior superior temporal sulcus (pSTS) is involved
in the integration of pre-semantic object features across mod-
alities (Beauchamp et al., 2004; Taylor et al., 2006). Moreover,
activations in temporal regions of the brain are more likely to
occur when the cross-modal information is semantically con-
gruent (Doehrmann and Naumer, 2008; Hein et al., 2007). Neu-
ropsychological studies also support these findings in that poor
cross-modal integration for meaningful concepts is found in pa-
tients with damage to anteromedial temporal regions of the brain
(Taylor et al., 2009).

In the context of synaesthesia, the protracted period of con-
solidation leaves the opportunity for experience-driven or se-
mantic associations to influence the ultimate outcome, in the same
way that they do when learning the attributes of any object. First,
direct experience with objects that involve a consistent pairing
(such as letters in particular colours) could compete with arbitrary
associations arising from early cortical cross-activation and bias or
drive the ultimate outcome, as observed for a popular toy in the
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United States, for example (Witthoft et al., 2015). Furthermore,
experience may be particularly effective at biasing the outcome if
the pairings are salient, and draw attention during learning, or are
presented at a sensitive period during development. Such a sce-
nario may provide an example of where synaesthetic corre-
spondences are either unlearned or overridden by contradictory
evidence, if such evidence is consistent and repeated enough.

Second, semantic influences could explain observed trends in
specific cross-modal pairings mentioned above. For example,
when a synaesthete is learning the letter B, and their colour area is
being cross-activated in some arbitrary pattern, the semantic re-
lationship between B and “blue” may prime the neuronal pattern
representing blue, making it more likely for the network to move
toward that attractor state, which will in turn be reinforced by
each such co-activation (Fig. 4c). This can be interpreted in a
Bayesian context (e.g. Seth, 2014) as top-down signals conveying a
prior probability of “blue”, in the context of the letter B, which, to a
greater or lesser extent across individuals, will tend to over-ride
the bottom-up sensory information, biasing the incorporation of a
consistent association with this colour into the emerging concept
of the letter. It is not difficult to see how such semantic influences
could act in other kinds of synaesthesia – for example, if the
numbers 1–12 are regularly seen in clock face arrangement that
may influence the spatial pattern that emerges in an individual's
number line. (It will be interesting to see whether this trend
changes as clock faces become rarer).

In this way, the particular synaesthetic associations that
emerge through this protracted process can be biased by experi-
ence or by top-down semantic processes, without being entirely
determined by them, reflecting observed trends rather than rules
of associations (e.g. Barnett et al., 2009; Witthoft et al., 2015).
Fundamentally, this means that while such experiential or se-
mantic processes may affect the outcome, they are not the prime
drivers of the phenomenon of synaesthesia. The condition of sy-
naesthesia is thus not caused by learning, and there is certainly no
reason to think of it as having a purpose in facilitating learning. It
may have that effect, but it is a conceptual mistake to interpret
Fig. 5. A model unifying innate differences and cross-modal learning to explain
that as a reason for its existence.
The “difference that makes a difference” (Bateson, 1972) in

determining why some people get synaesthesia and others do not,
is genetic (clearly so in many cases and likely so in others). The
model of cross-activation at some level of the perceptual hierarchy
remains a parsimonious one for the mechanism through which
these genetic differences mediate their primary effects (Bargary
and Mitchell, 2008; Hubbard et al., 2011), and has at least general
support from many neuroimaging studies (Rouw et al., 2011).
Whether this involves primary changes in structural or functional
connectivity remains an open question (Hupé and Dojat, 2015),
but in either case, the outcome is an altered sensory experience,
with some internally generated percept that gets assimilated into
the concept of the inducing objects through normal processes of
multisensory learning.

Chiou and Rich have similarly proposed that synaesthetic as-
sociations may be incorporated into supramodal representations
of inducing stimuli, possibly involving anterior temporal lobe
areas (Chiou and Rich, 2014). We describe here a model for how
such a situation can arise.

This model is subtly but importantly different from ones that
explain synaesthesia on the basis of only a current difference be-
tween the brains of synaesthetes and non-synaesthetes. For some
synaesthetes, such as audiovisual synaesthetes for whom new
sounds induce a vivid visual percept, there may – perhaps must –
be some on-going sensory cross-talk. But for many, perhaps most
synaesthetes, their synaesthetic experiences may arise not because
their brain wiring is slightly different, but because that difference
existed over development, while the person was learning various
categories of objects. Whether a primary difference in sensory
cross-talk still exists in such synaesthetes would thus be an open
question. Indeed, it seems possible, though highly speculative, that
an early state of vivid synaesthesia, which may fade in conscious
experience over time (as reported at least anecdotally by some
adults), could nevertheless lead to long-lasting conceptual asso-
ciations if it were present during this learning period.
the emergence of individual differences in synaesthesia. See text for details.
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6. The emergence of individual differences

The framework we outline above posits an indirect relationship
between a genetic predisposition to synaesthesia and the eventual
phenotype that emerges in any individual (summarised in Fig. 5).
First, different forms of synaesthesia seem to be related genetically
to each other, often co-occurring in individuals (Ward, 2013) or
across family members (Barnett et al., 2008). Thus, the inducers
and concurrents can vary widely (tasting words, coloured music,
number forms, grapheme-colour, etc.) and there is also variability
in the ways that synaesthetic concurrents are experienced. This
suggests that while a genetic predisposition to synaesthesia in
general may be inherited, the specific forms that emerge are likely
determined by additional factors. Such factors need not be ex-
ternal to the individual however; the most likely contributor is
stochastic variation in brain development. Any individual genome
encodes a range of possible phenotypes, only one of which is
realised through the processes of development, generating differ-
ences in brain structure between monozygotic twins even at birth,
and contributing generally to variance across the population
(Mitchell, 2007). Stochastic events during development can have
large effects on phenotypic outcomes, such that a particular phe-
notype may be probabilistically expressed, independently, across
the brain. This can be seen in conditions like epilepsy and cortical
heterotopias, where the propensity to develop these conditions is
highly heritable, but the precise loci affected in the brain are lar-
gely random (Ramus, 2004; Corey et al., 2011).

In synaesthesia, a genetic mutation affecting brain connectivity
could, through such probabilistic expression, affect one region
more than another. The location of such events could plausibly
explain the variation in forms that emerge and in whether the
condition appears more driven by lower-level cross-sensory in-
teractions or higher-level, more conceptual associations. That said,
the range of phenotypes that can emerge is clearly constrained
somehow by the general layout of brain regions, the relative rates
of maturation of different cortical areas or some other unknown
factors that may lead to differences in how altered connectivity is
resolved across the brain (Bargary and Mitchell, 2008).

Aberrant cross-connectivity between cortical areas (whether
due to structural or functional differences) will likely lead to an
arbitrary pattern of associations as a neural pattern from the in-
ducing area is simply transferred to the concurrent area, where it
will necessarily settle into some attractor pattern that means
something. However, these associations may be influenced by
second-order parameters that map various properties (like letter
frequency or colour intensity) across areas.

In addition, explicit learning and semantic memory can clearly
play an important role in determining the final associations across
individuals. We suggest this is best seen as biasing the outcome of
the processes of cross-modal learning that ultimately consolidate
supramodal representations of objects, incorporating bottom-up
multisensory interactions as well as synaesthetic cross-activations.
Synaesthesia may act in this regard as an informative model of
general cross-modal learning processes in which bottom-up mul-
tisensory interactions are integrated, over a protracted period of
time, with top-down semantic associations.
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