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CHAPTER 15

Cross-modal interactions: lessons from synesthesia

Noam Sagiv*® and Jamie Ward

Department of Psychology, University College London, 26 Bedford Way, London WCI H 0AP, UK

Abstract: Synesthesia is a condition in which stimulation in one modality also gives rise to a perceptual
experience in a second modality. In two recent studies we found that the condition is more common than
previously reported; up to 5% of the population may experience at least one type of synesthesia. Although
the condition has been traditionally viewed as an anomaly (e.g., breakdown in modularity), it seems that at
least some of the mechanisms underlying synesthesia do reflect universal cross-modal mechanisms. We
review here a number of examples of cross-modal correspondences found in both synesthetes and non-
synesthetes including pitch-lightness and vision-touch interaction, as well as cross-domain spatial-numeric
interactions. Additionally, we discuss the common role of spatial attention in binding shape and color
surface features (whether ordinary or synesthetic color). Consistently with behavioral and neuroimaging
data showing that chromatic—graphemic (colored-letter) synesthesia is a genuine perceptual phenomenon
implicating extrastriate cortex, we also present electrophysiological data showing modulation of visual
evoked potentials by synesthetic color congruency.

Keywords: synesthesia; number-forms; cross-modal perception; multisensory integration; anomalous
experience

Introduction certain concepts (e.g., days of the week) may in-

duce synesthesia when synesthetes are thinking
Narrowly defined, synesthesia is a condition in about them, hearing about them, or reading about
which stimulation in one sensory modality evokes them. Ordinal sequences (e.g., letters, numbers,
an additional perceptual experience in another and time units) often serve as inducers. In the re-
modality. For example, sounds may evoke colors cent literature, these have been regarded as vari-
for some individuals (e.g., Ginsberg, 1923). While ants of synesthesia. Nevertheless, it is still a matter
various sensory combinations have been described of some debate how inclusive the definition of
(e.g., Cytowic, 2002; Day, 2004), a common type synesthesia should be. For example, there is no
of synesthesia in which seen letters and numbers consensus concerning synesthesia-like cross-do-
induce color experience actually occurs intramo- main phenomena involving spatial forms or per-
dally in vision (e.g., Ramachandran and Hubbard, sonification (e.g., Calkins, 1895). We do not use
2001a). Furthermore, it is clear that the meaning the term synesthesia to describe any cross-modal
of the inducing stimulus is implicated in synesthe- correspondences and associations, but rather only
sia at least sometimes rather than its lower level those cases in which a perceptual experience is in-
physical features (Myles et al., 2003). Moreover, volved, i.e., what Martino and Marks (2001) call

strong synesthesia.
*Corresponding author. Corresponding author. Tel.: +44- SyneStheSIa exists 1n develqpmental ‘(flnd ac-
1895-265341: Fax: -+ 44-1895-269724 quired forms. The former runs in the family (e.g.,
Baron-Cohen et al.,, 1996; Ward and Simner,
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2005), while the latter has been described in a va-
riety of conditions as well as altered states of con-
sciousness. Some examples include synesthesia
following brain or nerve injury (Jacobs et al.,
1981), synesthesia in late-blind individuals (Armel
and Ramachandran, 1999; Steven and Blakemore,
2004). Hallucinogens such as LSD, mescaline
(Hartman and Hollister, 1963), or ayahuasca
(Shanon, 2002) often induce synesthetic hallucina-
tion. It is also reported by healthy individuals be-
tween sleep and wakefulness ( Sagiv and Ben-Tal,
in preparation) and a high proportion of medita-
tors (Walsh, 2005).

Developmental synesthesia is thought to be
characterized by a remarkable consistency of
synesthetic correspondence within an individual
across time (which has, in fact, been used as one
diagnostic criterion). Still, synesthetes rarely agree
on particular synesthetic correspondence (see, e.g.,
Pat Duffy and Carol Steen’s colored alphabets;
Duffy, 2001). However, some trends can be traced
in large synesthete populations (e.g., Shanon,
1982; Day, 2004; Rich et al., 2005). Beyond dis-
agreement on particular correspondences, substan-
tial  heterogeneity is  often  found in
phenomenological description, for example, in
the spatial extent of synesthetic percepts (e.g., Di-
xon et al., 2004; Sagiv, 2004). Indeed we are only
beginning to appreciate individual difference
among synesthetes currently grouped together un-
der single labels (Dixon and Smilek, 2005; Hub-
bard et al., 2005a,b).

Synesthesia is involuntary and automatically
evoked (in contrast to imagery at will). It is unclear
whether similar underlying mechanisms give rise to
developmental and acquired synesthesia. Reports
of acquired synesthesia are largely anecdotal; how-
ever, it is possible that some predisposition is re-
quired. Additionally, positive symptoms are often
under-reported, however, and thus prevalence of
acquired synesthesia is harder to establish. Simi-
larly, individuals with developmental synesthesia
may have not realized that how they perceive the
world is unusual in any way.

It has been suggested that synesthesia is unidi-
rectional (Mills et al., 1999). Phenomenologically,
this seems to be the case (e.g., pain may evoke a
bright orange color; however, orange objects do

not usually induce pain). However, at least in nu-
merical cognition, evidence for bidirectional inter-
action between color and magnitude processing is
available (Cohen-Kadosh et al., 2005; Knoch et
al., 2005).

Prevalence

Estimate concerning the prevalence of (develop-
mental) synesthesia vary widely. Early surveys, re-
lying on subjective reports, suggested that up to
one in five individuals may have some form of
synesthesia (e.g., Uhlich, 1957). Estimates based
on self-referred samples have been far more pes-
simistic. Cytowic (1997) estimated that only 1 in
25,000 might experience the condition, while
Baron-Cohen et al (1996) estimated that the con-
dition is present in at least 1 in 2000 individuals.
Baron-Cohen and his colleagues combined for the
first time subjective reports with an objective test
of genuineness (testing for consistency synesthetic
correspondences) thus ensuring low rate of false
alarms. However, because the prevalence estimate
was based on the number of people responding to
a newspaper advertisement (divided by readership
figures), many cases were probably missed either
because they did not see the ad or saw it but chose
not to respond.

The best estimate we have so far comes from
two large-scale surveys we recently conducted (Si-
mner et al., in press). In both we combined objec-
tive and subjective methods for ascertaining
synesthesia, but minimized self-referral bias. One
survey in London’s Science Museum included 1190
unsuspecting visitors. The study was conducted in
an interactive gallery in the museum, and visitor
cooperation was high, although they did not know
what the purpose of the experiment was. Here we
looked at chromatic—graphemic synesthesia (the
most common type in self-referred samples). Par-
ticipants were requested to choose a color that
“goes best” with letters and numbers. The process
was repeated immediately, yielding a measure of
consistency. Following this participants were
asked direct questions concerning synesthetic ex-
perience. 1.1% of the individuals tested were iden-
tified as chromatic—graphemic synesthetes.
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In the second survey of multiple types of
synesthesia among 500 Scottish students who
where given more information on the varieties of
synesthesia, we identified 23 synesthetes (4.6%) of
which about half only reported colored weekdays.
The prevalence of chromatic—graphemic synesthe-
sia in this sample (1.4%) was similar to that ob-
tained in the museum study. In summary, the
condition may not be so unusual and appears to be
almost two orders of magnitude more common
than previously regarded.

Indeed, some view synesthesia not as an anom-
alous phenomenon, but rather as one reflecting a
normal mode of cognition (for a discussion, see
Sagiv, 2004) that remains implicit in most individ-
uals. Consistent with this view is the high preva-
lence of synesthesia in a number of altered states of
consciousness suggesting that many of us have
some predisposition to synesthesia. In the next
section we explore the idea that synesthesia shares
much in common with normal perception and dis-
cuss some common mechanism and processes.

What does synesthesia share in common with
normal perception?

All contemporary accounts of synesthesia propose
that there is some anomalous connectivity or
cross-activation between different regions of the
brain. Aside from this broad consensus,' there is
disagreement about: the nature of the connectivity
between regions (e.g., horizontal vs. feedback con-
nections); whether or not the pathways implicated
in synesthesia are present in the normal population
or whether synesthetes have some privileged path-
ways; and differences in how anomalous connec-
tivity could be instantiated at the neural level (e.g.,
literal increases in white matter connections, or
neurochemical differences). At present, nothing is
known about possible structural differences be-
tween the brains of synesthetes and other members
of the population (at either a micro- or macro-
scale). As such, the processes underlying synesthe-
sia have tended to be inferred from studies at a
functional (e.g., fMRI) or cognitive level. For ex-

"But cf. Shanon (2003).
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ample, Nunn et al. (2002) reported V4/V8 activa-
tion induced by synesthetic color in synesthetes
listening to spoken words (eyes closed). Behavioral
evidence demonstrating that synesthesia could in-
fluence perception of the evoking stimulus (e.g.,
grouping, detection, and apparent motion) also
strongly suggests that visual synesthetic experience
taps into existing visual mechanisms (Ramachand-
ran and Hubbard, 2001; Smilek et al., 2001; Blake
et al., 2004).

In the remainder of this chapter, we will con-
sider the extent to which synesthesia may utilize
some of the same mechanisms found in other
members of the population in situations of cross-
modal perception. For example, it is generally ac-
cepted that there are cross-modal mechanisms for
linking together sight and touch (e.g., Spence,
2002) and sight and sound (e.g., King and Calvert,
2001) when both modalities are stimulated. But
could these same mechanisms be implicated in
synesthetic experiences of touch given a unimodal
visual stimulus, or synesthetic experiences of vision
given a unimodal auditory stimulus?

Sound-vision synesthesia

According to a large self-referred sample of
synesthetes, at least 18% of them experience color
induced by auditory stimuli such as music and
noise (Day, 2004). Many more synesthetes expe-
rience colors from speech but not from other types
of auditory stimulus. However, for these sy-
nesthetes the color tends to depend on linguistic
properties of the stimulus (e.g., the graphemic
composition) rather than acoustic properties (e.g.,
Baron-Cohen et al., 1993; Paulesu et al., 1995).
For example, heard words beginning with the let-
ter “P” may all tend to elicit the same color even
when not starting by a /p/ sound (e.g., ““psychol-
ogy,” “photo,” and “‘potato” may have the same
color). The present discussion will restrict itself to
sound-vision synesthesia that depends on percep-
tual properties of the auditory stimulus, notably
pitch.

One reason why this type of synesthesia has
been regarded as of great interest is the suggestion
that it may be present in all human infants. This
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raises the possibility that adult synesthetes have
retained some pathways/processes that most other
members of the population lost during develop-
ment (e.g., Baron-Cohen, 1996; Maurer, 1997). In
human infants, visual event-related potentials
(ERPs) to auditory stimuli decrease after 6 months
but are still present at between 20 and 30 months
of age (Neville, 1995). In kittens there is evidence
of anatomical connections between primary audi-
tory and visual areas that are lost as part of a
pruning mechanism (Dehay et al., 1987; Innocenti
et al., 1988). It may be genetically programmed
given that it does not appear to depend on the
presence of visual input (Innocenti et al., 1988).
However, caution must be exerted in linking these
findings to human synesthesia as interspecies
differences are likely. More recent findings in the
macaque suggest a lifelong presence of connections
from primary auditory cortex to peripheral area
V1, as well as from a polysensory temporal region
to peripheral V1 (Falchier et al., 2002). It is also
conceivable that the ERP effects in humans reflect
developmental changes in the balance between
feedback connections from multimodal to unimo-
dal regions rather than direct pathways between
unimodal areas (Kennedy et al., 1997).

Our own research has addressed the question of
shared processes between synesthetes and the nor-
mal population by looking at ways in which au-
ditory properties (e.g., pitch and timbre) link with
visual properties (e.g., the chromaticity and lumi-
nance of colors; Ward et al., in press). Our rea-
soning was that if both synesthetes and controls
perform the task in similar ways then this would
point to some shared processes between them.
Such a finding would be more consistent with the
view that synesthesia uses some of the same proc-
esses as normal cross-modal perception than the
view that synesthetes have privileged mechanisms
not present in others (except possibly in the earliest
phase of development). Ward et al. (in press) pre-
sented 10 synesthetes and 10 controls with 70 tones
of different pitch and timbre on several occasions.
Given that controls do not report actual visual
experiences, their task was to choose the “best”
hue to go with each tone. It was found that both
groups showed an identical trend to associate low
pitch with dark colors and high pitch with light

colors (with luminance measured on the Munsell
scale). This pattern was unaffected by differences
in timbre. By contrast, differences in chroma
(ranging from grayscale to high-saturation colors)
were associated with differences in timbre, with
pure tones judged to be less “colorful” than mu-
sical tones. The highest values of chroma were
found around middle C. Again, there were no
differences between synesthetes and controls in the
way that properties of the auditory stimulus were
mapped on to visual properties (Fig. 1).

Our findings are consistent with previous re-
search in the nonsynesthesia literature showing a
relationship between pitch and lightness (e.g.,
Marks, 1974, 1987; Hubbard, 1996), and with pre-
vious anecdotes from synesthetes (e.g., Marks,
1975). However, it represents the first direct com-
parison between these groups. Moreover, we were
able to establish that in other key respects our
synesthetes behaved differently. The synesthetes
showed far greater internal consistency than con-
trols (e.g., a control may choose light blue or light
pink for the same tone on two occasions).
Synesthetes, but not controls, appeared to gener-
ate colors automatically insofar as they showed
Stroop-like interference for naming a colored
patch incongruent with the color of a simultane-
ously presented tone (e.g., a blue color paired with
a “red” tone). In total, our results point to some
sharing of processes between synesthetes and the
normal population but with some additional fea-
tures required to explain the greater reliability and
automaticity of the synesthetes.

There are a number of accounts of acquired
sound-vision synesthesia. In some instances they
are associated with visual field loss and the synes-
thetic experiences appear in the “blind” region
(Jacobs et al., 1981). All these cases had lesions to
the peripheral visual system (optic nerve or
chiasm). One patient exhibited this form of
synesthesia with a medial temporal and midbrain
tumor (Vike et al., 1984). There was no visual
dysfunction and the synesthesia disappeared when
the tumor was removed. These forms of acquired
synesthesia possibly reflect an adjustment of the
relative weightings between pre-existing unimodal
auditory, unimodal visual, and multimodal regions
but is less likely to reflect the development of en-
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Pitch

Fig. 1. Both sound-color synesthetes and nonsynesthetic controls show the same trend (no group difference: F(1,18) = 2.51, N.S.) to
associate low pitch tones with darker colors (low Munsell values) and high pitch tones with lighter colors (higher Munsell values).
Figure reprinted from Ward et al. (in press), by permission of Masson.

tirely new pathways. Nonsynesthetes who have
been blindfolded for several days begin to experi-
ence visual hallucinations, some of which appear
to be elicited by auditory stimuli (Merabet et al.,
2004). In nonsynesthetes, primary auditory areas
can be activated by a unimodal visual stimulus (in
silent lip reading; Calvert, 1997). Conversely, in
nonsynesthetes fitted with a cochlear implant due
to deafness, activity in low-level visual areas (V1
and V2) is found when listening to unimodal au-
ditory stimuli (Giraud et al., 2001). In both the
studies of Calvert et al. (1997) and Giraud et al.
(2001) the activity in primary auditory and visual
areas was not reported to be associated with con-
scious auditory or visual experiences (although
neither study explicitly discusses it). This may im-
ply that the level of activity is below a threshold
for conscious perceptual experience in these par-
ticipants but rose above the threshold in the
synesthetes. This remains speculative but plausi-
ble.

Vision-touch synesthesia

There is a wealth of evidence in the cognitive ne-
uroscience literature pointing to a strong cross-
modal interaction between vision and touch (for a
review see Spence, 2002). For example, tactile
acuity for stimuli applied to the arm is improved if
the arm is visible, even though the mechanism
producing the tactile stimulation cannot be seen
(Kennett et al., 2001). Similarly, single-cell record-
ings of monkeys have identified bimodal cells that
respond to both touch and vision (Graziano,
1999).

Armel and Ramachandran (1999) documented
an acquired case of synesthesia arising following
retinal damage in which tactile stimulation of the
arms induced color photisms. Interestingly, the
intensity of the photisms was related to the loca-
tion of the arms within the “visual” field (remem-
bering that the patient was blind) such that the
synesthetic experiences were greater when the arms
were in a normal field of view. This type of
synesthesia has also been noted after cortical
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blindness (Goldenberg et al., 1995). The synesthe-
tic images induced by tactile stimuli may have lead
to a denial of blindness (anosognosia or Anton’s
syndrome).

Conversely, synesthesia-like tactile and kines-
thetic sensations have been induced in amputated
limbs using mirrors (Ramachandran and Rogers-
Ramachandran, 1996), in a limb with hemi-an-
esthesia whilst viewing real or video-recorded tac-
tile stimulations (Halligan et al., 1996), or in
healthy limbs using adapting prisms (Mon-Will-
iams et al., 1997). The fact that synesthesia-like
sensations can be turned on or off (e.g., depending
on the presence or absence of a mirror) implies
that it reflects pre-existing mechanisms rather than
reflecting longer term cortical changes.

We have recently documented a case of vision-
touch synesthesia, C, that has a developmental
rather than an acquired origin (she reports having
the sensations all her life and other family mem-
bers possess synesthesia) (Blakemore et al., 2005).
When C sees another person being touched, she
experiences tactile sensations on her own body.
She does not report tactile sensations when inan-
imate objects are touched. This was investigated
using fMRI. The study contrasted C’s brain ac-
tivity to that of 12 controls when viewing a human
face or neck being touched relative to viewing
parts of inanimate objects (e.g., a fan) being
touched. For controls, a “mirror touch” circuit
was activated when viewing humans touched rel-
ative to objects that included premotor regions,
the primary and secondary somatosensory cortex,
and the superior temporal sulcus (for related but
not identical findings see Keysers et al., 2004). In
C, the same circuit was activated but some regions
(left premotor, primary somatosensory cortex)
were activated to a much greater level than that
observed in any of the individual control subjects.
This implies that her synesthesia arises largely
from the same system of mirror touch used by
others but above a threshold for conscious tactile
perception. There is, however, one caveat to this,
namely that C showed bilateral activation in the
anterior insula that was not present in the control
group. This may be linked to a self-attribution
mechanism given that the region is activated when
actions (e.g., Farrer and Frith, 2002) and memo-

Fig. 2. Activation of the SI head area (x =060, y=—15,
z = 48) in nonsynesthetic controls arising from observing touch
to a human face (relative to a human neck). The same region
was over-activated in synesthete C, and was also active when
participants were physically touched on the face. Figure re-
printed from Blakemore et al., by permission of Oxford Uni-
versity Press.

ries (Fink et al., 1996) are attributed to oneself
rather than another person (Fig. 2).

Synesthesia, feature binding, and spatial attention

Most synesthetes describe visual synesthetic expe-
riences as seen in their mind’s eye. However, some
synesthetes project these experiences externally
(Dixon et al.,, 2004). In the case of chro-
matic—graphemic synesthesia, this usually means
that the surface of visually presented graphemes
appears colored. We therefore have a rather un-
usual instance of feature binding: one in which
color and shape are combined together although
only the latter is actually presented to the per-
ceiver.

The binding problem — how we combine to-
gether color, shape, and other surface features into
objects — has been the center of much controversy
(Wolfe and Cave, 1999). According to one influ-
ential view, binding of surface features is achieved
by engaging spatial attention mechanisms (Treis-
man and Gelade, 1980). Indeed, under conditions
of divided attention, binding may fail, giving rise
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to illusory conjunctions (e.g., Treisman and Sch-
midt, 1982) — correct registration of features of
two or more objects, but incorrectly combining
them (e.g., a lavender X and a chartreuse O might
be perceived as a chartreuse X and a lavender O).
Illusory conjunctions are more common when
spatial attention is disrupted after brain damage
(for review, see Robertson, 1999, 2003). In one
striking case, RM — a Balint’s syndrome patient,
exhibits illusory conjunctions even under free view
conditions (e.g., Friedman-Hill et al., 1995).

In a recent study we examined whether binding
of externally projected synesthetic color to the
evoking shape in chromatic—graphemic synesthesia
obeys the rules of normal feature binding, i.e.,
whether spatial attention is necessary for binding
of synesthetic color and the evoking grapheme
(Sagiv et al., in press). One obvious reason to think
that synesthetic color serves as another surface
feature is that ““projecting” synesthetes describe it
as such. Consistent with this, neuroimaging studies
show that synesthetic color also activates the color
area V4/V8 (Nunn et al., 2002; Sperling et al., in
press).

First, we found that unlike ordinary (wave-
length-derived) color, synesthetic color does not
pop-out in visual search, i.e., synesthetic color is
not available preattentively. Consistent with this,
Laeng et al. (2004) showed that what seemed like
pop-out of synesthetic color was actually restricted
to trials in which the target was within the focus of
attention. Edquist et al. (in press) also reached the
conclusion that the evoking grapheme must be at-
tended before synesthetic color arises.

Second, we showed that spatial attention mod-
ulates synesthesia: we presented irrelevant digit
primes, followed by a colored target. While prime
location was fixed throughout the experiment, tar-
get distance from fixation alternated between
blocks (such that attention was either focused
around fixation or distributed across a wider re-
gion). As expected, congruency of target color and
the synesthetic color of the digit primes modulated
color judgment times. Importantly, this effect was
larger when attention was distributed across a
wide area including the digit prime, than in the
case in which spatial attention was allocated to a

269

narrow region around fixation, leaving the synes-
thetic inducers outside the focus of attention.

We concluded that spatial attention does indeed
play a key role in binding projected synesthetic
color to the evoking grapheme and hypothesized
that parietal mechanisms may be implicated. In-
deed, in a follow-up transcranial magnetic stimu-
lation (TMS) study, Esterman et al. (2004) reduced
the interference of synesthetic color in a color-
naming task by stimulating the parieto-occipital
junction. In total, binding synesthetic colors to
graphemes does involve attentional mechanisms
necessary for ordinary feature binding.

The time course of chromatic—graphemic
synesthesia

Although synesthetic color may not be available
preattentively, it does seem to arise as soon as the
evoking stimulus is identified according to sy-
nesthetes’ reports. Consistently with this, a wide
range of studies suggest that the processes under-
lying synesthesia must be fairly rapid. At least,
rapid enough to influence perception (Ramac-
handran and Hubbard, 2001a; Smilek et al., 2001;
Palmeri et al., 2002; Blake et al., 2004), likely
modulating activity in visual areas. While ne-
uroimaging studies confirmed that synesthetic ex-
perience does involve activation of visual cortex
(Aleman et al., 2001; Nunn et al., 2002; Hubbard
et al., 2005a,b; Sperling et al., in press), little is
known about the time course of processing in
synesthesia.

Schiltz et al. (1999) recorded ERPs while
synesthetes and nonsynesthete control subjects
viewed achromatic letters and numbers. They
found that synesthetes had larger P300 compo-
nents over frontal sites (for both target and non-
target graphemes) compared with the control
group. This relatively late time course seems at
odds with the dramatic effects synesthesia can
have on perception of the evoking stimulus. Fur-
thermore, Schiltz et al. fail to demonstrate the in-
volvement of posterior cortex. Because Schiltz et
al. did not use a within-subject design, we cannot
rule out the possibility that the group differences
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reflect some co-morbid neuropsychological factors
rather than synesthesia per se.

Recently we ran another ERP study of synesthe-
sia using a within-subject design (Sagiv et al., in
press). We tested AD, a chromatic—graphemic
synesthete (described further in Sagiv and Robe-
rtson, 2004). We recorded ERPs while she viewed
centrally presented letters (one at a time). The let-
ter stimuli, F and K, were either colored congru-
ently with AD’s synesthetic color (green and red,
respectively) or incongruently with her synesthetic
color (the color of the other letter). On 10% of the
trials we presented a target letter (I, synesthetic
color white). To ensure that AD’s attention was
focused on the presented letters, we requested her
to report, at the end of each block, the number of
I’s presented.

Earlier EEG and MEG studies showed that re-
sponses to orthographic vs. nonorthographic ma-
terial diverge at posterior temporal locations as
early as 150-200ms after stimulus presentation
(Bentin et al., 1999; Tarkiainen et al., 1999). We
examined the NI1/N170 component (150-170ms
for AD) elicited by congruently and incongruently
colored letters. Mean ERP amplitudes (relative to
a nose reference) at this time range, in eight blocks
of trial were used as random factor. These were
measured as PO7 and POS, the posterior scalp lo-
cations at which the negative component NI
evoked by letters was maximal.

AD’s NI was significantly more negative in
congruent than in the incongruent condition,
showing for the first time an early effect of
synesthesia on evoked potentials recorded over
the posterior scalp, within an individual subject.
Additionally, the N1 was larger on the right (POS)
than on the left (PO7) side, a somewhat unusual
pattern for a right-handed participant; however,
there was no interaction between congruency and
hemisphere (Fig. 3).

What are origins of this congruency effect? Note
that in both conditions a synesthetic color is in-
duced. The only difference is that we present let-
ter—color combinations that match or mismatch
AD’s individual synesthetic correspondences. This
could have implications on both perceived stimu-
lus contrast and stimulus categorization. The
larger N1 recorded in the congruent condition is

A S(hms U S00ms

——— congruent
incongruent

T

P07 PO8

Fig. 3. Event-related potentials evoked by letter stimuli colored
either congruently or incongruently with AD’s synesthetic col-
ors. The approximate location of scalp locations (PO7 and
POS) is shown on the schematic drawing on the lower left.

more consistent with the latter. Because AD re-
ports seeing both her synesthetic color and the ac-
tual stimulus color at the same time, the perceived
contrast in the congruent condition (e.g., red on
red) is lower than that in the incongruent condi-
tion (e.g., red on green). On the other hand, the
congruently colored letter may be easier to cate-
gorize. Thus, a more canonical stimulus form (at
least for AD) may evoke larger N1. Alternatively,
the effect may be due to attentional modulation.

While further studies will be required in order to
understand the nature of this congruency effect, it
is clear that it can serve as a marker for the time
course of synesthesia. It may be useful as another
tool for assessing individual differences among
synesthetes (Hubbard et al., 2005a,b). Finally, the
early modulation of posterior ERPs is consistent
with the claim that synesthesia is a genuine per-
ceptual phenomenon.

Number-space synesthesia

As much as 12% of the population experiences
numbers as occupying a particular spatial config-
uration (Seron et al., 1992). These have been
termed number forms (Galton, 1880a, b). Al-
though the overall direction of these forms is often
left-to-right, the precise configuration can be idi-
osyncratic, as can their locations in space. For
some, the number forms occupy peri-personal
space around their body, for others it is in their
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“minds eye.” For some, the number forms are re-
ported to move through space according to the
number attended to; for others, it is a static rep-
resentation. We have recently provided some ev-
idence for the authenticity of these subjective
reports by showing that the task of deciding which
of the two numbers is larger is biased according to
whether the two numbers are displayed in an ar-
rangement that is congruent or incongruent with
their number form (Sagiv et al., in press) (Fig. 4).

Although number-space synesthesia does not
involve one of the traditional five sensory modali-
ties, it shares a number of similarities with other
types of synesthesia. They are reported to be con-
sistent over time, to come to mind automatically,
and to have no known origin. Our sense of space is
clearly a perceptual dimension, although it is not
tied to any one specific sense and may be repre-

Fig. 4. An example of a more convoluted number form drawn
by one of our synesthetes (colors not shown).
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sented at multiple levels in the brain (e.g., egocen-
tric vs. allocentric space) (e.g., Robertson, 2004).
Sagiv et al., (in press) found that number forms are
far more prevalent in synesthetes who experience
colors in response to numbers than in other mem-
bers of the population or in other types of
synesthesia. One account of this association is
that the spatial attributes of numbers are applied
to the associated synesthetic colors, thus leading to
a heightened awareness of a number-space rela-
tionship that, in most others, remains implicit. An
alternative explanation is that number-space and
number-color synesthesia are caused by the same
underlying mechanisms (e.g., cross-activation of
brain areas, in the case of numbers forms — in the
parietal lobe). Indeed, similar regions in the pari-
etal lobes are known to mediate both aspects of
numerical cognition and spatial processing (Hub-
bard et al., 2005a,b).

Evidence for a spatial (but typically implicit)
mental number line in the normal population
comes from the SNARC effect — the Spatial-Nu-
merical Association of Response Codes (Dehaene
et al., 1993). If participants are asked to make
number judgments of parity (i.e., odd or even)
about the numbers 1 to 9 then they are faster at
making judgments about small numbers (< 5) with
their left hand and faster at making judgments
about larger numbers (>5) with their right hand.
Hence, participants perform as if reliant on a spa-
tially based mental number line running from left
to right. In addition, it has been shown that pas-
sive viewing of numbers can induce spatial shifts of
attention (Fischer et al., 2003) and that spatial at-
tention deficits can bias numerical judgments
(Vuilleumier et al., 2004). Consciously perceived
number forms also tend to run from left to right,
although they sometimes twist and turn (Sagiv et
al., in press). The extent to which this is culturally
biased is not entirely clear (the SNARC effect is
reduced in Persian immigrants living in Paris; De-
haene et al., 1993). Number forms also occasion-
ally point to cultural biases (e.g., 1-12 arranged
like a clock). Nevertheless, it is conceivable that an
association between numbers and space is univer-
sal even if direction in space is not.


Noam
PBR � V155 : 55015

Noam
1
3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
33
35
37
39
41
43
45
47

Noam
QA :11
1
3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
33
35
37
39
41
43
45
47


272

Summary and conclusions

The literature reviewed here points to a significant
number of similarities between synesthetes and
nonsynesthetes in the way that different perceptual
dimensions are linked together. This suggests that
synesthesia is based on universal mechanisms
rather than being based on mechanisms found
solely in synesthetes. Although the review has been
rather selective, there is evidence to suggest that
the same holds in many other types of synesthesia
including emotion-color correspondences (Ward,
2004), grapheme-color synesthesia (Rich et al.,
2005; Simner et al., 2005), and the spatial repre-
sentation of calendar time (Gevers et al., 2003;
Sagiv et al., in press). Of course, synesthesia is
different and any account of synesthesia must ex-
plain the differences between synesthetic and nor-
mal perception as well as the similarities. At least
three differences are in need of explanation: phe-
nomenology, automaticity, and reliability. At
present, it is unclear whether the fact that
synesthetes have conscious perceptual experiences
reflects quantitative increases in activity in critical
brain regions or whether it reflects a more complex
integration of several regions. Understanding these
differences may provide some insights into the re-
lationship between brain function and perceptual
experience.

Cross-modal integration is obviously very useful
for making inferences about objects and events in
our environment. It seems, however, that this in-
volves more than pathway convergence. In fact,
there is a large body of evidence suggesting that
activity in unimodal brain areas is modulated by
information coming from other senses (e.g., Mac-
aluso and Driver, 2005). One wonders whether the
question should be why do so many people fail to
experience synesthesia under normal conditions?

Still, lessons from synesthesia have even wider
implications. Many aspects of cognition involve
making some form of cross-domain correspond-
ences. Language is one obvious example. Indeed,
links between synesthesia, metaphor, creativity,
and the origins of language have been suggested
(e.g., Ramachandran and Hubbard, 2001b). Quite
a few metaphors seem so intuitive that we may
have forgotten that they link otherwise unrelated

sensory modalities (e.g., “high pitch,” “future lies
ahead,” “‘to be touched by your sentiments,” etc.).
Our ability to empathize is another example of
cross-domain mapping. In this case an analogy is
made between the self and others. Mirror-touch
synesthesia may simply be an extreme form of this
very basic capacity (yet still an interesting test case
for theories of embodied cognition).

Number forms (as well as spatial descriptions of
time) are found to be even more common than
“standard” synesthesia involving vision, touch,
taste, smell, or sound. In this case, space is used
not only as a ““‘common currency’’ for cross-modal
interactions and binding different stimulus prop-
erties, but also as a dimension along which con-
cepts can be mapped. How does space facilitate
understanding of quantity? According to Walsh
(2003), space, time, and quantity are all repre-
sented by a general magnitude processing system
in the parictal lobe. We find, however, that
synesthesia and spatial forms are commonly in-
duced by ordinal sequences, including the letters of
the alphabet — a category that is harder to de-
scribe in terms of magnitude. Instead we propose
that use of space as an organizing principle may be
understood as a useful tool for grasping abstract
concepts by constructing concrete spatial repre-
sentations. Indeed, this too could reflect a basic
feature of human cognition, not only responsible
for the SNARC effect (Dehaene et al., 1993), but
also the precursor of the use of graphic represen-
tation so prevalent in human culture.
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