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For a synesthete, certain stimuli or the thought of cecan-
cepts may be accompanied by perceptual qualities notatigrm
experienced by most people (e.g., Cytowic, 1997). Foe symesthetes, letter
shapes may induce a color (e.g., A is red, B is bluegrstinay experience
gustatory qualities when hearing words ("Jeremy" tadtesshellfish con-
somme), or see moving colored shapes when listeningdiz feLg., Sibelius's
"Valse Triste" may evoke the sight of slowly drifting pinks). These corre-
spondences are consistent across time and idiosynthatiggh some trends
have been observed (e.g., Day, this volume; Shanon, 19&2i, ®imner, &
Auyeung, in press).

This may sound very odd to most people, and it is often loabelieve
for those of us who have never had such experiences. |raleedtral issue
iIn synesthesia research has been the development obdueth test the
perceptual reality of such reported phenomena. Such deetmave been
developed and have demonstrated that synesthesia isl iadeal percep-
tual phenomenon (Blake et al., this volume; Palmeri, Bldarois, Flan-
ery & Whetsell, 2002; Ramachandran and Hubbard, 2001aydhime;
Smilek, Dixon, Cudahy & Merikle, 2001, this volume). Gitbe peculiarity
of synesthetes' reports, it is not surprising that teeaf synesthesia have
begun to focus on the question of how synesthetes' brapdendiffer-
ent from the brains of nonsynesthetes, as evident in oktagters of this
book. However, one simple question has been largelyooked: What does
synesthesia share in common with normal perception?rtrcylar, what
cognitive and neural mechanisms ordinarily used in p&orepre essential
for synesthesia?

Odd as it may sound, synesthesia does share much in comthamowi
mal perception. First, although particular synesthetiorsptastes, and so



on, may sometimes be hard to describe, they are stillierped as having
one or more of the familiar sensory qualities. Synestli®esiat a sixth sense
(see Tyler, this volume) as some are temped to declareiohddyt, synes-
thetic qualities are consistent. Just as nonsynesthefesience of seeing
one particular color induced by certain wavelengths isistamg across time,
the same can be said about synesthetic aspects of stimfatit, consistency
of reported correspondences has been widely acceptee dsgagnostic cri-
terion for synesthesia. A color-graphemic synesthete wioeipes the letter
H as crimson always sees H this way. He or she will demsig choose the
same crimson color patch among similar color patchesstesting sessions
that can be months or years apart. Moreover, crimson lescaiproperty of
the letter H, just as redness is a property of stravdserfihe color crimson
is bound to the letter H, in the sense that it consisteattccurs with it.

The idea that synesthetic correspondences are, in faci/gmein human
cognition is not new (e.g., Marks, 1987; Merleau-Ponty,2] $&machan-
dran and Hubbard, 2001b). However, little is known abouthdréinding
of synesthetic stimulus properties (in this example giieés color to shape)
obeys the rules of normal binding of surface propertiet s$ color and
shape, and in particular whether attention plays a deotean synesthetic
binding as it appears to do in normal perception.

We begin this chapter by briefly reviewing how binding heught to
occur for nonsynesthetes (sometimes referred to as nperaivers). The
visual system must solve several binding problems to wakect inferences
about the world around us (e.g., Treisman, 1996). Howéeproblem of
correctly combining color, shape, and other surfacefeatnto objects has
been a hotly debated issue (for a review, see Wolfe & d#99). According
to one popular theory, Feature Integration Theory (FiDpgsed by Treis-
man and Gelade (1980), this type of binding is achieved ggamy spatial
attention. When binding fails (e.g., under conditiongligided attention),
wrong combinations of features may be seen. For insté#radlue A and
green X are presented briefly and attention is focusedvetye, a person
might see a green A and blue X. These incorrect combnsatibfeatures are
known as illusory conjunctions (e.g., Treisman & Schnii@82) and reflect
early independence of feature registration, which rthest be bound into
the colored shape we see.

Many deny that feature binding is a problem at all (&gsson, 2001;
Shadlen & Movshon, 1999), and there are ongoing debateg ahether
the brain works in a way that creates a binding problerharfitst place.
There is, however, ample behavioral evidence thatignidi a problem, at
least as operationally defined by paradigms requiringmedgs about fea-
ture conjunctions. Other behavioral evidence has beamddéom the study
of neurological patients. Neuropsychological data hmrbhaps offered the
most persuasive evidence that binding is more than aetieadrconstruct.



For some individuals with brain injury resulting in spladaficits, binding
can be a real problem that occurs in everyday life. As Flildvpredict,
illusory conjunctions happen more frequently when spattantion is dis-
rupted (for a review, see Robertson, 1999, 2004).

The case of R.M. is perhaps the most remarkable example stffered
from Balint's syndrome produced by bilateral parietaloles. He nearly
completely lost all spatial information outside that @ bwn body and
consequently showed illusory conjunctions even in freevivig conditions
(Bernstein & Robertson, 1998; Friedman-Hill, Roberi&direisman, 1995;
Robertson, Treisman, Friedman-Hill & Grabowecky, 19%#& Idumphreys,
Cinel, Wolfe, Olsen & Klempen, 2000, for confirming ewide). While neu-
rophysiological data suggest that color and shapendially processed in
different areas of the cortex in ventral visual pathwgyg., Felleman &
Van Essen, 1991; Livingstone & Hubel, 1988), data frRiM. show that
accurate integration of such features requires doeghlway input (e.g.,
spatial processing of the parietal lobe).

The neuropsychological approach of studying patienth eertain le-
sions and deficits to learn how the brain might work hagtius a great
deal. But studying positive phenomena, in which sometisiraglded rather
than missing, also has much to offer. Synesthesia is stageand is another
example of abnormal binding that is a type of "hypetinig.” In this case,
a property such as color that is not part of the stimulei§ igssnevertheless
bound to it in perception.

In one sense this may be thought of as the converselimthing problem
observed in R.M. For R.M., colors and shapes appear todeeandently
registered (as they are for normal perceivers), buetiteres are not bound
correctly, presumably due to an inadequate spatial Isigma the parietal
lobes. However, for some synesthetes this signal mayenaebessary for
binding, perhaps due to a more direct link between laeeas that encode
separate features than is present for the rest of usRamachandran and
Hubbard, 2001b). This may lead to preattentive bindingd({bg that occurs
without the need for attention). It would seem thatdinengest test of this
proposal would be with color-graphemic synesthetescesly those who
see synesthetic colors bound tightly to shapes.

Even within the color-graphemic category of synesthetfie percept
varies widely across individuals. Some synesthetes tréipar the color is
projected externally, while others do not (e.g., Smile& Bixon, 2002).
As reported throughout this volume, synesthetic colomiftieence perfor-
mance, and they are not a delusion. Another importaimation is whether
the color is seen as a surface feature of the grapkeither projected on
the actual presented grapheme or a second visualiggcgame synesthetes
report seeing) or is seen in a different location. Ouwisdtas been on the
type that most resembles normal feature binding, whedters or digits



induce an externally projected color that appears as acsuigature of a
grapheme (e.g., Smilek et al., 2001). For these synesthie¢esynesthetic
color somehow coexists in the same space as the acttadesaolor but
without mixing.

Our studies were designed to explore the role of attendénd,in par-
ticular spatial attention, in this type of synesthesaattention necessary
for synesthetic binding, as it appears to be for nornalife binding? One
popular account of synesthesia is that certain brain amaabnormally
and more directly connected than in nonsynesthetes (Baben, Harri-
son, Goldstein & Wyke, 1993). Particularly, in the calseabor-graphemic
synesthesia, Ramachandran and Hubbard (2001b) préyadgbese would
most likely connect two ventral cortical areas: the calaa V4/V8 (e.g.,
Hadjikhani, Liu, Dale, Cavanagh & Tootell, 1998; Zeki & e, 1998) and
the grapheme area (e.g., Nobre, Allison & McCarthy, 199d date, there is
no direct evidence for the anatomical claims about hypessdivity giving
rise to synesthesia. Nevertheless, if this theory i®cgrit could be the case
that cross-talk between ventral areas subserving $wsestoccur directly
and without parietal input. Moreover, as synesthetiafeatare not actu-
ally present in the scene, perhaps there is no a prasoreto believe that
attention should play a role. Alternatively, because amyrcases, perceived
synesthetic features do have a well-defined spatiatitot and extent, it may
rely on parietal mechanisms that support spatial attergiter all. Indeed,
we found that synesthesia does require attention arehegpio follow at least
some of the rules of normal feature binding (Robertso@32&obertson &
Sagiv, 2002; Sagiv, 2001; Sagiv, Heer, & Robertson, ingregjmn). Here we
review some of these findings, but first we introduce eutigipants.

A.D. and CP. are both color-graphemic synesthetes.rBptrt that let-
ters and digits evoke colors that are determined by tiphenaic shape (e.g.,
5 and S have similar colors; see plate 6.1). Both syrtiestlage in their
late 20s, and both report that they have always seerslettel digits this
way, at least as far back as they can remember. They mtaxsdeith R,G,B
values that best matched their synesthetic colors whesergesl with an
achromatic number or digit, and on a consistency tesh gieeral months
later they chose the same colors. Both reported thatthgtiescolors were
externally projected on the grapheme surface (i.egrered as a surface
feature as illustrated in plate 6.2, and coexisting witlatiteal surface color.

Synesthesia Facilitates Visual
Search: Pop Out or Guided Search?

One challenge in designing experiments to study syneatiseselection of
objective measures that can verify its presence. A comresigrdused for



this purpose is a variant of Stroop-like methods.,(8ergfeld-Mills, Howell
Boteler & Oliver, 1999; Dixon, Smilek, Cudahy & Meriki2D00; Odgaard,
Flowers & Bradman, 1999), in which effects of a tasklevant variable
on color naming are evaluated. A typical finding witmesthetes is that
reaction time (RT) to judge a color patch is influencgedaliask-irrelevant
synesthetic color evoked by an achromatic stimulusamigplay. RT is faster
when the color patch is consistent with the synestloetar than when it
Is inconsistent. Others sought to document the perdagtaidy of synes-
thesia by embedding a complex target in a multi-item caohtic display
(e.g., Ramachandran and Hubbard, 2001a). The evideinggethis method
demonstrated that synesthetic colors could faciliteterch in otherwise
monochromatic grapheme displays. However, the natlutieis facilitation
at first was poorly understood: Ramachandran and Hubbard @elsdrib
as pop out, implying that binding of synesthetic catogtapheme shape
occurs preattentively. This is indeed a plausible ouécofrcross-activation
between grapheme and color areas in brain via direct cbong between
these areas. In the displays used by Ramachandran abdrduboth dis-
tractors and targets induced synesthetic colors. Uswlgn conditions, it
is hard to know whether the facilitation was due to & pap out of the
target's synesthetic color or to faster rejectionisfractor items based on
their synesthetic color (i.e., guided search rather tlopropt of synesthetic
color induced by a yet-to-be detected target).

We began to explore these issues by attempting to replica visual
search findings under more restrictive conditions. \Mg osed distractors
that did not induce synesthetic colors and compared Rdlstaxt targets
that were either synesthetic inducers or not. Samggagis are shown in
figure 6.1. In one display the target was a 180°-rdthtend the distractors
were 90° rotated Ts. These were not referred to as Ls anckil sfter the
experimental data were collected. The same displays wssd in another
condition, except now they were rotated 180°, makind-thpright and an
obvious letter, while the Ts remained rotated. As atresthiis manipulation,
all the physical features of the displays were equateeeba the two display
conditions, and in neither case were the distractorssslyetic inducers. The
critical difference was that in one case the targetavagnesthetic inducer
and in the other case it was not. We refer to the two tonslias "inverted"
and "upright” in reference to the target. All stimuli e@chromatic (gray)
items on a white background.

Other than the change in the target's potential as@s8yetic inducer,
the subjects engaged in a standard visual search experithepwere asked
to indicate whether the target was present or not, @esgbnse speed was
emphasized. The target was present on half the triadlsset size was either
4, 9, or 16. Stimulus density was equated across set size.
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Figure 6.1. Sample search displays (with target presestt)imexperiment 1.
(@) Initial inverted block, a nonletter target; (b) setapright block, a letter
target.

As can be seen in plate 6.3, visual search was quite ndfitsincreased
with set size, and slopes were steeper for target-abis@nttarget-present
conditions (in target-present conditions, search caarbarated as soon as
the target is found). Critically, neither subject showedeatidence of (or even
a trend toward) faster search rates for targets thateada color (Ls) com-
pared with targets that did not induce a color (ireeetts); in other words,
there was no interaction of set size and target orientatiothose trials
when the target was present. When distractors were nottlsghesnduc-
ers, synesthetic properties of the target did not maktesedce, meaning
that, at least for A.D. and C.P., synesthetic colors doombpt. Rather, the
synesthetic experience only began upon target detectien wbecame the
focus of attention.

These findings are consistent with the subjectiventepad both our par-
ticipants who reported seeing the color associated ithetter L, but only
upon detecting the target (and only when it was upridte)ther reported
knowing the target was there as a consequence of seeiogrteeponding
synesthetic color before target detection.

Processing without awareness has been reported ineavaitety of
tasks in different subject populations. However, our figdished doubt on
preattentive binding in synesthesia. Binding of the djnedis color with the
inducing shape required attention to the inducing stimuline data also
suggest that the synesthetic properties of distracéar&ccount for the im-
provement in visual search for other synesthetes testegtien laboratories.



Synesthetic color may help synesthetes group distracttrsclusters of

similar color, making them easier to reject, perhaps vépexial form of

guided search (Wolfe, 1994). Alternatively, the syndgtle®lor induced by
distractors as the search proceeds may help synesthekgsedurning to

those distractors that have been rejected. The colorggmap the distrac-
tors in ways they do not for normal perceivers, makingsierch more
efficient. Palmeri et al. (2002; see also Blake et al vibliame) also provided
confirming evidence that synesthetic color guides $ehtt does not ac-
tually precede target detection. Like Ramachandran and Hulib@dd a),

they too found that synesthetes were faster than comirbfeding a target
grapheme among distractor graphemes. However, inr&bgieriment, they
showed that this advantage disappeared when meaningbeissis (that do
not induce color) were used as distractors. Their salsty helps rule out
other explanations of our findings based on factors sadhesmaller set
sizes or constant density we used, or that our findinguaigue to the
two synesthetes who participated in our study. In addi#oD. and C.P.

were tested by Hubbard and Ramachandran (2002) using igp#yd and

procedures and showed an advantage over control sulgteisting the
embedded target shape among letter distractors.

Other results reported by Ramachandran and Hubbard (2@004b)
may also be explained along similar lines. In one exm@ringrouping ele-
ments into rows or columns by synesthetes was determyrseohibarities of
synesthetic colors induced by items in the display. Howguen that stimuli
were available for a prolonged time and speed was notablearthese find-
ings were probably not due to pop out. In another expatinsgnesthetes
were asked to identify a single achromatic target amaungaichromatic dis-
tractors (a crowding paradigm that normally producefopeance decre-
ments in naming the target for nonsynesthetes). Thiagkswere placed in
peripheral vision with a digit target in the center @t displays surrounded
by digit distractors. In contrast to normal perceivers ateslower to name
the target under such conditions, synesthetes were fsteaming the
central target. However, here too, the distractors sxgmnesthetic inducers,
and it would be interesting to see whether this effectoMoel replicated with
distracters that do not induce color surrounding a tahgétdoes.

Other recent studies have been concerned with the questiontbiewhe
tention is necessary for synesthetic binding. The laggesip of synesthetes
(N = 15) was studied by Mattingley, Rich, Yelland, and Brads(2001;
see also Rich & Mattingley, this volume). They found thadar conditions
sufficient to produce letter priming from below threlshachromatic letter
primes, synesthetic color priming was not observed. Vhesshetic color
only primed when the inducer was perceived.

In sum, synesthesia acts rapidly enough to influence peyneand
performance. However, it appears that the majority obregdaphemic



synesthetes do not bind synesthetic color to graphenaipespreatten-
tively and that awareness of the inducing grapheme isrgnnecessary
for synesthetic colors to be experienced (an exceptiontespby Smilek
et al. will be discussed later). But can attention modudgteesthesia at
suprathreshold levels? If attention is required foresymetic binding, then
manipulations of spatial attention may modulate thensfih of the experi-
ence as well.

Attention Modulates Synesthesia

In the previous section we reviewed results consistéhttive conclusion
that synesthetic colors do not pop out of a clutterexy dout rather are expe-
rienced when inducers become the focus of attention anddhcing shape
reaches visual awareness. To directly assess the rdatemti@n, particularly
spatial attention, we conducted a second experimentislexperiment we
varied the size of the attentional window so that it eith@uded or did not
include task-irrelevant but clearly visible digit indus placed on both sides
of fixation. Sample displays are shown in plate 6.4. @h &gal two identical
achromatic digits (either 2 or 7) appeared 200 ms d@i@sentation of a
target. The target was four identically colored dots. &ibjwere asked to
report the color of the dots as rapidly as possible bysinges key, and the
dots were either a consistent or inconsistent colorabitiduced by the 2 s
or by the 7s. Target dots appeared either close to fixatioich was at the
center of the screen, or more peripherally, closer tadim-inducing digits.
The position of the target dots was blocked to encourdgecss to focus
attention either narrowly or widely before a trial begh is also important
to note that the position of the inducer digits was the saimeth blocks and
never changed throughout each block of trials. By changilygtarget dot
position, the inducer digits would be within a wideeattonal window when
dots were expected in more peripheral locations and eusel attentional
window when dots were expected close to fixation. Nadé titn optimize the
occurrence of synesthesia, the digits always appeara® lieé target dots.
We compared RTs to judge the color of the target dotswibed either
congruent or incongruent with the synesthetic color efitlducers. Con-
gruency effects between synesthetic color and actugdttaolor have been
frequently used as an objective measure of synestli€Eia. colored shapes
congruent with the synesthetic color are typicallyefaghan to incongru-
ently colored shapes, and we have obtained a simildt vaguA.D. and C.P.
in other experiments. Here we also manipulated attetdia®termine its
effects on the inducers. If attention can modulate slgasist, we predicted
that a smaller congruency effect would be observed whiemtein was
focused narrowly and the inducer digits were outsidddties of attention.



Indeed, this is what we found; the congruency effectmakedly reduced
when inducers where outside the attentional windove Whs demonstrated
by a significant interaction between color congruencyattehtion for both
AD. and CP. (plate 6.5). In AD.'s case the differancRT between the
incongruent and congruent case dropped from 74 ms to 3&hms the
inducers were outside the window of attention (atbearrowly focused),
and for C.P. the effect was even larger—from 256 ms to 69 ms.

In sum, inducers had a smaller effect when they were eutkil focus
of spatial attention, even though they were in the sameatdtcation
as when attention was spread widely. Consistent with fireiags, both
subjects reported experiencing more vivid colors whentalget dots were
farther in the periphery.

Of course, with such simple displays, inattention woolde expected to
be complete, and some residual effect would be expestedrhen inducers
were not within a narrowly focused attentional windowisTimeans that
whether or not some processing of the synesthetiepiep of graphemes
took place without attention could not be addressed thithstudy alone.
However, these results clearly demonstrate that adtestibstantially mod-
ulates the strength of synesthesia.

Several other studies (some by contributors to thisswe)ualso support
a central role for attention in synesthesia. These decinodulation by at-
tentional load (Rich and Mattingley, this volume) andesthete's reports
when viewing hierarchical stimulus (e.g., a large 5 nigdie placement of
smaller 2s). The reported color depends on whethessslyate's attend to the
global or local stimulus levels (Mattingley et al, in pré2@imeri et al, 2002;
Ramachandran and Hubbard, 2001b). Also, synesthetesty&pe gener-
ally consistent with the finding that paying attentiorkesaa difference.

The literature as a whole also suggests that synestisealstomatic,
which is one of the attributes that on the surface siggkeat it should not
require attention. In fact, automaticity is typically arfi¢he requirements for
diagnosing synesthesia (Cytowic, 1997). However, thdeece as a whole
suggests that once the inducer is attended, synestipggars automatically
(Mattingley et al., 2001). It happens without effort, butaeamess of the
inducer shape or identity appears to be necessargsafdethe majority of
synesthetes and clearly for those we tested.

Synesthesia and Visual Awareness

In our studies reported in the last two sections thmuditiwere presented
above threshold, so no direct test of an attentionalimabending was per-
formed. However, other studies have examined synesthesianear per-
ceptual threshold and have reported conflicting resalterms of whether



synesthetic binding occurs preattentively. In the ldrgesly of synesthetes
yet reported, Mattingley et al. (2001) presented evielesuggesting that
synesthesia without awareness is unlikely, at least forxed group of 15
color-graphemic and color-phonemic synesthetes. Hawsome findings
reported by Smilek and colleagues appear to providesitdaa counter ex-
ample. In a study reported in theurnal of Cognitive Neuroscienc&nilek et
al. (2001) described a color-graphemic synesthete, G, likd A.D. and C.P.,
projects synesthetic colors externally (a "projects'categorized by Smilek
& Dixon, 2002), onto the surface of the inducing shape. G.legs likely to
detect an achromatic (black) digit presented on a colmmeliground that
was congruent with the synesthetic color of that digintla background
color that was incongruent. This pattern was replicated aifiecent meth-
ods with C, including visual search, and suggests thatytiesthetic color
was bound to the digit preattentively (see Smilek et a vitilume).

Since C, A.D., and C.P. all bind colors within the boundasie¢he shape,
we attempted to replicate Smilek et al.'s (2001) figsliwith our subject
A.D. (C.P. was unavailable for this experiment). Unkg, A.D. was able to
detect the letters equally well whether the backgrourat @ads congruent
or incongruent. In addition to the original design, we atso a simpler,
modified version of this experiment with only two possiplaphemes and
two possible background colors (rather than nine asays8ahilek et al.). We
reasoned that RT measures would be less susceptibfategst biases that
might be introduced when errors were the dependent me@sgreusing
the background color as a default guess or, conversahdiray it when
uncertain). Thus, we asked A.D. to determine as rapidiossigte which
of two black letters was presented on each trial. In 50%eofrifils letters
were presented on a background congruent with the swtiestblor of the
presented letter and in 50% letters were presented arkgrband that was
incongruent (the color normally induced by the othesipts letter in the
stimulus set).

For the original design, we found no differences in erabes between
background colors. In the reaction time version, RT toectly identified
letters was significantly shorter in the congruent comdi(641 ms) than
in the incongruent condition (711 ms). It appears thaAfr synesthesia
does not occur preattentively. Performance was affegtédde background,
perhaps at some later stage of processing or decisikingna

Coexistence of Stimulus
and Synesthetic Color

The above differences between C. and A.D. may simply bengeher piece
of evidence that synesthesia has wide individual diftee However, a



spontaneous comment by A.D. piqued our interest. Stheisalhat the digit

she saw was both black and the induced color at the sameAihen probed

about the locations of the two colors, A.D. reported thatsdn't know how

to explain it, but that both appeared on the shape irsdahe location at
the same time. Her comments are consistent with $eye@sthetes we and
others have interviewed in that they claim to see both #decotor and the

induced color at the same time (although not alwaysgh#iyt coupled as

forA.D.).

When two colors exist in the same place, they mix, butithés not appear
to be the case with synesthetic colors and colors dabyewavelengths
in the stimulus. When one color (we are including blaskjenerated by
wavelengths from the stimulus and another by its shdggevwo colors
appear to coexist. How might this be explained? Supposé A is presented
in the middle of a computer screen to a synesthetesedgmgreen whenever
an A is present. In such a case the brain should activage feature maps
(location, shape, color) registering one location digoentral), one shape
signal (A), and two color signals (red and green). Thestiue is how the
visual system handles the extra color.

There are several possible solutions: to inhibit thmutis color com-
pletely; to see two colors, one bound to the shape'sdacand one off to
the side; to replicate the shape in another locatiorband the color to it; or,
as A.D. reports, to somehow see both colors in the santelooathe same
shape (see Robertson, 2003, for a detailed way in whédbrain might man-
age this). Other synesthetes seem to solve the pralifferently, reporting
that the color is anywhere from slightly off the shépéovering elsewhere
or as an aura. Still others claim they see the color adbuéah their mind
(not projected into the world), which may represent a @iy different
type of synesthesia (Smilek & Dixon, 2002) or a pomia continuum with
one end represented by tightly bound sensations and tee lmtinormal
metaphors, a position that Ramachandran and Hubbard l{p@vor.

To our knowledge no one has yet attempted to quantifyeipert that
two colors can coexist at the same location at the sam& but several
guestions immediately arise that may be relevant for nstaieding individ-
ual differences in color-graphemic synesthetes such asdCA.D. To what
extent, if any, does either a synesthetic or stimuli® dominate, and do
they compete for awareness? Do they alternate in percesatiquickly for
some synesthetes that they appear to be present emntlegptace at the same
time but are actually not? At least some synesthetestrédyairsynesthetic
percepts are more easily accessed in the dark (Tyleryoehume), bringing
forth the possibility that the stimulus color dominatesler stronger light-
ing conditions and the synesthetic color under wdal@mg conditions. To
what extent can controlled attention modulate the doremah one color
over the other?



This discussion brings us back to the question of how C.traaje the
binding problem presented by two color signals, one skapal and one
location signal. Assuming that she, like other synesthedees the stimulus
color and her synesthetic color together, the questien becomes why
dark gray (the digit color used by Smilek et al. [2001] ie damouflage
experiments) was not sufficient to detect the target atosed background.
Why would background color congruency with the synestlestior have
any effect? Perhaps C.'s visual system inhibits stimulies, deaving only
the synesthetic color and the background color. Undgr siicumstances
a dark gray digit (or any other colored digit) would belaegd with its
synesthetic color. If this is the explanation for whykdgray was not suf-
ficient for C. to detect the digit in a colored backgrours still means
the induced color replaced the dark gray before C. becamage of the
presented digit (preattentive inhibition and preattentive bindilhggeems
that under normal viewing conditions C does detect lettedstheir actual
color, but whether the dynamics of her perception umdere restricted
conditions generalizes to other synesthetes remainseanguestion. This
then would be consistent with hyperconnectivity betweatufe maps and
the hypothesis that we originally tested but found no stgpo namely,
that binding under such conditions would be preattentive in sygtesth
with tightly bound color-graphemic synesthesia.

Neural Contributions to Color
Synesthesia

It is possible that C. represents an extreme case df, caitomatic, and
vivid synesthesia, while the majority of other synesth, including other
projector synesthetes, depend on attention at least toesdemd. If such in-
dividual differences exist, we should be able to trae& heurophysiological
origins. Candidates for neural bases of such differenceslet

1. Quantitative differences of abnormal cortico-cattibyperconnec-
tivity as might be directly tested with diffusion-weigth imaging
measures.

2. Qualitative differences in connectivity (e.g., theelleof visual pro-
cessing hierarchy at which abnormal connections aremjesuch
differences may be evident in the time course of elguysiological
correlates of synesthesia (Sagiv et al., 2003).

3. Quantitative differences in functional organizatibthe visual cortex:
What proportion of color-sensitive tissue is dedat@abeprocessing of
synesthetic color? This may correlate with the likelitbed synesthe-
sia will influence detection of certain stimuli. Furtliferences may



manifest in varying degrees of inhibition between puasitimulus
and synesthetic color-responsive areas.

4. Qualitative differences in functional organizatiortteé visual cortex:
Do some synesthetes have shared circuits for stimutlisyaesthetic
color while others split the color area into two funity segregated
modules? One would expect that in the latter case, anraerate
perception of actual stimulus properties may be permiit@drallel
with the synesthetic experience. Imaging techniquasasifunctional
magnetic resonance adaptation (Grill-Spector & Mela©01) would
be valuable for assessing such differences. As noted, dimiteA.D.
and CP. reported that the synesthetic color does natecihle actual
color, but rather they coexist.

Neuroimaging data have not been reported for most thesgates who
have been tested in behavioral studies. From the harfidftudies that have
reported imaging data, a particularly interesting reisuthat areas of the
brain that are active during colored-hearing synestheshade those that
normally correlate with perceived color (even though elords presented,;
Nunn et al., 2002). Interestingly, for the subjects inXlumn et al. study,
there was a division of labor between hemispheres immeghat respond
to externally presented color. One was more responsitieet color of the
stimulus and the other to the synesthetic color. We tiogefuture studies
will tell whether this pattern generalizes and will previdore quantitative
information on the dynamics of activity correlated witirmal and synes-
thetic color perception or, alternatively, whether tlegyree of overlap in
activity correlates with the ability to report both colors

Another intriguing finding in the Nunn et al. (2002) datas that the
angular gyrus and inferior parietal lobes were justctigeaas V4/V8 when
synesthesia was induced. In fact, parietal activity hes peesent in all stud-
les of synesthesia reported to date, but these findangslieen downplayed
or ignored for some reason. For instance, using PET, Paulasu(£995)
found strong activation bilaterally in the occipitalfetal junction which
the authors considered puzzling.

Parietal activation in the functional imaging study ofnNwet al. (2002)
was within areas of damage in R.M. and other Balint'srsyne patients.
Recall that RM had severe binding deficits between emldrshape as a result
of spatial deficits (Robertson et al., 1997). In light osthéndings and the
parietal activation observed with synesthetes, we stglgas the spatial
attentional signal generated by the parietal lobes d#ss @ major role
in color-graphemic synesthesia. The hyperconnectsutygested by others
seems to require consideration of both dorsal and venstadl pathways,
although it would be interesting to know whether theesyimetes who do
show evidence of preattentive binding (Smilek et al., 2001, this e)lum
activate only ventral areas during synesthesia.



Discussion

Although we expected to find evidence for preattentimelibg with synes-
thetes, especially those demonstrating a strong spatipling between in-
ducer shape and evoked color, this hypothesis was nobrsegpWe had
reasoned that if hyperconnectivity between ventral @rnisual areas that
process shape and color was the underlying neural cauke ofost com-
mon forms of synesthesia (color-graphemic and colong@imic), evidence
for preattentive binding would be present, and this waddce the reliance
on attentional mechanisms. Instead, our results demnatedtthat attention
of the inducer was needed before synesthesia aroseadrgpétial attention
modulated the strength of synesthesia. These findirgs areed of expla-
nation considering other evidence that synesthetiarimnchn occur before
awareness (Smilek at al., 2001) and results demomgjréitat synesthesia
can increase visual search efficiency (Palmeri et al., 2B@Pachandran
and Hubbard, 2001a).

The evidence demonstrating that search is more effisieslatively easy
to explain. In fact, our data are in accord with the resafltPalmeri et al.'s
(2002) last experiment, which has not received the atteritt deserves.
When Palmeri et al. used distractors that did not evokecaerolor, they
observed that search for a synesthesia-evoking targehavémger more
efficient than search for a target that has no synesthetperties.

The fact that synesthetes are able to find a conjuntarget faster than
normal perceivers is consistent with guided search madelisual search
(Wolfe, 1994), but with a twist. For a synesthete who risegearching a
display of shapes in an area that does not contain tied tafl the distractors
within the window of attention will turn the synesthetmor. As spatial
attention moves across the display, other items will tulored, and items
already scanned will remain colored, producing geneessaof color that
act also as a cue that those areas have already bedmedediltis process
would increase search efficiency and reduce rescannidigtodictor regions
or overlapping regions of attention, and this explanasaronsistent with
the visual search literature and synesthesia. Increaasthssfficiency does
not occur when the target and distractors produce the salor or when
the distractors are not themselves inducers.

The evidence for preattentive binding presented by Setilek (2001) is
more difficult to explain, and the synesthete they regb(C.) may in fact
reflect a form of synesthesia that produces preateerinding of synes-
thetic color with a shape. If true, this finding would alsftect the variability
of synesthesia, even for those in the same category ffeogector color-
graphemic). It would also suggest that the brain mighestite binding
problem in different ways when confronted with two colowg bnly one
shape, and it would predict different interactions betweortical areas for



different synesthetes that may vary in time or in nleaoanectivity be-

tween areas that are normally separate. Synesthesia iseasia function
of many constellations, with some synesthetic phenorappaaring more
rapidly, more vividly, and more projective than othédepending on the un-
derlying neural machinery. The level at which bindingussawill also vary

as aresult.

In sum, although simple explanations of binding areagetjuate to ex-
plain color-graphemic synesthesia, the role of attentigts occurrence has
been supported across laboratories and with the mapbraynesthetes who
have been tested. Spatial attention changes the emeggahtiee strength
of color-shape binding for synesthetes. Visual seataties demonstrate
that attention must be directed to a target (or distraothucer) location
in a cluttered array before synesthesia appears, andadsethat change
the size of an attentional window influence the intgneit probability of
synesthetic perception. Consistently, parietal andepostemporal cortical
activity correlates with color synesthesia, as observeshwilonsynesthetes
search for a conjunction of color and another featuresd kimilarities may
indicate common mechanisms for feature binding even winenob the
features does not exist in the external stimulus.
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Note

1. The choice of a 200-ms interval between inducers anetsargas not
arbitrary. Event-related potentials (ERPs) to orthobrapversus nonortho-
graphic material first diverge about 150 ms after stimpiesentation (Bentin,
Mouchetant-Rostaing, Giard, Echallier & Pernier, 199%e reasoned that min-
imally we should allow sufficient time for digits to be caiaged to induce color.
Indeed, preliminary ERP data from A.D. and C.P. show mphysiological mark-
ers of synesthesia beginning between 150-200 ms (Sagighk& Robertson,
2003). Thus, we chose a stimulus onset asynchrony (SO2)@ ms. Further-
more, a control study using a similar design in controljes® showed that
this SOA is sulfficient to avoid confounding of the resulisttiee different target-
distractor distance (a concern for flanker paradigms irchthe target and the
distractors are presented synchronously).
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Plate 6*1 « A.D.'s (top) and C.P.s (bottom) letter-color and digit-color mapping.



Plate 6*2* When A.D. was asked to color in an outline of an F and the circles
making up a 4 to illustrate her color perception, she colored them as represented,
reporting that the colors were "a property" of the letters.

Plate 63, Mean reaction times (in milliseconds) as a function of set size for (a) A.D.
and (b) CP.



(a) (b)

Plate 6*4* Sample displays used in experiment 2. Throughout each block, target
colored dots appeared in positions that require motivated diffuse or focused
attention, putting the previously presented digits either inside (a) or outside (b)

theattentional window.

Plate 6,5, Mean reaction times (in milliseconds) for (&) A.D. and (b) CP. in the
inside and outside conditions for achromatic digits inducing either congruent or

incongruent synesthetic colors.



