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Neonatal Synesthesia:
A Reevaluation

Daphne Maurer and Catherine J. Mondloch

I n The World of the Newborn, Charles and Daphne Maurer (1988)
proposed that the normal newborn is synesthetic. They argued
that “the newborn does not keep sensations separate from one another, but
rather “mixes sights, sounds, feelings, and smellsinto a sensual bouillabaisse”
in which “sights have sounds, feelings have tastes,” and smells can make
the baby feel dizzy (p. 51). In later publications, D. Maurer and Mondloch
provided additional evidence for this hypothesis (Maurer, 1993; Maurer &
Mondloch, 1996) and distinguished strong and weak forms of it (Maurer
& Mondloch, 1996). The purpose of this chapter is to review the basis for
the original hypothesis and to reevaluate it in light of the evidence since
1996 on the neural basis of synesthesia, on developmental plasticity, and on
cross-modal interactions in nonsynesthetic adults and children.

The Original Hypothesis

The hypothesis grew out of paradoxical evidence of U-shaped development
of cross-modal perception: Babies demonstrated successful linking of infor-
mation across sensory modalities near birth, failed at similar tasks later in
infancy, and then appeared to gradually learn cross-modal links in the sec-
ond half of the first year of life. For example, 1-month-olds who saw a patch
of white light repeatedly for 20 trials showed evidence of habituation to
that light and to a sound at a level identified by adults as best matching
the intensity of the light. When another group was shown a more intense
light, evidence of habituation shifted to a more intense sound (Lewkowicz &
Turkewitz, 1980). Evidence of the young infant’s ability to link auditory and
visual information extends beyond intensity matching (o synchreony  the




synchrony of sound to the visual impact of a dropped object (Bahrick, 2001)
and the synchrony of a spoken passage to lip movements of a stranger's
face (Pickens et al., 1994). There is also evidence of links between touch
and vision: After a familiarization period during which they mouthed a hard
pacifier, 1-month-olds preferred to look at a novel, soft, deforming pacifier
(and vice versa) (Gibson & Walker, 1984), and after tactual habituation
to one object (e.g., a six-pointed star or a plain square), 2- to 3-month-
olds demonstrated a similar preference to look at the novel shape (e.g.. a
six-pointed flower or a square with a central hole) (Steri, 1987). Apparent
imitation of tongue protrusion also suggests integration between vision (e.g.,
the sight of a model sticking out his or her tongue or of any looming visual
stimulus, Jacobson, 1979) and proprioception (i.e., the feeling of sticking out
the tongue or of making similar movements with other appendages; Gardner
& Gardner, 1970). (Note that some interpretations of the phenomenon do
not involve cross-modal integration (e.g., the baby “reaches” with the tongue
toward an interesting visual stimulus; Jones, 1996).

Despite such evidence of cross-modal integration near birth, there are sur-
prising failures at later ages and evidence of the baby’s subsequently learn-
ing to integrate differentiated senses. The most striking evidence comes from
three studies that used the same procedure at different ages and found success
at younger ages followed by failure later in infancy. For example, Pickens et
al. (1994) found that 5- to 6-month-old full-term infants looked randomly at
the adult reciting the passage they were hearing when that was paired with
an adult reciting a different passage, while younger (3- to 4-month-old) and
older (7- to 8-month-old) infants looked preferentially at the adult reciting
the matching passage. Similarly, unlike younger infants (Steri, 1987), 4- to
5-month-olds fail to look differentially at two objects after tactile habituation
to one of them (Steri & Pécheux, 1986). The frequency with which babies
stick out their tongue in response to a visual model also decreases system-
atically after the first month (Abravanel & Sigafoos, 1984; Fontaine, 1984;
Heimann, Nelson & Schaller, 1989) and gradually reemerges later in infancy
as the baby appears to learn the connection between movements of his or
her own face and those of a visual model (e.g., Piaget, 1952).

Adultlike Synesthesia at Birth

We proposed that the apparent cross-modal integration in early infancy
results from synesthetic perception. In one form of the hypothesis (which
we originally called the “strong form”), young infants resemble synesthetic
adults in whom stimulation of one sensory modality evokes a percept not
only in that modality (such as hearing the presented sound or seeing the
achromatic letter) but also a specific percept in a second modality (or along

a sccond dimension, such as color). Thus, when the baby is habituated to an

auditory stimulus, he or she simultaneously perceives and is habituated to
the corresponding visual stimulus. This hypothesis is consistent with what is
known about the brain basis of synesthesia and neural development during
infancy. Colored word hearing (synesthesia in which specific sounds or letters
evoke colored percepts) appears to be based on unusual connections between
cortical areas. In such synesthetes, hearing words evokes evidence of neu-
ral activity not only in the auditory cortex but also in extrastriate visual
cortex (Gray, Williams, Nunn & Baron-Cohen, 1997; Nunn et al., 2002), in
a number of higher visual areas (Paulesu et al.,, 1995) and, in one study,
even in the primary visual cortex (Aleman, Rutten, Sitskoorn, Dautzenberg
& Ramsey, 2001). (Alternatively, such connections may exist in all adult
brains but may be released from inhibition in synesthetes; Grossenbacher
& Lovelace, 2001). In contrast, the synesthesia of one gustatory synesthete
was correlated with cortical suppression. Synesthesia increased with cortical
depressants like ethanol and amyl nitrate and decreased with cortical stim-
ulants like amphetamines, nicotine, and caffeine. A PET scan confirmed a
decrease in cortical blood flow through the parietal, frontal, and temporal
cortices while the subject reported the synesthetic induction of tactile feeling
(e.g., cold glass columns) by odorants (Cytowic, 1989). There is also evidence
for suppression of some areas of sensory visual cortex during colored word
hearing (Paulesu et al., 1995) and a pattern of event-related potentials dur-
ing the induction of colored graphemes that is consistent with suppression of
activity in the frontal cortex (Schiltz et al., 1999). Cytowic (1989) speculated
that synesthesia is mediated by the limbic system, a speculation consistent
with evidence that lesions of the monkey’s amygdala abolish cross-modal
matching between vision and touch while not interfering with matching
within either modality (Murray & Mishkin, 1985). Thus, synesthesia might
arise either from unusual connections between cortical areas or from cortical
suppression.

There is ample anatomical evidence that young organisms have transient
connections between cortical areas that will subsequently be pruned (DeHay,
Bullier & Kennedy, 1984; DeHay, Kennedy & Bullier, 1988; Huttenlocher,
1994; Kennedy, Bullier & DeHay, 1989) and that the cortex of the human
newborn is hardly functioning, as evidenced by anatomical immaturities,
low levels of blood flow, and failure at behavioral marker tasks (reviewed
in Atkinson & Braddick, 2003; Braddick, Atkinson & Hood, 1996; de Haan
& Johnson, 2003). Moreover, there is anatomical evidence that the limbic
system develops relatively early (reviewed in Benes, 1994) and behavioral
cvidence that it may be functional at birth (Pascalis & de Schonen, 1994).
Thus, the newborn might have synesthetic perceptions because some of the
transient connections are functional and/or because the limbic system is
functioning with little specilic input from the cortex. According to this form

ol the hypothesis, astimulus such as o tone induces more than one pereept for
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the baby one in the inducing modality (hearing the tone) and oncormorein
other modalities (e.g., secing a red color or tasting a sweet substance induced
by the tone). In the strongest form of the hypothesis, unlike synesthetic
adults, the baby is unable to differentiate real from synesthetically induced
percepts {e.g., seeing a red object versus “seeing” a red-inducing tone; tasting
sweet milk versus “tasting” a sweet-inducing tone). Of course, because of
cortical immaturity, none of the baby’s percepts is as richly differentiated as
those of adults: red will not look as saturated and sweet will not taste as
complex.

A Special Neonatal Form
of Synesthesia

Another form of the hypothesis (which we originally called “weak form”;
(Maurer & Mondloch, 1996) is that, largely because of an immature cortex,
the baby does not differentiate stimuli from different modalities, but rather
responds to the total amount of energy, summed across all modalities. The
baby is aware of changes in the pattern of energy and recognizes some
patterns that were experienced before, but is unaware of which modality
produced the pattern. As a result, the baby will appear to detect cross-modal
correspondences when stimuli from different modalities produce common
patterns of energy change. When presented with a human voice, the baby
may experience a pattern of changing oscillations and recognize their sim-
ilarity to patterns experienced before [rom the same voice. Although aware
of the oscillations, the baby does not yet perceive them as sound per se. As
a result the baby may not differentiate between the pattern of oscillations
created by the voice and by a stimulus from another modality—a bouncing
ball or rhythmic stroking that creates the same frequency of oscillations. Ad-
ditional evidence for this form of the hypothesis is that the newborn’s visual
preferences and sleeping patterns are related to total amount of stimulation,
with equivalent effects of increasing stimulation within one modality and
adding a moderate level of stimulation from another modality (e.g., Brack-
bill, 1970, 1971, 1973, 1975; Gardner, Lewkowicz, Rose & Karmel, 1986;
Creenberg & Blue, 1977; Lewkowicz, 1991; Lewkowicz & Turkewitz, 1981;
Turkewitz, Gardner, & Lewkowicz, 1984).

This form of the hypothesis resembles Zelazo's (1996) claim that the
young infant has only first-level minimal consciousness in which the baby
perceives objects but is unaware of whether he or she is seeing or feeling them.
Newborns’ perception may be analogous to the mandatory fusion of infor-
mation from different visual cues that occurs in adults’ perception of depth
(Hillis, Ernst, Banks & Landy, 2002). Adultscan perceive the slant of an object
hased on the changes in the texture on its surface or from binocular disparity
and perceive it more accurately when those cues are consistent. However,
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when those caes e made meonsistent e the laboratory, adults” patterns of
crrors indicate that they cannot aceess information from the separate visual
cues: they appear to perceive slant but not the visual cues specilying that
slant. In adults, no such mandatory fusion occurs between visual and tactile
cues to depth: performance is better if the cues are consistent, but it does
not deteriorate if the cues are inconsistent, a pattern indicating fused cross-
modal perception without loss of information from each modality. Unlike
adults, a similar mandatory fusion may occur across modalities for infants,
such that they perceive an object but lose access to information about the
modality supplying the information.

Unlike synesthetic adults who experience two percepts—one in the in-
ducing modality and a second in the synesthetic modality—the baby may
experience just one percept for a given pattern of energy change, a percept
that is the same whether the pattern is heard, seen, or tasted. Alternatively,
the baby may experience different percepts when the energy change is heard
rather than seen or tasted but may be less aware than adults of the modality
of input and much more sensitive than adults to similarities across modali-
ties in the pattern of energy change. This enhanced sensitivity will diminish
as transient connections are pruned and as a more specialized cortex ex-
erts more control. Thereafter the baby learns to interrelate differentiated
senses, but remnants of the synesthesia persist in cross-modal influences
(see “Synesthetic Correspondences in Children and Adults”).

In the next section we explore evidence for transient connections between
cortical areas during infancy. Such evidence comes from three sources: exper-
imental studies with animals in which the sensory input to cortical regions
is altered “natural” experiments involving deaf and blind humans, and neu-
roimaging and behavioral studies involving infants.

Evidence for Transient
Connections during Infancy

Cortical Plasticity

Recent evidence on cross-modal plasticity suggests that the immature cortex
is less specialized than it will be later in development. Altering the input
to primary sensory cortices early in life is sufficient to change the nature
of their specialization. The most striking examples come from studies in
which retinal axons in the ferret are induced to replace the normal auditory
innervation of the medial geniculate nucleus (MGN), where they establish
an orderly visuospatial map. Neurons in the auditory cortex, to which the
MGN projects, become sensitive to visual orientation, direction ol motion.

and velocity and mediate visual pereepts (reviewed in Sur & Leamey, 2001).
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These results suggest that the specialization of primary sensory cortex is
fargely determined by the nature of the inputs it receives. Studices in cats
indicate that the mere absence of the normal sensory input (e.g., because
of enucleation of the eyes at birth) is sufficient to induce responses to au-
ditory stimuli in the primary visual cortex (Yaka, Yinon & Wollberg, 1999;
reviewed in Bavelier & Neville, 2002). These effects are thought to reflect the
stabilization of transient connections and/or the unmasking of silent inputs
that would normally not be revealed or might even be inhibited (reviewed
in Rauschecker, 1995: Bavelier & Neville, 2002). During normal develop-
ment., these connections would be diminished through Hebbian competition
in which the more frequent activation by input from the “correct” sensory
modality increases the strength of the “correct” synaptic connections. Be-
cause such competitive effects have been demonstrated to operate within the
visual modality over periods as short as 1 hr, they are unlikely to arise from
the formation of new synaptic connections. Rather, they are likely to reflect
competitive influences on preexisting connections (reviewed in Rauschecker,
1995). There is evidence of such competitive interactions in one fMRI study
of synesthetes with colored hearing: in the control group, seeing colors ac-
tivated an extrastriate visual cortical area called V4 in both hemispheres; in
the synesthetes, hearing words activated that area in the left hemisphere and
seeing colors did so only in the right hemisphere, as if the auditory input
had captured V4 in the lelt hemisphere through Hebbian competition to the
detriment of the normal visual input (Nunn et al., 2002).

Blind Adults

Human studies confirm that when the normal sensory input is missing (be-
cause of blindness or deafness), the primary visual and auditory cortices can
become responsive to other sensory inputs. Neuroimaging studies using PET
and fMRI have documented that, in adults blind from an early age, read-
ing Braille activates the visual cortex, including much of extrastriate visual
cortex and, in most studies, the primary visual cortex (Burton et al., 2002;
Melzer et al.. 2001: Sadato et al.. 1998, but see Biichel, Price, Frackowiak &
Friston, 1998). For example, in one study, while blind subjects read Braille,
the increase in the fMRI signal over the baseline resting period was only 2%
less from the primary visual cortex than it was from the sensorimotor cortex
(Melzer et al., 2001). Because tactile input from feeling the Braille characters
would be routed only to the hemisphere contralateral to the hand, yet the
activation of visual cortex by Braille was bilateral, the reorganization is likely
to reflect changes in cortical connections rather than in subcortical inputs
to the visual cortex (Sadato et al., 1996). The functional importance of
the visual cortical activity is indicated by the disruptive effect of transcranial
magnetic stimulation placed so as to temporarily deactivate the visual cortex.
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Adults blind fromy o carly ape reported that Braille dots did not make sense,
that some were missing, and that extrancous phantom dots appeared. and
their error rates increased signilicantly (Cohen ct al., 1997: Cohen et al.,
1999). No such disruption occurred when TMS deactivated other cortical
areas. Additional evidence that the visual cortex plays a functional role in
the ability to read Braille comes from a congenitally blind woman who lost
that ability suddenly when she suffered a bilateral occipital stroke at age 63,
despite intact peripheral sensitivity (Hamilton, Keenan, Catala & Pascual-
Leone, 2000).

The visual cortex of congenitally blind persons is also responsive to sound.
In a recent IMRI study (Réder, Sock, Bien, Neville & Rosler, 2002), spoken
sentences activated left auditory cortical areas in both sighted and blind
subjects, but in blind subjects, spoken sentences also activated primary and
extrastriate visual areas, with a pattern that was related to syntactic and
semantic difficulty: The harder the task, the greater the activation of vi-
sual cortex. Researchers using magnetoencephalography and event-related
potentials (ERPs) have also noted that responses to oddball stimuli (an in-
frequent auditory frequency or location or incongruent word) are recorded
from electrodes over the visual cortex only from people blind from an early
age (Kujala et al., 1995; Leclerc, Saint-Amour, Lavoie, Lassonde & Lepore,
2000; Liotti, Ryder & Waldoff, 1998; Roder, Rosler & Neville, 2000; Roder
et al., 1999), although not while the subjects are reading Braille (Kujala
et al., 1995), as would be expected from the evidence presented above that
the visual cortex plays an active role in decoding Braille. Overall, the evoked
responses are more sharply tuned to variations in the auditory stimulus
in blind subjects than in sighted subjects, and, correspondingly, blind sub-
jects localize peripheral auditory sounds more precisely (Leclerc et al., 2000;
Lessard, Paré, Lepove & Lassonde, 1998; Roder et al., 1999). The pattern
of lateralization is also unusual, with more bilateral responses to language
than in sighted adults (Roder et al., 2000, 2002), as is true in young infants,
a pattern suggesting that transient connections for language in the right
hemisphere have become stabilized.

The increased activation in visual cortex revealed by PET and fMRI when
congenitally blind subjects process tactile or auditory information contrasts
with decreased activation in some of these same areas in normally sighted
subjects doing the same tasks (Sadato et al., 1998; Weeks et al., 2000).
Although the decreased activation in normally sighted subjects could reflect
merely a shift of attention away from vision when processing information
from other modalities, the pattern is consistent with models postulating that
synesthetic visual percepts reflect the activation of intercortical connections
that are normally suppressed (e.g., Grossenbacher & Lovelace, 2001). Vi-
sual stimuli deactivate the auditory cortex (and vice versa), but only when

presented alone (Laurienti et al., 2002). When a multimodal stimulas is
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presented, activation levels in the visual (or auditory) cortex are equivilent
to the level of activation seen when only a visual (or auditory) stimulus
is presented. That interpretation—that many intracortical connections are
present but suppressed in the adult brain—is also consistent with evidence
that the visual cortex of the blind is active during Braille readin g, even when
the onset of blindness was as late as 13 years of age, and there are some, albeit
smaller, changes when the onset of blindness was even later (e.g., Burton et
al., 2002; Cohenetal., 1999) or when normally sighted adults learn to be bet-
ter at discriminating Braille characters during 5 days of training while blind-
folded (Kauffman, Théoret & Pascual-Leone, 2002). In any event, studies of
congenitally blind persons document that the visual cortex, including the
primary visual cortex, can be made to respond to auditory and tactile input.
The evidence from TMS, stroke patients, and animal models suggest that the
responses in visual cortex contribute to somatosenory and auditory percepts.

Deaf Adults

Similar effects to those found for blind subjects have been documented for
the congenitally deaf. Visual presentation of moving dots or sign language
activates auditory cortical areas, including primary auditory cortex, based
on position emission tomography (PET) and functional magnetic resonance
imaging ({MRI) measurements (Finney, Fine & Dobkins, 2001 Nishimura et
al., 1999, 2000 see Neville, 1995, for ERP evidence), and so does vibrotactile
stimulation produced by resonances in a tube the subject is holding (Levinen,
Jousmaaki & Hari, 1998). Combined with the evidence from congenitally
blind persons, these studies suggest that the transient connections between
cortical areas present in early infancy are modified postnatally by the type
of input received. Input arriving from the “wrong” modality can stabilize
the connection if the “right” input is missing, presumably through Hebbian
competition, and/or such input can prevent normal inhibitory mechanisms
from developing.

Neuroimaging Studies with Infants

Evidence using neuroimaging techniques with infants indicates that the
transient connections may be functional and supports at least a special form
of neonatal synesthesia. There is evidence for the influence of auditory input
on the infants’ somatosensory and visual cortices and for the influence of
visual input on the infants’ auditory cortex. For example, stimulation of
the wrist elicits a somatosensory evoked response in both newborns and
adults, but only in newborns is its magnitude enhanced when wrist stim-
ulation is accompanied by white noise (Wolll, Matsumiya, Abrohms, vin
Velzer & Lombroso, 1974), Spoken language elicits large LRI PCSPONSES over
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temporal regions in both adults and infants, but only in infants does it also
clicit a large response over visual cortex (Neville, 1995), much as it does in
blind adults (Leclerc et al., 2000; Liotti et al., 1998: Roder et al., 2000). fMRI
studies show that spoken words also elicit activity over both temporal and
visual cortices in synesthetes (e.g.. Aleman et al., 2001; Nunn et al., 2002;
Paulesu et al., 1995). Finally, at 2 months of age, PET activation in response
to faces, relative to illuminated diodes, includes areas that will be differen-
tially activated by faces in adults: an area within the right inferior temporal
gyrus that is homologous to the adult fusiform face area and bilateral ac-
tivation of inferior occipital cortex (Tzourio-Mazoyer et al., 2002: but see
Dehaene-Lambertz, Dehaene & Hertz-Pannier, 2002). In addition, in infants
faces activate the left inferior frontal and supcrior temporal gyri—areas that
later become associated with language. Collectively, these results suggest less
specificity of cortical areas during early infancy. Specificity increases durin g
the first three years of life. For example, by 36 months the ERP response over
the visual cortex in response to spoken language has declined to adultlike
levels (Neville, 1995).

Behavioral Evidence

Recent behavioral studies that explore cross-modal correspondences during
infancy are also consistent with the hypothesis that senses are not separate
from one another in newborns. Molina and Jouen (2001) measured the
frequency with which newborns squeezed smooth and granular objects and
found that they squeezed smooth stimuli more frequently than granular
stimuli. During the test period, the newborns were presented with the same
tactile stimulus and a visual stimulus. The visual stimulus either matched
(e.g., smooth—-smooth) or did not match (e.g., smooth—granular) the tactile
stimulus. Frequency of squeezing did not change when a matching visual
stimulus was presented. However, frequency of squeezing increased when
the granular tactile stimulus was accompanied by the smooth visual stim-
ulus and decreased when the smooth tactile stimulus was accompanied by
the granular visual stimulus. Molina and Jouen concluded that newborns are
able “to compare texture density information across modalities” (p. 123).1tis
our contention that these results indicate a merging of the senses; newborns’
handling of the tactile stimulus varies with the overall pattern of energy
rather than with the texture of the tactile stimulus per se. Thus, the smooth—
smooth and granular-granular combinations simply supply reflections of
the same pattern of energy experienced in the first part of the study. The
combined pattern of energy evoked by the smooth tactile—granular visual
combination represents an increase in energy over smooth tactile alone
and cvokes the same frequency of squeezing as a granular texture, The

combination of granular texture with o smooth visual pattern represents
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it reduction in energy in the synesthetic compound and hence yields the
increased frequency of squeezing evoked by a smooth texture alone. Indeed,
similar changes in frequency of squeezing might be observed if the tactile
stimulus were accompanied by a pulsating versus a continuous tone.

Newborns do show evidence of learning some cross-modal correspon-
dences that are not arbitrary—learning that is consistent with the neonatal
synesthesia hypothesis because it may be based on similar patterns of neural
firing in two sensory areas that are not yet differentiated. For example, after
being habituated to a single toy that was both colocated and synchronous
with a sound, newborns’ looking time increased (i.e., they showed a novelty
response) when the toy was presented on the opposite side of the midline
from the sound (Morrongiello, Fenwick & Chance, 1998). Furthermore, af-
ter habituation to two objects, only one of which was colocated with sound,
newborns looked longer when the sound was located with the other toy.
Likewise, Bahrick (2001) showed that 4-week-old infants are sensitive to
synchrony: they dishabituate when they see an asynchronous auditory~
visual event after being habituated to a synchronous event. By 7 weeks of
age, infants also show sensitivity to composition—another amodal relation-
ship. After being habituated to a single object that was synchronous with
a single-impact sound and to a cluster of objects that was synchronous
with a multiple-impact sound, 7-week-olds looked longer when the sound-
object pairings were reversed. Sensitivity to amodal correspondences may be
based on shared patterns of neural stimulation (e.g., timing, spatial repre-
sentation, proportion of fibres activated, Cytowic, 2002: Marks, 1987) and
facilitate the infant’s learning of more arbitrary relations (Bahrick, 2001).
Sensitivity to arbitrary sound—object pairings (e.g., shape—pitch) emerges
much later (Bahrick, 1994; Fernandez & Bahrick, 1994; see also Reardon &
Bushnell, 1988).

Synesthetic Correspondences
in Children and Adults

Although young children and adults with normal perception do not expe-
rience visual percepts in response to auditory stimuli. under a variety of
conditions they appear to experience cross-modal interactions that parallel
those experienced by synesthetes. This is evident in tasks involving sensory
matching, perceptual judgments, and language.

Sensory Matching

Nonsynesthetic adults match higher-pitched tones with smaller. brighter
fights (Marks, Hammael & Bornstein, 1987} and the lighter of two gray
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squares (Marks, 1974). They also match louder tones with brighter lights
(Marks et al., 1987) and with larger objects (Smith & Sera, 1992). Some of
these cross-modal correspondences can be attributed to intensity matching.
This explanation can be invoked whenever subjects are asked to match stimuli
that vary along dimensions we describe in more-end terms (i.e., “prothetic”
dimensions), such as size, loudness, and brightness (Smith & Sera, 1992:
Stevens, 1957): “big,” “loud,” and “bright” are more than “small,” “quiet,”
and “dim,” respectively. Thus, a match of the bigger of two objects or the
brighter of two lights to the louder of two sounds could be based on inten-
sity matching. However, intensity matching cannot be invoked if one of the
dimensions is “metathetic” and cannot be described in more-end terms. Al-
though “loud” is more than “quiet,” and “bright” is more than “dim.” aduls
do not describe either achromatic color (surface lightness) or pitch in more-
end terms. Dark gray, for example. is not more than light gray, and “treble
tones” are not more than bass tones.” Thus, although adults match “large”
with “bright” (Marks et al., 198 7), they do not match “large” with either
dark or light gray (Smith & Sera, 1 992). Thus, the correspondences that both
synesthetes and nonsynesthetic adults report between pitch and surface light-
ness and between pitch and size cannot be attributed to intensity matching,.

Some correspondences may be learned {e.g.. larger objects do make louder
sounds than smaller objects when dropped, and smaller musical instruments,
such as a violin, do make higher-frequency sounds than larger musical in-
struments, such as a cello). These learned correspondences are slow to de-
velop. Unlike adults, two-year-olds do not match size and loudness; it is not
until 3 years of age that children match the larger of two objects with the
louder sound (Smith & Sera, 1992). Likewise, the correspondence between
pitch and size is not adultlike in young children. Although adults match a
higher pitch with a smaller light in a perceptual matching task, 9-yeuar-olds
do not; nor do they understand cross-modal metaphors involving pitch and
size (Marks et al., 1987; but sec below for evidence of pitch-size matching in
3-year-olds when tested with a more child-friendly procedure).

Other correspondences are not learned through experience. It is hard to
imagine a learned basis for the correspondence between surface lightness
and pitch—lighter objects do not make higher-pitched sounds in the real
world. We hypothesize that unlearned correspondences that cannot be based
on intensity matching are remnants of neonatal synesthesia. Consequently,
they ought to be present throughout development, We have tested correspon-
dences between pitch and both size and surface lightness in young children
(Mondloch & Maurer, in press). We showed 30- to 36-month-olds a movie of
two balls bouncing in synchrony with each other and with a central sound
that varied in frequency. The balls dilfered in size and/or surface lightness.
Lach child was asked to point to the ball (hat was making the sound. Based
on previous rescarch (Marks of al., T987), we predicted that the piteh size
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correspondence, which may be learned. would be either absent or weak. In
contrast, if the correspondence between pitch and surface lightness reported
by both synesthetes and nonsynesthetes is a remnant of neonatal synesthe-
sia, then young children ought to associate the lighter ball with the higher-
pitched sound. In experiment 1, the balls differed in both size and surface
lightness. Eleven of the twelve children said that the smaller, white ball was
making the higher-pitched sound or that the larger, gray ball was making
the lower-pitched sound {p < .01). In experiment 2 both balls were the same
size, but they differed in surface lightness. Every child (n = 12) said that the
white ball was making the higher-pitched sound. In experiment 3, both balls
were white, but they differed in size. Only 9 of the 12 children matched the
smaller ball with the higher-pitched sound (p = .07). We tested an additional
12 children; 10 of these children matched in the expected direction (p < .05).
Thus, when a child-friendly procedure is used, children as young as 30-36
months tend to match higher-pitched sounds with smaller objects, perhaps
as a result of learning. However, this correspondence may be weaker than
that between pitch and surface lightness. Because both pitch and surface
lightness are metathetic, the pitch—surface lightness correspondence cannot
be attributed to intensity matching. Furthermore, pitch and surface lightness
are not reliably related in the real world, so this correspondence cannot be
attributed to learning. Rather, our results support the hypothesis that some
cross-modal correspondences have their origin in neonatal synesthesia.
Cross-modal influences on perceptual judgments. Adults’ perceptual judg-
ments are influenced by seemingly irrelevant input from other sensory
modalities, with a pattern of correspondences similar to those reported by
synesthetic adults. For example, adults are more accurate at identifying the
odor of solutions that have the appropriate color (e.g., red—cherry) than an
inappropriate color (e.g., red—lemon; Zellner, Bartoli & Eckard, 1991). In
addition, they report that odors presented in colored solutions smell stronger
than odors presented in colorless solutions (Zellner & Kautz, 1990), and
the more saturated the color, the stronger the effect, regardless of whether
the color is appropriate; red mint smells stronger than pink mint. Similarly,
adults’ discrimination of visual stimuli is influenced by auditory distractors:
their performance is better if there is a synesthetic match (bright light/high
pitch) than if the match is opposite (Marks, 1987; Melara, 1989). We con-
tend that such cross-modal influences in adults arise from remnants of

neonatal synesthesia.

Language

Additional evidence of natural correspondences in nonsynesthetic adults
abounds in human language, as evidenced by the preponderance ol cross-
modal metaphors, such as "solt light” and "loud colours.” Not only do adults
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maleh brighter lights with Touder tones, they also rate sunlight as louder
than moonlight {(Marks ¢t al., 1987). Furthermore, metaphors in which a
visual noun is modified by an auditory word (c.g., “a loud tic”) arc much
more common both in English and German literature than are metaphors in
which an auditory noun is modified by a visual word ( e.g., “bright thunder™;
Day, 1996)—a pattern that parallels synesthesia.

Systematic investigations of the role of language in cross-modal corre-
spondences have demonstrated that words denoting loudness, brightness,
pitch, and surface lightness act in much the same way as sensory stimuli
that vary on these dimensions. Adults rate “bright coughs” as louder than
“dim coughs,” and “loud sunlight” as brighter than “quiet sunlight” (Marks,
1982), just as they match brighter lights with louder tones (Marks et al.,
1987). Likewise, they rate “bright” sneezes as higher pitched than “dim”
sneezes and violins as brighter than thunder (Marks, 1982), just as they
match higher pitched tones with lighter and brighter visual stimuli (Marks,
1974; Marks et al., 1987). Not only are sensory dimensions that adults
match in laboratory studies mirrored in metaphors, but sensory dimensions
that adults fail to match in laboratory tasks are not related metaphorically.
Dark squares are not consistently matched with louder/ quieter tones (Marks,
1974) and dark piano notes are not rated as much louder than bright piano
notes (Marks, 1982).

Ramachandran and Hubbard (2001) suggest that synesthetic corre-
spondences between sensory dimensions have not simply facilitated the
production and understanding of cross-modal metaphors, but may have
“boot-strapped” the very evolution of language. Adults rate angular non-
sense figures as more aggressive, more tense, stronger, and noisier than
rounded shapes (Marks, 1996); they also are more likely to label angu-
lar shapes “takete” or “kiki” and rounded shapes “maluma” or “bouba”™—
perhaps because there is a correspondence between the visual percept, the
phonemic inflections, and the movement of the tongue on the pallete that
results from the same cortical connections among contiguous cortical areas
that underlie synesthesia (Ramachandran & Hubbard, 2001). Ramachan-
dran and Hubbard also point out that the movements made to produce
words conveying large objects frequently involve widening the vocal tract
(e.g.. large, huge), whereas words describing small objects often involve nar-
rowing the vocal tracts (e.g., teeny, tiny). This tendency may be the result of
natural constraints on sensory and motor maps, which are in turn linked in
nonarbitrary ways to an object’s appearance. Additional evidence reviewed
by Ramachandran and Hubbard consists of mirror neurons (neurons that
fire not only when a complex manual task is performed but also when a
monkey watches a conspecific perform a complex task), and synkinesia
(cross-activation ol motor maps: c.g.. the tendeney to point both lips and
lingers when veferring to someone else).
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Although cross-modal correspondences may have boot-strapped the evo-
lution of language, Martino and Marks (1999) argue that language now
plays a central role in mediating cross-modal correspondences in adults.
According to their model, information from multiple sources (e.g., vision,
audition, touch) “converges on a shared, abstract, semantic representation”
(p. 921; see also Martino & Marks, 2001). When asked to classify stimuli (e.g.,
nonsense figures as angular/rounded; tones as high/low pitched), adults per-
form better when the stimulus is accompanied by a stimulus from another
modality that is congruent, rather than incongruent (Marks, 1987). For
example, adults’ reaction time is faster when classifying tones as high/low
pitched if the lower pitched tone is accompanied by a black square or a
word printed in black ink, and if the higher pitched tone is accompanied
by a white square or a word printed in white ink. That semantic codes may
come to mediate these effects is evident in two findings: (1) Similar results
are obtained when adjectives (e.g., SHARP, DULL, BLUNT) are accompanied by
congruent (e.g., SHARP by a higher tone) versus incongruent (e.g., DULL by
a higher tone) stimuli (Walker & Smith, 1984), and (2) the presentation
of words (e.g., wHITE, DAY) influences the strength of the congruency effect
between sensory stimuli (e.g., pitch-lightness; Martino & Marks, 1999). For
example, adults classify a high-pitched tone faster if presented with the words
WHI'TE or DAY printed in white ink than if presented with the words BLACK or
NIGHT printed in white ink.

The interplay between language and perception is illustrated in a study
conducted by Smith and Sera (1992) in which preschoolers (2-5 years) and
undergraduate students were asked to match stimuli varying in size, loud-
ness, or surface lightness to a perceptual or verbal model that represented an
extreme value on one of the other dimensions. For example, after being pre-
sented with a large mouse or the word BIG, children would be asked which of
two mice—one emitting a quiet noise, one a louder noise—was most like the
model stimulus. Two-year-olds did not match “loud” with “big”; loudness—
size matching became consistent by 3 years of age, just when children showed
comprehension of the four relevant adjectives: big, little, loud, quiet. Thus,
verbal comprehension may play a role in perceptual organization of polar
dimensions. In contrast, only 2-year-olds matched darker gray with the big-
ger of two objects (i.e., indicated that the larger of two mice was most like
the dark gray model mouse). Comprehension of the four relevant adjectives
(dark, light, big, little) resulted in perceptual disorganization such that older
children failed to match these two dimensions consistently. Individual adults
were consistent; however, some matched dark gray with “big” and others
matched dark gray with “little.” Thus, cross-modal perception represents
a complex interplay between language and the physiological response to
sensory stimuli.
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Summary

Our current knowledge of infant behavior, cortical plasticity, cross-modal
maltching, language, and synesthesia suggests that connections—either
direct (e.g., Ramachandran & Hubbard, 2001) or indirect (e.g., Cytowic,
2002)—between brain regions typically associated with distinct modalities
may underlie each of these phenomena and thus that knowledge of any one
topic can inform us about the others. According to the neonatal synesthesia
model, newborns fail to differentiate input from different senses—either
because of connections between cortical areas that are pruned or inhibited
later in development or because of the multimodal limbic system being more
mature than the cortex. Because of more widespread cortical activation
and/or multimodal limbic activity, newborns nevertheless sometimes behave
asif they are able to relate input between distinct modalities. The remnants of
this unspecialized cortex are most clearly evident in synesthetic adults who
experience, for example, visual percepts in response to sound and in adults
with abnormal sensory experiences, such as the congenitally blind or deaf
who have unusual patterns of activation in cortical areas deprived of typical
input. However, remnants also are observed in normal children and adults
in their ability to match dimensions from different modalities (e.g., pitch and
size) and in the prevalence of cross-modal metaphors (e.g., ‘loud colours’) in
everyday speech. Fostering cross-talk among researchers from these distinct
fields should facilitate our understanding of the normal development of

cross-modal perception and language as well as our understanding of the
roots of synesthesia.
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