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Synesthesia is the phenomenon in which the stimulation of one sensory modality results in perception in
another modality, namely, unstimulated modality. Colored hearing is a synesthesia in which sound stimulation
induces visual color perception. The current rescarch investigated the speed and consistency of sound-color
association in a colored-hearing test by using a color search task. The results showed that the reaction time (RT)
of the colored-hearing group was [aster than that of the control group. We also found that the colors selected by
the colored-hearing group were more consistent than those selected by the control group. These findings suggested
that in colored-hearing synesthetes, automatic and consistent sound-color association occurs in the perceptual stage

of processing.
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information

Introduction

Synesthesia is the phenomenon in which the stimulation of one sensory modality causes
perception in another modality, namely, the unstimulated modality (Ramachandran & Hubbard,
2003). Most people can linguistically express a multimodal sensation such as “red is a warm
color.” Synesthesia is distinguishable from such ordinary mediated associations because
synesthetes experience multimodal sensations as real percepts (Cytowic & Wood, 1982a).

Colored hearing is a cross-modal synesthetic perception in which sound stimuli induce visual
color perception. Marks (1975) reported that colored-hearing synesthetes could perceive a variety
of colors with the physical transitions of tone or pitch. Cytowic and Wood (1982b) also found that
synesthetes exhibit highly consistent associations between sounds and colors as compared (0

people without colored hearing.
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Grapheme-color synesthesia 1s a synesthesia in which graphemes such as letters or number
symbols induce color perception. It was reported that grapheme-color synesthetes could
immediately detect a target letter from among distractors in a visual search task by using
synesthetic colors as “pop out” cues (Laeng, Svartdal, & Oelmann, 2004; Palmeri, Blake, Marois,
Flanery, & Whetsell, 2002). Hubbard, Arman, Ramachandran, and Bonyton (2005) found that
grapheme-color synesthetrc perception could aid in texture segregation performance and reduce
the effect of crowding. In addition, they reported that synesthetes with better performance on
these behavior tasks showed greater brain activity in early visual areas (V1, V2, V3, and hV4).
These findings indicated that grapheme-color perception occurs in the perceptual, relatively early
stage of processing (Hubbard & Ramachandran, 2005).

Compared to the number of studies on grapheme-color synesthesia, there are few
psychophysical studies on colored-hearing synesthesia. In order to investigate whether colored-
hearing synesthetic perception occurs in the perceptual stage of processing, the current research
mvestigated the speed of sound-color association 1n colored hearing by using reaction time (RT)
as an index. It could be assumed that colored-hearing synesthetic sensation occurs as a real
percept, whereas the association between colors and sounds are cognitive or conceptual for people
without colored hearing (Cytowic & Wood, 1982b). Therefore, we predicted that colored-hearing
synesthetes would perceive “pop-out” colors invoked by sounds in a color search task so that their
RTs would be faster than those of non-synesthetes. We also investigated the consistency of
sound-color association in colored hearing by using the number of selected colors and the amount

of information of sound for color as indices.

Method

Participants

In order to recruit participants with colored hearing, we distributed a questionnaire to 151
students of Tohoku University (70 males and 81 females). The questionnaire comprised 16 items:
10 were used in Ulich (1957) and 6 were originally created based on the findings of Mills, Boteler,
and Larcombe (2003). Representative examples of our items are as follows: “Do you experience
seeing colors when you hear sounds or music?” and “Do you imagine colors when you hear
sounds or music?” The participants were asked to rate each item by using a five-point scale. Based
on the rating scores, we classified 13 people (four males and nine females) as “colored-hearing
synesthetes,” 36 people (14 males and 22 females) as “moderate colored-hearing synesthetes,”
and 102 people as “non-synesthetes.” In the experiment, eight people (two males and six females)
were participants of the “colored-hearing group.” Two of them were colored-hearing synesthetes
and six were moderate colored-hearing synesthetes. Ten non-synesthetes (four males and six
females) were control group participants. All the participants had normal or corrected-to-normal
vision and normal hearing. Further, we confirmed that they had normal color vision by the

Ishihara color blindness test.

Apparatus
The sumuli were presented on a CRT display (Mitsubishi, Diamond M2, 17 inches) with a
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Table 1 Hues, chromatic coordinates, and luminance values of color stimuli used in the present study.

Chromatic coordinates

Color X-axis Y-axis Luminance (cd / m?)
Blue 0.19 0.19 12.36
Brown — — 7.52
Glaucous 0.25 0.38 21.37
Green 0.28 0.50 29.24
Olive 0.40 0.52 46.32
Orange 0.51 0.43 43.72
Pink 0.43 0.36 46.95
Purple 0.31 0.24 11.18
Red puple 0.46 0.30 14.95
Red 0.57 0.36 21.80
White 0.30 0.32 112.80
Yellow 0.45 0.48 73.15

resolution of 1280 X 1024 pixels and a refresh rate of 70 Hz. A customized PC (Dell Dimension
8250) with E-prime (Psychology Software Tools, Inc.) was used to control the experiment. The

participants held their heads on a chin rest. Two speakers were fixed on either side of the display.

Stimult

Sounds. Seven single pitches of piano tones (C, D, E, F, G, A, and B) created by the PC
software were used as sound stimuli. The duration of each sound was 1000 ms. The sound
pressure of each sound was approximately 50 dB.

Colors. We choose 12 colors from the Munsell color system including those reported as
synesthetic colors in grapheme-color synesthesia (Mills et al., 2003; Laeng et al., 2004). Hues,
chromatic coordinates, and luminance values of the color stimuli are shown in Table 1. Each
color stimulus (0.65 X 0.65 deg) was presented as a matrix of 3 X 4 with a gap of 0.4 deg. The
visual angle of the color matrix was within 5 deg because it was reported that synesthetic color
perception does not usually occur in peripheral vision (Laeng et al., 2004). The observation

distance was 114.6 cm.

Procedure

Each trial began with the presentation of a white circle (0.5 deg) at the center of the display.
The participants were asked to move the mouse cursor to the center of the circle and press the
left mouse button. After 1000 ms, a matrix of 12 color stimuli was presented. The position of each
color stimulus was randomized in each trial. Followed by a 1000-ms interval, one of the seven

sound stimuli was presented. The sound stimulus was randomly selected in each trial and
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counterbalanced across trials. The participants localized the mouse cursor on one of the color
stimuli that they perceived as being associated with the sound stimulus, and pressed the left mouse
button. They were asked to make their responses as soon as possible. The sound stimulus was
presented repeatedly until the button was pressed. The interval between the initial onset of the
sound stimulus and the press of the button was recorded as the RT. The selected color was also
recorded. -

The experiment comprised 280 trials (sounds (7) X repetitions (40)). In order to attenuate
the selection bias of the participants, the experiment consisted of two day sessions. The intervals
between the sessions ranged from five to seven days. In each session, the participants conducted
10 practice and 140 main trials; the main trials were divided into two parts with a 5-minute break

between the parts.

Results .
Reaction time
We analyzed the RTs within = 2 SDs from the mean for each participant. The mean RT
in the color search task for the colored-hearing group was 2122 ms and that for the control group
was 3248 ms (Figure 1). A two-tailed t-test revealed a significant difference in RT between the two

groups (t(16) = —2.15, p < .05).

Number of selected colors and amount of information

We calculated the number of selected colors for each sound stimulus. The mean number of
colors selected by the colored-hearing group was 2.71 and the mean number of colors selected by
the control group was 4.43 (Figure 2). A two-tailed t-test revealed a significant difference in the
number of selected colors between the two groups (1(16) = —2.93, p < .01). We further
calculated the amount of information of sounds for colors in order to confirm the uniformity of
sound-color association. A greater amount of information implies higher uniformity. The mean

amount of information for the colored-hearing group was 1.85 bits and that for the control group
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Figure 1. Results of RT. The abscissa denotes the type of group, and the ordinate denotes the mean RT. Error

bars denote the mean standard error.
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Figure 2. Results of the number of selected colors. The abscissa denotes the type of group, and the ordinate
denotes the mean number of selected colors. Error bars denote the mean standard errors.
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Figure 3. Results of the amount of information of sounds for colors. The abscissa denotes the type of group,
and the ordinate denotes the mean amount of information. Error bars denote the mean standard errors.

was 1.02 bits (Figure 3). A two-tailed t-test revealed a significant difference in the amount of

information between the two groups (¢(16) = 3.11, p < .01).

Discussion

The current research psychophysically investigated the speed and consistency of color-sound
association in colored hearing by using a color search task. The results showed that the RT of the
colored-hearing group was faster than that of the control group. This finding indicates that
colored-hearing synesthetes can immediately perceive “pop out” colors induced by sound
stimulation. In line with the previous findings on grapheme-color synesthesia (Hubbard &
Ramachandran, 2005; Laeng et al., 2004; Palmeri et al., 2002), the present finding implies that

colored-hearing synesthesia occurs in the perceptual, relatively early stage of processing.
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We also found that the number of colors selected by the colored-hearing group was smaller
than that selected by the control group. In addition, the amount of information of sounds for color
for the colored hearing group was found to be greater than that for the control group. From these
findings, we confirmed that colored-hearing synesthetes exhibit higher consistency between
sounds and colors (Cytowic & Wood, 1982b).

Although the existence of synesthesia has been known for approximately 250 years, research
on synesthesia by using objective, experimental methods was never conducted dll the 1970s
(Harrison & Baron-Cohen, 1995). In particular, the many characteristics of colored-hearing
synesthesia remain unclear. Our preliminary questionnaire survey revealed that a relatively large
population experiences some colored-hearing synesthetic sensations. This fact indicated that the
study of colored hearing should no longer be limited to the framework of the case study method.
It was suggested that not only the pitch of sounds but also loudness or tone induce a variety of
synesthetic color perceptions (Marks, 1975; Mills et al., 2003). Thus, further investigation needs
to be conducted on whether synesthetic color perception invoked by loudness or tones also occurs
during the perceptual stage of processing. Recently, an fMRI study demonstrated that
grapheme-color synesthetic perception activated early visual areas (Hubbard et al., 2005). Our
present finding suggests that similar brain activities might be observed for colored-hearing
perception. Psychophysical or neurophysiological studies would be useful to elucidate the

characteristics of colored-hearing synesthetic perception.
References

Cytowic, R. E., & Wood, F. B. (1982a). Synesthesia I. A review of major theories and their brain
basis. Brain and Cogrition, 1, 25-35.

Cytowic, R. E., & Wood, F. B. (1982b). Synesthesia II. Psychophysical relations in the synesthesia
of geometrically shaped taste and colored hearing. Brain and Cogrution, 1, 36-49.

Harrison, J., & Baron-Cohen, S. (1995). Synaesthesia: Reconciling the subjective with the
objective. Endeavour, 19, 157-160.

Hubbard, E. M., Arman, A, C., Ramachandran, V. 8., & Boynton, GC.M. (2005). Individual
differences among grapheme-color synesthetes: Bain-behavior correlations. Neuron, 45,
975-985.

Hubbard, E. M., & Ramachandran, V. S. (2005). Neurocognitive mechanisms of synesthesia.

' Neuron, 48, 509-520.

Laeng, B., Svartdal, F., & Oelmann, H. (2004). Does color synesthesia pose a paradox for
early-selection theories of attention? Psychological Science, 15, 277-281.

Marks, L. E. (1975). On colored-hearing synesthesia: Cross-modal translations of sensory
dimensions. Psychological Bulletin, 82, 303-331.

Mills, C, B.. Boteler, E. H., & Larcombe, G. K. (2003). “Seeing things in my head”: A
synesthete ’s images for music and notes. Perception, 32, 1359-1376.

Palmeri, T. J., Blake, R., Marois, R., Flannery, M.A., & Whetsell, W, Jr. (2002). The perceptual

reality of synesthetic colors. Proceeding the National Academy of Science of USA, 99,



74 Hidaka, S., Shigeta, R., Kawachi, Y., Sakuta, Y. and Gyoba, J.

4127-4131.

Ramachandran, V. S., & Hubbard, E. M. (2003). Hearing colors, tasting shapes. Scientific
American, 288, 52-59. -

Ulich, E. (1957). Synasthesie und Geschlecht. Zeitschr. fiir Experimentelle und Angewand te
Psychologie, 4, 31-57.

(Received November 19, 2007)
(Accepted January 23, 2008)



