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Pairs of stimulus attributes, such as color and orientation, that
are normally uncorrelated in the real world are generally per-
ceived independently; that is, the perception of color is usually
uninfluenced by orientation and vice versa. Yet this independence
can be altered by relatively brief exposure to artificially correlat-
ed stimuli, as has been shown for vision1. Here we report an anal-
ogous contingent aftereffect in the auditory system that can
persist for four hours after the initial adaptation.

After a few minutes of alternately viewing an orange-black
vertical grating and a blue-black horizontal grating, the white
stripes in a vertical black-and-white grating appear blue-green,
whereas the white stripes in a horizontal grating appear orange1.
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than MRI. If the increase is related to a second wave of overpro-
duction of synapses, it may herald a critical stage of development
when the environment or activities of the teenager may guide selec-
tive synapse elimination during adolescence. The relative promi-
nence of the role of the environment in shaping late synaptogenesis
is supported by rat studies14,15. That the frontal and parietal gray
matter peaks approximately one year earlier in females, corre-
sponding with the earlier age of onset of puberty, suggests a possi-
ble influence of gonadal hormones. Studies of healthy monozygotic
and dizygotic twins, chromosomal aneuploidies (XXY, XXYY, XYY),
congenital adrenal hyperplasia (producing high levels of testos-
terone in utero) and psychiatric illnesses are underway to address
the effects of genes, hormones and environment on this process.
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There are numerous demonstrations of other types of visual con-
tingent aftereffect, such as color-contingent orientation2 and
motion3,4 aftereffects and spatial frequency5- and motion6,7-con-
tingent color aftereffects. These visual contingent aftereffects can
be extremely persistent. For example, the motion-contingent
color aftereffect and the color-contingent motion aftereffect can
persist for at least 24 hours3,6. The motion-contingent color after-
effect can last as long as six weeks in some cases7.

In contrast to the rich variety of reported visual contingent
aftereffects, there are no reports of contingent aftereffects for

Fig. 1. Stimulus protocols. (a) Time sequence of stimuli. Each run began
with 10 minutes of adaptation, followed by a series of brief test sounds
(1 s), with either a rising (0.7 octaves per s) or a falling (–0.7 octaves per
s) pitch presented by a loudspeaker moving at one of six different veloc-
ities (2°, 6° or 10° per s, either to the left or the right). For each test
presentation, the subject was asked to press one of two buttons to indi-
cate the direction (leftward or rightward) of spatial movement. 
(b) Detailed time sequence of adapting stimuli. While the central fre-
quency of an adapting sound (1-octave band-pass noise) was moving
upward (0.7 octave per s), the loudspeaker moved to the left (30° per s)
for 1 second (from –15° to 15° in azimuth). Following a silent interval of
1.4 seconds, the loudspeaker moved to the right (–30° per s) for 1 sec-
ond, while the central frequency of the sound moved downward (–0.7
octave per s). During adaptation, this sequence was repeated continu-
ously. In the control condition, the loudspeaker moved over the same
trajectory with the same time course, but the center frequency of the
adapting sound was kept constant at 1.5 kHz. Note that the vertical axis
in the top panel has a logarithmic scale.
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other sensory modalities. We therefore designed experiments to
determine whether a contingent aftereffect could be demon-
strated in the auditory system.

In vision, stimulus attributes that produce contingent afteref-
fects when paired generally give simple aftereffects when presented
singly. In audition, we have previously demonstrated aftereffects
to sounds that move in space or in frequency8–10. For example,
after a few minutes of listening to a sound moving in one direction
in frequency space or along an azimuthal trajectory, a spectrally
or spatially stationary sound seems to move in the opposite direc-
tion in frequency or in azimuth, respectively. The magnitude of
the auditory spatial motion aftereffect tends to increase with
adapting velocities up to at least 30° per second10. Spectral motion
aftereffects are strongest at adapting velocities between 0.5 and 1
octaves per second across a 1–2 kHz frequency range8. Based on
these observations, we paired the directions of sound movement
in frequency and in azimuth, and used a sound with a rising or
falling pitch (0.7 octaves per s) that was generated by a loudspeaker
moving at a velocity of 30° per second in azimuth as the adapt-
ing stimulus (Fig. 1).

After about ten minutes of adaptation, during which the subject
listened to a spatially rightward-moving sound with falling pitch
alternated with a spatially leftward-moving sound with rising pitch,
the perception of the direction of spatial movement of a sound was
strongly influenced by the direction of spectral movement of the
sound. When a sound had a rising pitch, leftward motion was judged
as stationary and, correspondingly, a spatially stationary velocity was
heard as moving to the right. Similarly, when a spatially stationary
sound had a falling pitch, it was perceived as moving leftward. Fig-
ure 2 displays the magnitude of the auditory contingent aftereffect as

a function of time for all four subjects tested. These effects declined
over time, but could still be observed after one hour in all subjects
and after four hours in two subjects following the initial adaptation
(Fig. 2b and d). The aftereffect was averaged across all four subjects
for both directions in frequency (Fig. 2e). Analysis of variance
(ANOVA) indicated a significant difference (p < 0.01) among the
sizes of the aftereffects measured at different times for both direc-
tions. Post-hoc Newman-Keuls tests showed that the aftereffect mea-
sured immediately after adaptation was significantly stronger (p <
0.05) than at other times (1, 4 or 24 hours following adaptation) for
either direction in frequency, except for that measured 1 hour after
adaptation for the sound with a rising pitch. The aftereffect mea-
sured 24 hours after adaptation was weaker (p < 0.01) than those
measured immediately or 1 or 4 hours after adaptation. The differ-
ence between the aftereffects measured one hour and four hours
after adaptation was not statistically significant (p > 0.05).

Simple auditory motion aftereffects are rather transient, last-
ing for about one to two seconds following two minutes of adap-
tation12. But this seemingly much shorter persistence of simple
aftereffects compared with that of contingent aftereffects might be
attributed to the shorter adapting duration. To determine whether
or not the contingent and simple auditory aftereffects had simi-
lar time courses, we used the same procedures for inducing and
measuring contingent aftereffects to study the persistence of sim-
ple motion aftereffects. We found that with the same adapting

scientific correspondence

Fig. 3. Comparison of decays of contingent and simple auditory motion
aftereffects as a function of time after adaptation. The points represent-
ing the grand average of the contingent aftereffects were obtained by
pooling the data collected with a falling pitch and with a rising pitch,
after the sign of the aftereffect measured with the falling pitch was
reversed (negative sign was changed to positive and vice versa). Error
bars indicate s.e. The time axis is logarithmic.

Fig. 2. The magnitude of the audi-
tory contingent aftereffect, in
degrees per second, as a function of
time after exposure. Four subjects
who had participated in a previous
study of simple auditory motion
aftereffect were tested. The spatial
velocity that sounded stationary to
the subject was determined by pro-
bit analysis of the psychometric
functions representing the subject’s
responses (see refs. 10, 11 for
details). (a–d) Results for different
subjects. For each subject, two sets
of measurements of the aftereffect
were taken immediately and then 1,
4 and 24 hours after adaptation. 
(e) The averages of the aftereffects
for both a rising and a falling pitch
across all four subjects. Error bars
indicate s.e. The time axis is shown
on a logarithmic scale.
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ing the subject’s reference frame according to recent experience
to keep the external world and its internal sensory representa-
tions in correspondence14.
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duration, simple auditory aftereffects decayed much faster than
did contingent aftereffects (Fig. 3). Although their sizes were
comparable to those of contingent aftereffects when measured
immediately after adaptation, simple aftereffects were absent ten
minutes after adaptation.

The present findings imply that the neural mechanisms
underlying contingent aftereffects are not specific to vision, but
reflect general properties of sensory neural processing, and pos-
sibly, higher associative centers as well. In principle, there are
two types of neural mechanism that might be proposed to
account for these effects. In one, the sensory systems contain
‘built-in’ double-duty units that are sensitive to paired-stim-
ulus attributes and that become less responsive following
repeated stimulation1,3,6. It seems unlikely, however, that sim-
ple neuronal adaptation or fatigue could account for afteref-
fects that can persist for hours or days. Another explanation is
that new, or additional, units representing the paired attribut-
es are formed during adaptation by some kind of cortex-based
learning4. The long time course of the auditory contingent after-
effect observed in the present study suggests that this latter
explanation is more likely. Functionally, contingent aftereffects
might help to optimize neural coding13, or be involved in shift-
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