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Perceptual grouping of successive frequency components, namely, auditory streaming, is essential for auditory scene analysis. Prolonged
listening to an unchanging triplet-tone sequence produces a series of illusory switches between a single coherent stream (S1) and two
distinct streams (S2). The predominant percept depends on the frequency difference (Af) between high and low tones. Here, we combined
the use of different Afs with an event-related fMRI design to identify whether the temporal dynamics of brain activity differs depending
on the direction of perceptual switches. The results demonstrated that the activity of the medial geniculate body (MGB) in the thalamus
occurred earlier during switching from nonpredominant to predominant percepts, whereas that of the auditory cortex (AC) occurred
earlier during switching from predominant to nonpredominant percepts, regardless of Af. The asymmetry of temporal precedence
indicates that the MGB and AC activations play different roles in perceptual switching and depend on perceptual predominance rather
than on S1 and S2 percepts per se. Our results suggest that feedforward and feedback processes in the thalamocortical loop are involved

in the formation of percepts in auditory streaming.

Introduction

Humans and animals possess the sophisticated ability to inte-
grate complex acoustic inputs into one organized percept and
switch their attention among several auditory streams within
inputs. For instance, we can hear a sound mixture as music
and discern the sounds of individual instruments of an orches-
tra. The sequential integration and segregation of frequency com-
ponents for the formation of percepts, which is called auditory
streaming, is essential for auditory scene analysis. The psycho-
physical factors influencing auditory streaming are known (van
Noorden, 1975; Moore and Gockel, 2002). However, the neural
correlates of auditory streaming remain unclear.

Several studies have tried to clarify the neural correlates of
auditory streaming (Alain et al., 1998; Sussman et al., 1999;
Fishman et al., 2001, 2004; Niitinen et al., 2001). However, a
common limitation of these studies is that neural correlates
corresponding to the different percepts were evoked by phys-
ically different stimuli. This makes it difficult to determine
whether the neural correlates reflect auditory percepts or the
physical properties of the stimuli. To overcome this difficulty,
recent studies have used the build-up of auditory streaming,
where a physical unchanging sequence of triplet tones initially
tends to be heard as a single coherent stream (S1) and is split
into two distinct streams (S2) after several seconds. Neuro-
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physiological studies have shown that patterns of neuronal
responses in the primary auditory area of awake rhesus mon-
keys and in the cochlear nucleus of anesthetized guinea pigs
are correlated with changes in predominant percepts from S1
to S2 in humans (Micheyl et al., 2005; Pressnitzer et al., 2008).
An event-related potential (ERP) study has revealed that re-
sponses at the midline frontocentral (FCz) area in humans are
correlated with percepts during the build-up (Snyder et al.,
2006). A functional magnetic resonance imaging (fMRI) study
has demonstrated that the intraparietal sulcus is more highly
activated during S2 than during S1 (Cusack, 2005), whereas a
magnetoencephalography (MEG) study has indicated that the
amplitude of N;m response in the nonprimary auditory areas
reflects frequency difference (Af) between high (H) and low
(L) tones (Gutschalk et al., 2005). However, although these
studies have clarified brain activity related to the “representa-
tion” of percepts in auditory streaming, the findings regarding
activation areas are rather divergent, pointing to the need for
some other line of research.

The present study focused on the “switching” of percepts after
the build-up to gain new insights into the issue of where and how
auditory percepts are formed in the brain. Although perceptual
predominance after the build-up depends on Af, its effects on
brain activity are not clear. We used two Af conditions with dif-
ferent perceptual predominance and examined whether brain
activity differs between the two directions of perceptual switches.
We hypothesized that if some brain area is causally involved in
perceptual switching, then the response in that area should pre-
cede that in other areas. We further examined whether temporal
precedence of activations is affected by perceptual predominance
or auditory percepts (i.e., S1 and S2).
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Figure1.  Schematicrepresentation of stimuliand two types of auditory percepts. 4, A sound
sequence (a total of 90 s) of a triplet tone was presented in the perceptual switching task.
Participants performed this task at either Af = 2 or 6 semitones. H and L stand for high- and
low-frequency tones. B, Participants pressed a button with their left thumb when they per-
ceived subjective changes from one stream (51, LHL-LHL-. ...) to two streams (52, L-L-... and
H—H—...) or those from S2 to S1.

Materials and Methods

Participants. Thirty-two people participated in a psychophysical experi-
ment. They were right-handed Japanese college students with normal
hearing. The mean score of the Edinburgh Handedness Inventory was
92.9 (range 80—100). None had any history of neurological and psychi-
atric illness. On the basis of the results of the psychophysical experiment,
we recruited 24 participants (12 males and 12 females; mean age 23.4
years, range 19-30 years) for an fMRI experiment. All participants gave
written informed consent, which was approved by the Ethics and Safety
Committees of NTT Communication Science Laboratories and ATR In-
stitute International.

Stimuli and task procedures. The psychophysical experiment com-
prised five 90 s runs of the perceptual switching task at Af ~ 2 semitones
or the same ones at Af =~ 6 semitones. In the perceptual switching task,
stimuli were 225 repetitions of a triplet tone that comprised L and H
tones with intervals of silence (Fig. 1 A). The Afs between L and H tones
were ~2 and 6 semitones, while the center frequency was fixed to 1 kHz.
To avoid harmonic consonance between L and H tones, the frequency of
each tone was set to the following values: L = 937 Hzand H = 1069 Hz at
Af~ 2 semitones; L = 823 Hzand H = 1213 Hz at Af =~ 6 semitones. The
duration of each tone was 40 ms, which included rising and falling cosine
ramps of 10 ms. Participants were asked to listen to the tone sequence
passively without any particular focus and attitude. They pressed a but-
ton with their left thumb to indicate that they had perceived subjective
changes between S1 with a galloping rhythm and S2 with an isochronous
rhythm for each stream (Fig. 1B). The stimuli were presented at 65 dB
SPL diotically through headphones.

The fMRI experiment consisted of alternation of 90 s runs between
the perceptual switching and tone detection tasks. We assumed the
tone detection task to be an oddball task, which is to detect rare
sounds embedded in a sequence of standard sounds. The stimuli in
the tone detection task were the same as those in the perceptual
switching task except that a tone pip was emitted using the identical
temporal sequence of perceptual switching reported in the previous
run. The tone pip at 1 kHz with onset and offset ramps of the cosine
curve had the total duration of 20 ms. Participants were instructed to
press a button when the tone pip was presented on the background of
the triplet-tone sequence so that the number of responses for detec-
tion of tone pips would match as closely as possible that for the
detection of perceptual switching. Thus, the detection of perceptual
changes could be dissociated from that of physical changes in con-
stant stimulation. We used the software Presentation (Neurobehav-
ioral Systems) to synchronize the presentation timing of the stimuli
with the scanner sequence.

Data acquisition. Images were acquired with a 1.5 T MRI scanner
(Magnex Eclipse; Shimadzu-Marconi) with a standard head coil. Head
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motion was minimized with a forehead strap and comfortable padding
around the participant’s head. Functional images sensitive to the blood
oxygen level-dependent (BOLD) response were obtained by a single-shot
echo-planar imaging sequence (TR 2 s, TE 48 ms, flip angle 80°, 64 X 64
at 3 mm in-plane resolution, 7 mm thickness, 20 contiguous oblique axial
slices parallel to the AC-PC line, 51 volumes for each run). After the
experimental run, we collected anatomical images using a standard pro-
cedure (isotropic voxel size 1 mm?).

Data analysis. Images were preprocessed using SPM2 software (Well-
come Department of Imaging Neuroscience, London, UK). The six ini-
tial images of each run were discarded from the analysis to achieve
steady-state equilibrium between radio-frequency pulsing and relax-
ation. Images were calibrated for correction of slice-acquisition timing
and realigned for correction of head movement. The movement of x, y,
and z axes was <1 mm within each run. Following the realignment, the
images were coregistered to the anatomical images, normalized to the
Montreal Neurological Institute (MNI) template with affine registration,
and spatially smoothed with a three-dimensional Gaussian kernel of 6
mm at full width at half maximum.

We excluded the initial response for each run corresponding to the
build-up from individual analyses. Recent psychophysical studies have
demonstrated that the duration of the first coherent stream is longer than
that of subsequent ones (Denham and Winkler, 2006; Pressnitzer and
Hupé, 2006; Kashino et al., 2007). Thus, there is the possibility that the
build-up is a special state of auditory streaming. For an event-related
fMRI analysis, we estimated the median reaction times (RTs) of each
participant for tone detection. In all of the analyses reported in this study,
the onset of all perceptual switches was temporally shifted to compensate
for delays in pressing the button. We performed a group analysis with a
random-effects model.

First, using a canonical hemodynamic response function (HRF), we
clarified transient activations during perceptual switching and tone de-
tection at Af ~ 2 and 6 semitones. We used a high-pass filter with a cutoff
at 128 s to remove baseline drifts and used an autoregressive model of
order one to control for temporal autocorrelation. Activations in several
brain areas were significant for perceptual switching and tone detection
at the threshold of FDR <0.05. Similarly, we obtained contrasts of per-
ceptual switching versus tone detection using one-sample ¢ tests, but did
not find differences in the extent of activations between the two tasks. To
compare the intensity of activations between perceptual switching and
tone detection, we extracted signal changes from local maxima of acti-
vated brain areas (see Table 1). We computed peak amplitudes of signal
changes (after ~6 s of perceptual switching and tone detection) and
averaged them across all participants.

Second, using a canonical HRF and its temporal derivatives, we exam-
ined which brain areas induce perceptual switching from S1 to S2 and in
the opposite direction. The group analysis results demonstrated that the
posterior insular cortex (PIC), auditory cortex (AC), and medial genic-
ulate body (MGB) in the thalamus were activated bilaterally, regardless of
switching directions. We selected those areas as regions of interest (ROIs)
to focus on early stages for the online analysis of acoustic features. With-
out anatomical normalization and spatial smoothing, we identified ac-
curate and robust activations for each participant. The results of
individual analyses showed that activations of ROIs reached a significant
level in all participants ( p < 0.001, uncorrected) (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material). We calculated
parameter estimates of a canonical HRF and its temporal derivatives to
compare temporal precedence of activations between the two directions
of perceptual switching. Parameter estimates reflect the degree of the
contribution of each regressor to fMRI data (Friston et al., 1998; Henson
et al., 2002). For BOLD responses earlier than the canonical, parameter
estimates of the derivative were positive. The temporal precedence (Af) of
the response relative to the canonical HRF was computed as the ratio of
derivative to canonical parameter estimates (f3,/(3,). A positive value of the
ratio indicates that the response occurs earlier than the canonical (i.e., neg-
ative value of At). The ratio can be approximately transformed into At in sec-
onds with the sigmoidal logistic function At =~ 2C/[1 + exp(DB,/B;)] — C,
where C = 1.78 and D = 3.10. We analyzed our data with a different
approach to validate the asymmetry of temporal precedence between
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Table 1. Activated brain areas during perceptual switching and tone detection
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Perceptual switching Tone detection
Brain area BA X y Zscore X y z Zscore
Af; 2 semitones (n = 12)
Posterior insular cortex L13 —4 12 —4 4.22 —48 12 —6 5.52
R13 48 16 —4 4.40 46 10 -2 4.55
Auditory cortex L41/42 —54 —24 8 431 —46 —16 10 5.27
R41/42 50 —26 8 3.78 48 —14 8 5.87
Medial geniculate body L —16 —24 0 457 —16 —24 0 4.67
R 16 —26 0 438 14 —24 0 5.03
Supramarginal gyrus L40 —54 —42 32 431 =52 —42 32 5.50
R40 50 —40 26 453 54 —44 28 5.09
Cerebellum L —16 —60 —24 4.48 —22 —64 —28 4.78
Af; 6 semitones (n = 12)
Posterior insular cortex L13 —40 10 -2 3.89 —44 8 -2 4.58
R13 —42 10 —4 499 46 6 0 5.42
Auditory cortex L41/42 =52 -22 4 3.83 =50 —16 6 4.09
R41/42 48 —18 10 439 48 —20 8 4.78
Medial geniculate body L —18 —24 0 3.56 —16 -22 0 433
R 16 —22 0 3.36 20 —24 0 4.03
Cerebellum L —18 —64 =30 4.58 —20 —68 —28 4.98
Coordinates (x, y, 2) indicate the voxel of local maxima in each area. BA, Brodmann area; L, left; R, right.
9 Psychophysical experiment ~ fMRI experiment
the MGB and AC activations (see supplemental data, available at f:g @ 2semitones O 6 semitones
www.jneurosci.org as supplemental material). g 150
E
Results g 100
Psychophysical results g
We conducted a psychophysical experiment outside the scanner = 0
to select participants for the fMRI experiment. Sixteen partici- e
pants were assigned the perceptual switching task at Af ~ 2 semi- B Geo—ww e T e
tones, and the other sixteen were assigned the same task at Af~ 6 § 00 02 04 06 0F 10 00 02 04 96 08 L0

semitones. In this task, the initial response for all participants was
S1, which changed to S2 within several seconds. As described
above, the initial switch for each run was removed from subse-
quent analyses. The median intervals between perceptual switch-
ing were 5060 = 540 ms (mean * SEM) at Af = 2 semitones and
6630 = 760 ms at Af =~ 6 semitones. Using logarithmic transfor-
mation, we calibrated each interval before averaging because the
distribution of the intervals showed a positive skewness under the
two Af conditions. The transformed interval was shorter at Af ~ 2
semitones (3.66 * 0.05) than at Af ~ 6 semitones (3.80 = 0.05)
(t30) = 2.38, p < 0.05). We removed the duration of the first S1
from that of each run and estimated the proportion of S1-
predominant durations for each participant. The results indicate
that predominant percepts were S1 and S2 at Af ~ 2 and 6 semi-
tones, respectively (Fig. 2).

Taking the time constants of the BOLD response into account,
we recruited for the fMRI experiment 24 participants who had
exhibited appropriately long intervals between perceptual switching
in the psychophysical experiment. Twelve were assigned the percep-
tual switching and tone detection tasks at Af =~ 2 semitones and the
other 12 were assigned the same tasks at Af ~ 6 semitones. The
pattern of perceptual predominance in the fMRI experiment was
similar to that in the psychophysical experiment (Fig. 2). The
intervals between perceptual switching were 5200 = 500 ms at
Af =~ 2 semitones and 7210 * 540 ms at Af ~ 6 semitones. The
transformed interval was shorter at Af =~ 2 semitones (3.69 * 0.04)
than at Af~ 6 semitones (3.84 = 0.04) (,,) = 2.56, p < 0.05). The
accuracy of tone detection was 100% for all participants. RTs for
tone detection were 310 * 20 ms and 340 = 30 ms at Af ~ 2 and
6 semitones, respectively. There was no difference in transformed
RTs between the two Af conditions: 2.49 * 0.03 and 2.51 = 0.03.

Proportion of S1-predominant durations

Figure 2.  Scatter plots of the number of perceptual switches within five 90 s runs as a
function of the proportion of S1-predominant durations. Circles indicate individual data derived
from psychophysical (V = 32) and fMRI (V = 24) experiments. Solid and dashed curved lines
represent probability ellipses (90% confidence intervals) based on Mahalanobis distances at
Af = 2and 6 semitones, respectively.

Thus, audio—motor coordination for the button press did not
differ between the two groups of participants.

Neuroimaging results

We identified transient activations related to perceptual switch-
ing and tone detection. The PIC, AC, and MGB were activated
bilaterally at Af =~ 6 semitones, whereas the supramarginal gyrus
(SMG), in addition to those areas, was activated at Af =~ 2 semi-
tones (Table 1). We also found activation in the left cerebellum
related to motor response planning. It should be noted that the
results of an event-related analysis reflect activations time-locked
with perceptual switching and tone detection rather than those
derived from constant stimulation and background noises.
Activation areas during perceptual switching overlapped
those during tone detection, but amplitudes of signal changes
differed between the two tasks (Fig. 3). We performed a repeated-
measures ANOVA of amplitudes of signal changes. The ANOVA
included the following factors: tasks (perceptual switching and
tone detection); brain areas (PIC, AC, MGB, and SMG for Af =~ 2
semitones; PIC, AC, and MGB for Af =~ 6 semitones); hemi-
spheres (left and right). At Af ~ 2 semitones, the amplitude of
signal changes was greater for tone detection (0.30 = 0.02) than
for perceptual switching (0.24 + 0.03) (F, ;,, = 8.33, p < 0.05).
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At Af =~ 6 semitones, there was a marginal
significant difference in the amplitude of
signal changes between perceptual switch-
ing (0.30 = 0.03) and tone detection
(0.35 = 0.04) (Fy.,1) = 3.34, p < 0.10).
The results indicate that the auditory sys-
tem is responsible for perceptual switch-
ing as well as for tone detection, but the
formation of percepts in auditory stream-
ing is not as salient an event as the detec-
tion of deviation in constant stimulation.

Intriguingly, local maxima in the AC
during perceptual switching were located
at more lateral and posterior areas than
those during tone detection. Local max-
ima observed in this study were located
near dipole sources (x, y,z = —48, —21, 6;
52, —15, 8) identified in an MEG study
(Gutschalk et al., 2005), which argues that
S1 and S2 percepts are maintained within
nonprimary auditory areas. These find-
ings suggest that the “formation” of per-
cepts shares auditory functions at the level
of the AC with the “maintenance” of per-
cepts. However, in addition to AC activa-
tion, we found PIC and MGB activations.
Thus, there is the possibility that higher
and lower levels of the auditory system are
involved in the formation of percepts in
auditory streaming.

To examine which brain areas induce
perceptual switching, we focused on switch-
ing directions and computed temporal pre-
cedence of activations using a canonical
HRF and its temporal derivatives. We clas-
sified all events into perceptual switches
from S1 to S2 and in the opposite direction.
Averaged activations were significant in the
PIC, AC, and MGB, but activations of other
brain areas did not remain (Fig. 4). We de-
termined the PIC, AC,and MGB as ROIs for
each participant (supplemental Fig. S1,
available at www.jneurosci.org as supple-
mental material) and captured timing vari-
ations in BOLD responses of ROIs. We
computed correlations between the propor-
tion of S1-predominant durations and tem-
poral precedence of activations in ROIs. If
activations during perceptual switching rely
on S1 and S2 percepts, we should find
consistently positive (or negative) brain—
behavior correlations, regardless of switching
directions. However, although correlation
coefficients reached a satisfactory signifi-
cant level in the AC and MGB (|r]5,) =
0.28, p <0.20), we found an interaction of
correlations between the two directions of
perceptual switching (Fig. 5). Specifically,
the AC was activated earlier during per-
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Figure 3.  Extent and intensity of averaged activations for perceptual switching and tone detection (n = 12 for each Af condition).
Colored areas on the coronal and horizontal planes of the standard brain indicate significant activations (FDR <<0.05). Hairlines in top/
middle and bottom panels target the coordinates (x, y, 2) = (0, —20,8) and (0, —42, 30), respectively. The amplitudes of signal changes
are derived from responses of local maxima in activated brain areas. See Table 1for the locations of local maxima. Error bars represent the
SEM. PIC, Posterior insular cortex; AC, auditory cortex; MGB, medial geniculate body; SMG, supramarginal gyrus; L, left; R, right.
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Figure 4.  Activations related to the two directions of perceptual switching. Significant activations are superimposed on the
horizontal plane of the standard brain ( p << 0.001, uncorrected). Areas colored in light yellow indicate Heschl gyrus. See the
legends of Figures 1and 3 for abbreviations.

ceptual switching from S1 to S2 as the proportion of S1-  the pattern of brain—behavior correlations in the MGB was the
predominant durations increased. Conversely, the AC was inverse of that in the AC. These results can be summarized as
activated earlier during perceptual switching from S2 to Sl asthe ~ follows: (1) activations in the AC and MGB, rather than in the
proportion of S1-predominant durations decreased. However,  PIC, are strongly linked with individual differences in perceptual
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Figure 5.  Scatter plots of temporal precedence of brain activity as a function of the propor-
tion of ST-predominant durations. Circles and triangles indicate individual data (N = 24 for
each). Values on the ordinate axis indicate the difference in latency to the peak between an
observed response and canonical hemodynamic response. Dashed lines at 0 s and —1.78 s of
temporal precedence represent the equality of the canonical hemodynamic response and the
lower (i.e., earlier) limitation of range, respectively. Solid and dotted lines are regression lines
corresponding to perceptual switching from S1to S2 and in the opposite direction, respectively.
Values in each panel represent brain—behavior correlation coefficients. See the legends of
Figures 1and 3 for abbreviations. **p << 0.01, *p << 0.05, p < 0.10, *p < 0.20.

predominance in auditory streaming; (2) the temporal prece-
dence of AC and MGB activations does not depend on S1 and S2
percepts, but varies with switching directions; and (3) from the
perspective of switching directions, the temporal precedence of
AC activations is dissociated from that of MGB activation.

For ease of interpretation, we averaged the temporal prece-
dence of activations for each Af condition. Since we did not find
functional lateralization of brain—behavior correlations between
the two hemispheres (Fig. 5), we collapsed the data for each par-
ticipant between left and right ROIs. If activations during switch-
ing are triggered by feedforward processes in a lower-level area,
thalamic activation should precede cortical activation. Con-
versely, if activations during switching are caused by feedback
processes in a higher-level area, cortical activation should pre-
cede thalamic activation. We performed a mixed-design ANOVA
of the temporal precedence of activations, which included 2
(Af) X 2 (switching directions) X 3 (ROIs) factors. The results
showed that the three-way interaction was significant (F, 44, =
17.55,p < 0.01) (Fig. 6). The pattern of temporal precedence was
AC (approximately —610 ms) > MGB (approximately —290
ms) > PIC (approximately —120 ms) during switching from S1
to S2 at Af ~ 2 semitones and during switching from S2 to S1 at
Af~ 6 semitones (underline indicates the predominant percept).
In contrast, it was MGB (approximately —640 ms) > AC (ap-
proximately —300 ms) > PIC (approximately —90 ms) during
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Figure 6.  Averaged temporal precedence of brain activity. Temporal precedence is esti-
mated by using the ratio of parameter estimates for a canonical hemodynamic response func-
tion and its temporal derivative and is collapsed between left and right brain areas for each
participant. Error bars represent the SEM. Predominant percepts are underlined. See the leg-
ends of Figures 1and 3 for abbreviations.

switching from S2 to S1 at Af ~ 2 semitones and during switching
from S1 to S2 at Af =~ 6 semitones. The main point is that the
response in the MGB occurs earlier during switching from non-
predominant to predominant percepts, whereas that in the AC
occurs earlier during switching from predominant to nonpre-
dominant percepts. Furthermore, we confirmed the temporal dy-
namics of AC and MGB activations using Fourier basis functions
(supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material) and structural equation modeling (supplemen-
tal Fig. S3 and Table SI, available at www.jneurosci.org as
supplemental material). Together, the results indicate that the
asymmetry of temporal precedence can be explained by the as-
sumption of an interaction between feedforward and feedback
processes in the thalamocortical loop.

Discussion

The present results demonstrate differences in brain activity during
spontaneous switches in auditory streaming percepts. We focused
on early stages of auditory processing to examine whether temporal
dynamics of activations differs between the two directions of percep-
tual switching. We found that the temporal precedence of MGB and
AC activations during perceptual switching is affected by perceptual
predominance, regardless of switching directions. This suggests that
feedforward and feedback processes in the thalamocortical loop are
involved in the formation of percepts in auditory streaming.

We found that AC activations overlapped between perceptual
switching and tone detection (Table 1). The pattern of the results
is consistent with previous findings of fMRI, MEG, and ERP
studies. First, it has been shown that perceptual representations
of auditory streams are maintained in the AC of humans
(Micheyl et al., 2007). As Af between two pure tones (a repeating
LHLH pattern) and the difference of the fundamental frequency
(Afy) between two complex tones (a repeating HLLL pattern)
increases, amplitudes of AC activation increase with changes in
the predominant percept from S1 to S2 (Gutschalk et al., 2007;
Wilson et al., 2007). Second, the tone detection task used in the
present study was postulated as an oddball one, in which mis-
match negativity (MMN) (latency range of 100250 ms) is com-
monly elicited and its major source is assumed to be located in the
AC (Giard et al., 1990; Carlyon, 2004). Together, these findings
indicate that the AC is responsible for the detection of both per-
ceptual and physical changes in constant stimulation.

Our results indicate that, although the amplitudes of signal
changes in ROIs are greater for tone detection than for perceptual
switching (Fig. 3), auditory awareness emerges without changes
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in physical inputs. Gutschalk et al. (2008), using informational
masking, in which a stream of repeating target tones was embed-
ded in a stochastic tone background, have revealed that an MEG
response related to auditory awareness can be discriminated from
one related to physical inputs. Specifically, a long-latency re-
sponse (50—250 ms) was evoked in the AC when participants
detected targets, but was not when they did not detect targets. In
contrast, a middle-latency steady-state response was elicited
when targets were detected and undetected. Thus, the neural cor-
relates of auditory awareness might be separate from those of
detection of physical changes.

More importantly, the present study showed that both MGB
and AC activations are responsible for the formation of percepts
in auditory streaming (Figs. 4, 5). This makes sense in terms of
anatomical connections in the auditory system because the audi-
tory system consists of ascending and descending pathways be-
tween the MGB and AC (Scott and Johnsrude, 2003; Winer et al.,
2005). In monkeys, inputs from the ventral division of the MGB
are projected to layers III and IV in the primary auditory area
(core region), whereas those from the dorsal division of the MGB
are projected to layers I, II, V, and VI in the secondary auditory
area (belt and parabelt regions) (Winer, 1985; Villa et al., 1991).
The MGB receives feedback from layers V and VI of the AC
(Prieto and Winer, 1999; Winer and Prieto, 2001). The structure
of the auditory system in humans appears to be similar to that in
monkeys (Rivier and Clarke, 1997; Rademacher et al., 2001;
Sweet et al., 2005). Thus, reciprocal connections between the
MGB and AC appear to play an important role in perceptual
switches between S1 and S2 percepts.

We found that the response in the MGB occurred earlier dur-
ing switching to predominant percepts, whereas that in the AC
occurred earlier during switching to nonpredominant percepts,
regardless of Af (Fig. 6; supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). Thus, a framework of
feedforward and feedback processes between the MGB and AC is
a promising way to account for the asymmetry of temporal pre-
cedence. Several researchers, particularly in visual science, have
pointed out that a functional interaction between two brain areas
is closely linked with alternations between bistable percepts.
Tong et al. (1998) demonstrated alternations of activity between
the fusiform face area and parahippocampal place area during
binocular rivalry, in which monocular images of a face and
house were presented to different eyes. In binocular rivalry for
simple stimuli, synchronization of activations between the lat-
eral geniculate nucleus (LGN) and primary visual area (V1) is
observed during perceptual alternations. Activations in the
LGN and V1 increased when participants perceived a high-
contrast grating and decreased when they perceived a low-
contrast grating (Wunderlich et al., 2005). Further, those
activations were enhanced when their preferred-eye stimulus
was perceptually dominant and were reduced when their
preferred-eye stimulus was perceptually suppressed (Haynes
et al., 2005). However, previous studies have mainly focused
on the closer relationship between thalamocortical feedfor-
ward processes and visual awareness; they did not take corti-
cothalamic feedback processes into consideration.

Our results showed that activations related to perceptual forma-
tion in auditory streaming depend on perceptual predominance and
that nonpredominant percepts emerge from corticothalamic feed-
back processes (supplemental Fig. S3 and Table S1, available at
www.jneurosci.org as supplemental material). Consider here the
importance of feedback processes in the formation of percepts.
Hupé et al. (1998) have found that V5 inactivation by cooling
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leads to a reduction of neuronal responses in V1, V2, and V3
when anesthetized monkeys are presented with a moving bar on a
stationary background. Strong effects on the response reduction
in V3 were observed, particularly for low salience of the bar.
Given that feedback processes in the visual cortex are recruited
for low-salience stimuli, that is, perceptually “difficult” stimuli,
the temporal precedence of cortical activation during switching
to nonpredominant percepts identified in the present study
would be consistent with the findings of Hupé et al. (1998). Fur-
thermore, feedback connections from the visual cortex appear to
optimize the contribution of thalamic functions to both local
segmentation and global integration of events (Sillito and Jones,
2002). Thus, in the light of our results, we can expect that feed-
back processes from the AC to the MGB enhance perceptual
predominance of S1 and S2 percepts.

We have demonstrated that feedforward and feedback pro-
cesses between the MGB and AC are responsible for perceptual
formation in auditory streaming. In addition, previous studies
have revealed that auditory perceptual organization is influenced
by factors of sensory adaptation (Micheyl et al., 2005; Pressnitzer
et al., 2008), temporal coherence (Elhilali et al., 2009), and en-
dogenous attention (Carlyon et al., 2001; Cusack et al., 2004).
Specifically, endogenous attention appears to affect early and late
stages of auditory streaming (Snyder and Alain, 2007). An fMRI
study has shown that the S2 percept, rather than the S1 percept,
requires more supramodal attentional demands related to activ-
ity of the intraparietal sulcus (Cusack, 2005). An ERP study has
revealed that the N,c response (150-250 ms) is evoked in the
Heschl gyrus when participants pay attention to a sequence of
repeating LHL sounds but that it is not when they ignore it (Snyder et
al., 2006). For an integrative understanding of those findings,
future studies should clarify brain activity at which the levels of
the auditory systems are influenced by attentional manipula-
tions. The feedforward and feedback interactions identified in the
present study may be a useful concept for such investigations.
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