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Andrew J. Oxenham2,4

1Department of Neurology, University of Heidelberg, 69120 Heidelberg, Germany, 2Research Laboratory of Electronics, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, 3Eaton–Peabody Laboratory, Massachusetts Eye and Ear Infirmary, Boston, Massachusetts 02114, 4Program
in Speech and Hearing Bioscience and Technology, Harvard–Massachusetts Institute of Technology Division of Health Sciences and Technology,
Cambridge, Massachusetts 02139, and 5Department of Otology and Laryngology, Harvard Medical School, Boston, Massachusetts 02115

The brain is constantly faced with the challenge of organizing acoustic input from multiple sound sources into meaningful auditory
objects or perceptual streams. The present study examines the neural bases of auditory stream formation using neuromagnetic and
behavioral measures. The stimuli were sequences of alternating pure tones, which can be perceived as either one or two streams. In the
first experiment, physical stimulus parameters were varied between values that promoted the perceptual grouping of the tone sequence
into one coherent stream and values that promoted its segregation into two streams. In the second experiment, an ambiguous tone
sequence produced a bistable percept that switched spontaneously between one- and two-stream percepts. The first experiment demon-
strated a strong correlation between listeners’ perception and long-latency (�60 ms) activity that likely arises in nonprimary auditory
cortex. The second demonstrated a covariation between this activity and listeners’ perception in the absence of physical stimulus changes.
Overall, the results indicate a tight coupling between auditory cortical activity and streaming perception, suggesting that an explicit
representation of auditory streams may be maintained within nonprimary auditory areas.
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Introduction
Listening to one speaker or following an instrumental melodic
line in the presence of competing sounds relies on the perceptual
separation of acoustic sources. As acoustic events unfold over
time, the brain generally succeeds in correctly assigning sound
from the same source to one “auditory stream” while keeping
competing sources separate in a process known as “auditory
stream segregation” or streaming (Bregman, 1990).

The auditory system can segregate sounds into streams based
on various acoustic features (Carlyon, 2004). A compelling dem-
onstration (van Noorden, 1975) is provided by a sequence of
repeating tone triplets separated by a pause (ABA_). When the
frequency difference (�F) between the A and B tones is small and
the interstimulus interval (ISI) is long, the sequence is generally
heard as a single stream with a characteristic galloping rhythm. In
contrast, when the �F is large and the ISI is brief, the sequence
splits into two streams, the galloping rhythm is no longer heard,
and instead two regular, or isochronous, rhythms are heard, one
(A-tone stream) at twice the rate of the other (B-tone stream). At

intermediate �F and ISI values, the percept depends on the lis-
tener’s attentional set as well as the duration of listening to the
sequence (Anstis and Saida, 1985; Carlyon et al., 2001), and spon-
taneous switches in percept can occur just as they do in vision for
ambiguous figures or in situations involving binocular rivalry
(Blake and Logothetis, 2002).

The present study examined the neural basis of streaming
using magnetoencephalography (MEG). Our experiments were
motivated by a hypothesized relationship between streaming and
neural adaptation (Fishman et al., 2001) that can be understood
by considering the auditory evoked N1m, a surface negative wave
that occurs in auditory cortex 80 –150 ms after stimulus onset.
For a sequence of tones at the same frequency, the N1m evoked by
each successive tone adapts to a steady-state value that depends
on the ISI between tones (Ritter et al., 1968; Hari et al., 1982;
Imada et al., 1997). For a sequence of tones alternating in fre-
quency, the N1m amplitude and its dependence on ISI remains
the same, as long as the �F between tones is small. However, for
large �F, the amplitude (and hence the degree of adaptation)
becomes consistent with the longer ISI between successive tones
of the same frequency rather than the shorter ISI between tem-
porally adjacent tones of different frequency, indicating that ad-
aptation occurs selectively on the basis of tone frequency (Butler,
1968; Picton et al., 1978; Näätänen et al., 1988). This is consistent
with perceptual organization in a streaming task: when all tones
are perceived as one stream, the perceived rate is uniquely deter-
mined by the ISI between successive tones (plus the tone dura-
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tion). At large �F, when the two tone frequencies are segregated
into separate streams, the perceived rate is lower and depends on
the ISI between tones within each stream. As such, the N1m might
increase with the perceived ISI, whereas the physical ISI remains
unchanged. Thus, the N1m may provide a physiological indicator
of auditory stream segregation.

The present study tested this hypothesis by measuring the
auditory evoked field (AEF) in response to triplet sequences that
were heard as either one or two streams. In one experiment, the
percept was altered by manipulating stimulus parameters. In an-
other, stimulus parameters were held constant and were chosen
so that the percept was bistable, inducing spontaneous switches
between the perception of one and two streams.

Materials and Methods
Listeners. Fourteen listeners (seven females and seven males) participated
in each experiment. The mean age was 31.4 years. All of the listeners were
right-handed and had no history of peripheral or central hearing disor-
der. They provided written informed consent before participating in the
experiments.

Experiment 1. MEG measurements were made to test the effect of the
frequency difference on the AEF in an ABA_ paradigm using pure tones.
The total duration of all tones was 100 ms, multiplied with 10 ms raised
cosine ramps at the beginning and end. The ISIs (defined as the duration
from tone offset to the next tone onset) were 50 ms within the triplet and
200 ms between triplets (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material). Our protocol was designed to examine
responses to the B tones, rather than the A tones, because we expected
larger changes with �F for the B tones. This is because the ISI between a
B tone and the preceding tone from the same stream differs considerably
between the one-stream and two-stream percepts. The relevant ISI for
the one-stream percept (between a B tone and the preceding A tone)
(supplemental Fig. 1, top; available at www.jneurosci.org as supplemen-
tal material) is 50 ms, whereas the relevant ISI for the two-stream percept
(between successive B tones) (supplemental Fig. 1, bottom; available at
www.jneurosci.org as supplemental material) is 500 ms. In contrast, the
within-stream ISI for the first A tone in each triplet remains constant for
the one- and two-stream percepts (200 ms) and increases only moder-
ately for the second A tone (50 vs 200 ms). The B tone was fixed at a
frequency of 1000 Hz, whereas the A tone was chosen from within the
octave above the B tone in intervals of two semitones (1122, 1260, 1414,
1587, 1782, or 2000 Hz). Our protocol also included two baseline condi-
tions, one with identical A and B tones (i.e., 1000 Hz; �F � 0 semitones)
and the other with no A tones (i.e., only B tones with an ISI of 500 ms; “no
A”). Each triplet was repeated 50 times before switching to another con-
dition. The presentation was continuous, with no interruption between
consecutive sequences corresponding to different conditions. The eight
conditions (seven values of �F and the no-A baseline condition) were
repeated in a pseudorandomized order; each sequence of 50 triplets was
presented four times, yielding a total of 200 B-tone presentations for each
condition. The stimuli were presented binaurally using ER-3 transducers
(Etymotic Research, Elk Grove Village, IL) with 90 cm plastic tubes and
foam ear pieces. The stimuli were presented at 60 dB above average
absolute thresholds, as determined in four listeners using a binaurally
presented, long-duration 1000 Hz sinusoid. Subsequent tests showed
that the thresholds for the other frequencies up to 2000 Hz were similar
within a range of �3 dB. To keep subjects vigilant, they were allowed to
watch a silent movie of their own choice (no subtitles; most listeners
chose “The Circus” by C. Chaplin or “Nosferatu” by F. Murnau); they
were instructed to ignore the auditory stimulation.

Additional MEG measurements were made with an ISI of 200 ms
within triplets to test the interaction of �F and ISI. The duration of the
tones remained at 100 ms, so that the ISI between the ABA triplets was
500 ms. Four conditions were compared in which A was 0, 2, 4, or 10
semitones above the B tone and a fifth control condition in which single
B tones were presented with an ISI of 1100 ms.

Thirteen listeners (all of the MEG subjects except one who was no

longer available), completed a psychoacoustic rating task on the stimuli
used during MEG. The task was arranged in 2 � 2 sets. The ISI was either
50 or 200 ms. For each ISI, listeners were instructed to hold to the segre-
gated two-stream percept in one set and hold to the coherent (single-
stream) galloping rhythm in another set. Six different �F intervals (2–12
semitones) were presented for 10 s in randomized order, and each con-
dition was repeated 10 times. After each presentation, listeners were
instructed to rate the ease with which they were able to hold on to the
percept as instructed on a continuous visual scale between impossible (0)
and very easy (1). Stimuli were generated with a standard soundcard and
sampled at 48,000 Hz; they were presented in a quiet room over K 240 DF
headphones (AKG Acoustics, Wien, Austria).

Experiment 2. This experiment investigated the relationship between
the perceptual state of the subject and the AEF in concurrent MEG and
psychophysical measurements. Two conditions from experiment 1 were
used, which could be perceived either as one or two streams. The B tone
was fixed at 1000 Hz, whereas the A tone was either four or six semitones
above the B tone (i.e., A � 1414 Hz or A � 1587 Hz). The ISI was 50 ms
within triplets. In four sets, each condition was continuously presented
500 times, twice with a �F of four semitones and twice with a �F of six
semitones. The listeners were instructed to indicate whether they heard
one or two streams by pressing a mouse button whenever the perception
switched from one to the other. They were allowed to choose whether
they pressed the left or right mouse button for the one-stream galloping
rhythm and were instructed to press the other mouse button when they
perceived the two-stream isochronous rhythm. In half of the sets, listen-
ers were instructed to listen to the A tones whenever they heard two
streams; in the other half of the sets, listeners were instructed to listen to
the B tones whenever they heard two streams.

Data acquisition. The MEG was recorded continuously with a
Neuromag-122 whole-head MEG system (Elekta Neuromag Oy, Hel-
sinki, Finland). The sampling rate was 500 Hz with a 160 Hz low-pass
filter. The data were averaged off-line with BESA software (MEGIS Soft-
ware, Munich, Germany); artifact-contaminated epochs were rejected by
an automatic gradient criterion. The cutoff was chosen at 450 fT/cm/
sample in all sensors, resulting in an average rejection rate of 5% (range,
1–13%). The epoch duration for averaging was chosen from 200 ms
before to 800 ms after triplet onset (50 ms ISI) or from 400 ms before to
1200 ms after triplet onset (200 ms ISI).

T1-weighted magnetic resonance imaging (MRI) of the head (isotro-
pic voxel size, 1 mm 3) was obtained from all listeners (except one) on a
Magnetom Symphony 1.5T scanner (Siemens, Erlangen, Germany). Di-
pole positions were coregistered on the individual MRI and then trans-
formed into Talairach space using Brainvoyager (Brain Innovation,
Maastricht, The Netherlands).

Data analysis. Spatiotemporal dipole source analysis (Scherg, 1990)
was performed using an average across all �F conditions of the 50 ms ISI
data in experiment 1 yielding a total of �1400 averages. The data were
filtered from 3–20 Hz (zero-phase-shift Butterworth filter, 12 and 24
dB/octave). Two dipoles, one for each auditory cortex, were simulta-
neously fitted to the peak of the P1m at the onset of the ABA_ triplet in an
interval of 20 ms centered around the individual peak latency. The aver-
age residual variance of the dipole fits was 10% (�4% SD). The dipole
model was then kept as a fixed spatial filter to derive comparable source
waveforms for the single conditions in all parts of the experiments.

The P1m dipoles were located in Heschl’s gyrus in 17 of 26 hemi-
spheres and in the anterior aspects of planum temporale in the remaining
nine hemispheres. We also fitted dipoles to the P1m and N1m evoked by
the B tones. On average, dipoles for the P1m, fitted to the A or B tone and
the N1m were in close proximity (Table 1), and both projected to the
central part of Heschl’s gyrus relative to normative data (Leonard et al.,
1998). Therefore, the P1m and N1m were not modeled with separate
dipoles. The dipole sources fitted for the P1m of the first A tone showed
overall a more accurate location relative to the individual anatomy, prob-
ably because it was less variable across conditions and thus provided the
better signal-to-noise ratio. The analysis was therefore based on the P1m
dipoles. However, there was no relevant difference in the results when the
analysis was based on the N1m dipoles instead. There was no evidence of
contributions from sources outside of the auditory cortex either in field
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maps or in source analysis. Source waveforms were similar in both hemi-
spheres, and there was no significant main effect of hemisphere in the
statistics, which is why source waveforms for the right and left auditory
cortices were averaged for data presentation.

Peak amplitudes were determined as maximum ( P) or minimum ( N)
in the individual source waveforms. The measurement intervals were
32– 82 ms (P1m) and 62–142 ms (N1m). Latencies were measured rela-
tive to the middle of the ramp (5 ms after stimulus onset), subtracting a 3
ms delay of the tube system. Statistics are based on the general linear
model procedure for repeated measures (SAS v.8.02; SAS Institute, Cary,
NC). In experiment 1, �F, hemisphere (left and right), and the peak
magnitude of the response evoked by the B tone (P1m and N1m) were
modeled by separate variables. In experiment 2, additional variables were
included to model the perception (one vs two streams) and the task
(follow A tones vs follow B tones). When appropriate, the Greenhouse–
Geisser correction was applied to the degrees of freedom; significance
levels were not corrected for multiple comparisons. In experiment 2,
confidence intervals of difference waveforms were derived by estimating
Student’s t intervals with the bootstrap technique based on 1000 resa-
mples (Efron and Tibshirani, 1993). Latency and amplitude of the differ-
ence peaks were measured in 1000 resamples to derive SEs and t intervals
using the same measurement intervals as specified for the original peaks.
A wave was only regarded as a significant deflection if the t interval did
not span the zero line.

Results
Experiment 1: influence of frequency separation and
interstimulus interval
MEG data
Long-latency AEF source waveforms from auditory cortex are
shown in Figure 1. Each waveform comprises three successive
transient responses: to the first A tone, to the B tone, and to the
second A tone. Each response consists mainly of the peaks P1m
(50 –70 ms) and N1m (100 –120 ms; latencies are relative to each
tone’s onset). The P1m and N1m evoked by the B tone increased
in magnitude as �F was increased (ISI � 50 ms, F(6,78) � 12.35,
p � 0.0001; ISI � 200 ms, F(3,39) � 38.68, p � 0.0001). This effect
can be appreciated when comparing the different �F conditions
with the control conditions at the top and bottom of the figure
(i.e., 0 semitones and noA). We compare first the P1m and N1m
evoked by the B tone in the zero- and two-semitone �F condi-
tions. The magnitudes are similarly small in both cases. In con-
trast, both the P1m and N1m for the 10-semitone �F are much
more prominent, and their amplitudes are close to those of the
control condition at the bottom line of the figure (noA), in which
the response to the B tone alone is shown. Figure 2 shows the peak
amplitudes for the B-tone responses plotted as a function of �F.
With an ISI of 50 ms, there is a strong increase in peak magnitude
between a �F of two and four semitones, with the N1m saturating
thereafter. In contrast, with an ISI of 200 ms, there is a prominent
increase in peak magnitude for �F between four and 10 semi-
tones. This interaction of ISI � �F was significant in the statisti-
cal analysis (F(3,39) � 3.20; p � 0.05; response magnitudes nor-
malized for each ISI separately).

Psychophysics
In the psychophysical task, using the same stimuli as in the MEG
measurements, listeners were encouraged to hear the sequence as
two separate streams and rated the ease of the task (Fig. 3a).
Overall, there were significant main effects of �F (F(5,60) �
162.87; p � 0.0001) and ISI (F(1,12) � 13.50; p � 0.01). As ex-
pected from previous findings (van Noorden, 1975; Bregman et
al., 2000), there was also a significant interaction of ISI � �F
(F(5,60) � 6.58; p � 0.01): for the longer ISI (200 ms), a larger �F
was required to hear two segregated streams with similar ease.
Subjects also completed the inverse task, in which they were en-
couraged to hear the sequence as a single stream (i.e., as a coher-
ent gallop) and again to report the ease of the task. When listeners
rated the ease of hearing one stream instead (data not shown), the
perception was somewhat shifted toward the perception of a

Table 1. Dipole locations in the space of Talairach and Tournoux (1988)

Talairach coordinates (x, y, z; mean � SD)

Tone Peak Left auditory cortex Right auditory cortex

A1 P1ma �48 � 6, �21 � 6, 6 � 5 52 � 4, �15 � 5, 8 � 5
B P1mb �49 � 7, �20 � 6, 5 � 7 54 � 7, �14 � 6, 11 � 9
B N1ma �46 � 9, �16 � 5, 2 � 8 50 � 7, �12 � 7, 8 � 7
an � 13.
bn � 12.

Figure 1. Source waveforms from auditory cortex for different frequency separations (�F )
and ISIs. The grand average over subjects (n � 14) and hemispheres is shown. Dipoles were
fitted to the P1m in an average across all �F conditions for each subject. The 3–20 Hz bandpass
filter separates only the long-latency AEF components. The waveforms are shown with increas-
ing �F from top to bottom. The control condition in which B was presented without A (noA) is
shown. In this case, the 1000 Hz B tone was presented at an ISI of 500 ms (left) or 1100 ms
(right). The peaks P1m and N1m belonging to the B tone are marked with arrows.

Figure 2. Amplitudes of the AEF evoked by the B tones as a function of frequency difference
(�F ). The graph includes amplitudes (mean � SE) of the long-latency AEF peaks P1m (gray)
and N1m (white) plotted against the �F in semitones. Error bars are shown only if they exceed
the size of the symbol. The conditions in which the ISI was 50 ms are shown on the left, and those
in which the ISI was 200 ms are shown on the right. The control condition in which B was
presented without A (noA) is shown on the right in each graph. Notice the larger magnitude for
P1m and N1m for larger �F or when no intervening A tones were present.
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single stream (cf. van Noorden, 1975), but the overall effects of
�F and ISI were similar.

Comparison of MEG and psychophysics
The qualitative covariations between the reported percepts and
the MEG recordings are supported by a direct comparison be-
tween the two data sets. Figure 3b plots the psychophysical ease of
streaming (same scale as in Fig. 3a) against the normalized P1m
and N1m magnitudes. The amplitudes have been normalized to
the magnitude of the noA control for each ISI, considering that
the P1m and N1m amplitude difference between the two noA
controls is only determined by the ISI between B tones (500 vs
1100 ms). Because the noA control represents an unambiguous
B-tone stream, it should produce the maximum expected re-
sponse magnitude for a given ISI. Consequently, the psychophys-
ical value for the noA control was set to 1 (very easy to perceive as
a segregated stream). Additionally, the �F � 0 conditions have
been included into this plot, and the corresponding psychophys-
ical values were set to 0 (impossible to perceive as two streams).
There was a high correlation between the normalized P1m and
N1m magnitudes and the psychophysical judgments (Fig. 3b).
The correlation was r � 0.91 ( p � 0.0001) for P1m and r � 0.83
( p � 0.001) for N1m. The correlations between the inverse task
(ease of hearing one stream) (data not shown) and the MEG data
were also high (P1m, r � �0.84; N1m, r � �0.71).

Experiment 2: neural correlates of bistable
auditory perception
Psychophysical data
Having established a putative correlate of streaming in P1m and
N1m amplitude, we next tested this relationship more directly
using physically invariant stimuli that evoked a bistable percept.
In this experiment, the psychophysical and MEG data were ac-
quired concurrently, and subjects were asked to attend to and
report any spontaneous changes in percept during a sequence.
Listeners were also asked to follow either the A tones or the B
tones (in separate blocks) whenever they could hear two streams.
The psychophysical results showed that a single stream and two
streams were heard with nearly equal probability throughout the
stimulus presentation for both values of �F used (four and six
semitones). In terms of proportion of time spent hearing two

streams, as opposed to one, there were no significant differences
between the four- and six-semitone conditions (F(1,13) � 0.57,
NS) or between tasks (i.e., whether subjects were instructed to
listen to the A or B tones (F(1,13) � 4.30, NS). Overall, subjects
reported hearing two streams 50.7 � 2.2% (mean � SE) of the
time. There was an initial “build up” in the tendency to perceive
the sequence as segregated. However, after the first 3 s, there was
no tendency for one or the other percept to be dominant during
the progression of each session. The median duration of the al-
ternating percepts was 4.8 s (or eight-tone triplets; interquartile
range, 4.8 s) when listeners followed the A-tone stream and 7.2 s
(or 12 triplets; interquartile range, 6.6 s) when they followed the
B-tone stream (Mann–Whitney U test; p � 0.001).

MEG data
Figure 4 shows the source waveforms, averaged over both �F
conditions and calculated separately for periods in which a single
galloping stream was heard (black lines) and in which two iso-
chronous streams were heard (gray lines). The two top panels
show the raw source waveforms; the bottom two panels show the
difference waveforms. The data from blocks in which listeners
were instructed to follow the A-tone stream when segregated are
shown on the left, and those in which listeners were instructed to
follow the B-tone stream are shown on the right. In both cases,
there was a response enhancement when the listeners reported

Figure 3. Stream segregation as a function of frequency difference and ISI: behavioral versus
MEG data. a, Listeners rated the ease of holding to the two-stream perception (0, impossible; 1,
very easy). The graph shows mean values � SEs (n � 13; error bars are shown only if they
exceed the size of the symbol). Comparison of the 50 ms ISI (open circles) with the 200 ms ISI
condition (filled circles) reveals the well-known effect that larger frequency separations (�f)
are required for stream segregation as the tempo decreases. b, Perceptual stream segregation
plotted against the normalized magnitude of P1m (circles) and N1m (squares) in the same
listeners (n � 13). The data points of the 200 ms ISI condition are plotted in a darker shading
than those of the 50 ms ISI. Regression lines (dotted lines) were fitted for each peak separately.

Figure 4. Source activity in auditory cortex varies with subjective perception. The grand
average source waveforms (n � 14) averaged across hemispheres and frequency separations
(�F � 4 or 6 semitones) are shown. Waveforms were selectively averaged with reference to
whether the listeners indicated that they heard one gallop rhythm (black) or two isochronous
rhythms (gray). When listeners heard two streams, they followed either the faster A-tone
stream (left) or the half-time B-tone stream (right). Difference waveforms (one minus two
streams) are shown in the bottom panels together with bootstrap-based Student’s t intervals.
The P1m and N1m were significantly larger when listeners heard two isochronous streams (cf.
the difference peaks �P1m and �N1m). This parallels the findings in experiment 1, in which the
magnitude of these peaks was larger when listeners reported that holding to the isochronous
rhythm was easier. When listeners followed the B-tone stream, two additional difference
peaks, one positive and one negative, are observed (*). These peaks overlap with the time
interval of the B-tone P2m as well as the intervals of the P1m and N1m of the second A tone.
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hearing two streams, as indicated by significant difference waves
�P1m and �N1m following the B-tone [latencies (in ms) � SE;
follow-A task, �P1m � 74 � 3; �N1m, 109 � 3; follow-B task,
�P1m � 69 � 4; �N1m, 115 � 4). These observations were
supported by an ANOVA on the original peak magnitudes, which
showed a significant main effect of perception (one vs two
streams) (P1m and N1m, both tasks, F(1,13) � 9.75; p � 0.01). In
contrast, there was no significant main effect of task (follow A vs
follow B; F(1,13) � 1.03, NS) or interaction of task � perception
(F(1,13) � 0.68, NS).

A significant task � peak � perception interaction (F(1,13) �
13.11; p � 0.01) is consistent with the observation in Figure 4 that
the P1m at its original peak (average latency, 61– 63 ms) was only
significantly enhanced when listeners perceived two streams and
followed the B tones, whereas the �P1m, which was significant for
both tasks, had a longer latency coinciding with the falling phase
of the P1m. In the condition in which listeners followed the
A-tone stream, the difference waveforms showed two additional
peaks following the �N1m. The positive peak following �N1m
had a response latency of 168 ms (�11 ms SE) after the B-tone
onset and could reflect an enhanced P2m peak evoked by the B
tone. The difference wave is rather broad based, and the signifi-
cant response enhancement extends into the time interval of the
P1m evoked by the second A tone (generally, the two peaks could
not be clearly separated at the single-subject level). The following
negative difference wave peaks at 92 ms (�12 ms SE) after the
second A tone and, thus, most likely reflects an enhancement of
the N1m of the second A tone. However, no response enhance-
ment was observed for the P1m and N1m evoked by the first A
tone in either the difference waves or the ANOVA.

Discussion
These data provide converging evidence for a strong relationship
between auditory cortical activity during tone-triplet sequences
and the perceptual organization of these sequences. The results of
the first experiment showed that manipulations of �F and ISI
produced changes in the magnitude of the AEF that corre-
sponded closely to the degree of perceived stream segregation as
measured in the same subjects. Specifically, the P1m and N1m
evoked by the B tones in repeating ABA_ triplets increased in
magnitude with increasing �F between the A and B tones. A
similar pattern of results was observed in the psychophysical data,
such that correlations were high between the P1m and N1m mag-
nitude and the perceived ease of stream segregation. The results
of the second experiment showed that even when the stimulus
parameters were kept constant, the P1m and N1m covaried with
the percept in a manner consistent with experiment 1: the re-
sponse was larger during the perception of two segregated
streams than during the perception of a single integrated stream.

Selective adaptation and stream segregation
The increase in the magnitude of the P1m and N1m evoked by the
B tones with increasing �F is consistent with reduced neural
adaptation caused by preceding A tones. Butler (1968, 1972) sug-
gested that the frequency-selective adaptation of auditory re-
sponses in EEG was a reflection of partial refractoriness along the
tonotopic axis of the auditory cortex. Indeed, more recent animal
models provide evidence for frequency- and rate-dependent ad-
aptation in A1 (Calford and Semple, 1995; Brosch and Schreiner,
1997). Fishman et al. (2001) suggested that the separation of
tones into separate tonotopic channels is closely related to the
perception of stream segregation. When they presented alternat-
ing tone sequences (ABAB) to awake macaques and recorded at

the A-tone best-frequency site in A1, the B tones were suppressed
at smaller �F as the ISI between tones decreased (Fishman et al.,
2004). Similar findings have been obtained in bats (Kanwal et al.,
2003) and birds (Bee and Klump, 2004). It is unclear, however,
how these data relate to the P1m and N1m data in our study.
When the repetition rate was fast (�20 Hz), the A-tone response
increased as the B-tone frequency became more distant (Fishman
et al., 2001). Assuming that, concomitantly, the B-tone response
increases at its best-frequency site, one might predict an overall
enhancement of the population response with increasing �F,
which should, in principle, be detectable by MEG. However, at
the slow rates and longer ISI used in our study, the data from the
study by Fishman et al. (2004) did not indicate a response en-
hancement with increasing �F. The recovery time of the P1m and
N1m appears to be longer than the one observed in monkey A1
(Fishman et al., 2001, 2004), suggesting that our data do not
reflect exactly the same process. Ulanovsky et al. (2003) recently
described selective adaptation of neurons in cat A1 (but not in
thalamus) that involves longer time constants, which might bet-
ter fit with the selective adaptation of P1m and N1m in our study.

Although the animal data (Fishman et al., 2001, 2004; Ul-
anovsky et al., 2003) reflect local recordings in A1 only, human
AEFs also involve contributions from nonprimary areas of the
auditory cortex. Intracranial recordings in humans have shown
that the middle-latency peaks Na and Pa are recorded from a
limited area in medial Heschl’s gyrus (Liegeois-Chauvel et al.,
1991) and, thus, most probably in human A1 (Hackett et al.,
2001). Later waves like the P1m and N1m with latencies of 50 – 80
ms (P1m) and 90 –150 ms (N1m) are observed in more lateral
electrode locations. These intracranial locations do not directly
translate into dipole locations, because dipole source analysis
does not model the spatial extent of a neural source. Based on
intracranial studies and source analysis of human data (Liegeois-
Chauvel et al., 1994; Gutschalk et al., 2004), P1m and N1m are
generated mostly in lateral Heschl’s gyrus, planum temporale,
and the superior temporal gyrus and, thus, in nonprimary areas.
These areas are considered to comprise neurons that show a
higher degree of feature specificity than A1 (Tian et al., 2001;
Warren and Griffiths, 2003; Gutschalk et al., 2004), and thus it
would not be surprising if selective adaptation in these neurons is
involved in stream segregation.

Selective adaptation by feature-specific neurons might be a
general neural mechanism subserving perceptual organization,
because it has also been observed in the auditory cortex for inter-
aural phase disparity (Malone et al., 2002) and in the visual cortex
for various features, such as orientation (Boynton and Finney,
2003) or color contrast (Engel and Furmanski, 2001). Selective
adaptation of feature-specific neurons may help account for the
streaming of complex tones (with peripherally unresolved har-
monics), which cannot be explained by spectral channeling along
the tonotopic axis (Vliegen and Oxenham, 1999; Cusack and
Roberts, 2000; Grimault et al., 2002; Roberts et al., 2002).

Cortical activity covaried with streaming perception
The variations in the cortical responses P1m and N1m, depending
on a subject’s percept of an ambiguous stimulus sequence, were
similar to (although smaller than) the variations produced by
physical stimulus manipulations: the responses were larger when
listeners perceived two segregated streams than when they per-
ceived one integrated stream. The fact that B-tone responses were
enhanced in experiment 2, regardless of which tones (A or B)
were attended, indicates that the enhancement cannot be attrib-
uted solely to selective attention, although selective attention may
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have been an influencing factor. For instance, the stronger P1m
enhancement during attention to the B tones, could indicate a
selective enhancement of the attended (B-tone) stream, as ob-
served previously in dichotic listening tasks (Hillyard et al., 1973;
Woldorff et al., 1993). Similarly, there was evidence of N1m (and
possibly P1m) enhancement for the attended second A tone.
However, an argument against this interpretation is that one
would expect the P1m and N1m of the first A tone to be enhanced
(because it was also attended), but they were not. Moreover, the
enhancement for the second A tone may also have occurred be-
cause of the increase in within-stream ISI for the second A tone
(see Materials and Methods). Another aspect of the data that is
suggestive of selective attention effects is that the P2m evoked by
the B tone was only enhanced when listeners followed the A
tones. It is possible that P2m was unchanged when the B tones
were followed, because the negative difference wave that often
occurs during selective attention (in this case, to the B tones)
(Hansen and Hillyard, 1984; Riff et al., 1991; Alain et al., 1993)
canceled any streaming-related increase in P2m.

The interaction between streaming and attention is complex
and not well understood. For instance, it has been suggested that
streaming occurs preattentively, because the mismatch negativity
(MMN), which can occur in the absence of attention, is elicited
only within streams (Sussman et al., 1999; Yabe et al., 2001). In
contrast, it has been shown that the MMN can be modulated by
attention in experiments comprising complex attentional loads
(Alain and Izenberg, 2003). Moreover, the build up of streaming
may depend on attention to the stimuli (Carlyon et al., 2001), and
listeners have some control over their perception in the ambigu-
ous �F range (van Noorden, 1975). In the visual domain, the
alternation of some bistable percepts can be influenced by selec-
tive attention (Meng and Tong, 2004), but spontaneous switches
still occur. The longer percept duration observed when listeners
followed the B-tone stream compared with the A-tone stream in
this study may also indicate that the mode of listening influences
switches of the percept. A final delineation of streaming and at-
tention is not possible from our data, but there is good evidence
that part of the response enhancement we observed during the
streaming of bistable sequences (i.e., the �P1m and �N1m) was
independent of the focus of attention.

A recent auditory functional MRI (fMRI) study, which also
used ambiguous ABA_ sequences (Cusack, 2005), did not find
significant activation dependencies on percept or �F in auditory
cortex. Instead, increased activity was found in the intraparietal
sulcus when listeners reported hearing two streams. The reason
for the null finding for auditory cortex in the fMRI study is not
clear but may be related to the poor temporal resolution of fMRI.
Conversely, our failure to find sources outside the auditory cortex
may indicate that the increase in intraparietal sulcus activity
found by Cusack (2005) was not time locked to single tones in the
sequence, which would have been necessary for the detection of
neuromagnetic activity in the present study.

Several studies have shown a covariation of visual cortex acti-
vation and the percept of ambiguous stimuli. For instance, dur-
ing presentation of alternating dots, area V5 shows enhanced
activity when a single moving dot is perceived instead of two
separate alternating dots (Muckli et al., 2002). Similarly, modu-
lation of V5 activity was shown to relate to ambiguous motion
perception of moving grid stimuli (Castelo-Branco et al., 2000,
2002). Our results show a similar covariation between ambiguous
auditory percepts and auditory cortex activation starting after
�60 ms.
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