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Neural correlates of attention and streaming

In a complex acoustic environment, acoustic cues and attention interact in the formation of streams
within the auditory scene. In this study, a variant of the ‘octave illusion’ [Deutsch, D. (1974). “An
auditory illusion,” Nature, 251, 307-309] was used to investigate the neural correlates of auditory
streaming, and to elucidate the effects of attention on the interaction between sequential and
concurrent sound segregation in humans. By directing subjects’ attention to different frequencies
and ears, it was possible to elicit several different illusory percepts with the identical stimulus. The
first experiment tested the hypothesis that the illusion depends on the ability of listeners to
perceptually stream the target tones from within the alternating sound sequences. In the second
experiment, concurrent psychophysical measures and EEG recordings provided neural correlates
of the various percepts elicited by the multistable stimulus. The results show that the perception
and neural correlates of the auditory illusion can be manipulated robustly by attentional focus and
that the illusion is constrained in much the same way as auditory stream segregation, suggesting

common underlying mechanisms.

PACS numbers: 43.25.Nm, 43.66.Ba
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Neural correlates of attention and streaming

l. INTRODUCTION

Making sense of the acoustic environment is a complex but crucial task of the
auditory system. The perceptual organization of complex acoustic environments into coherent
auditory scenes is often discussed in terms of auditory grouping (the binding of simultaneous
acoustic features into a single auditory “object”) and streaming (the organizing of successive
sounds into a unitary percept) (e.g. Bregman, 1990; Darwin and Carlyon, 1995). The acoustical
properties that influence auditory grouping and streaming have been explored using several
behavioral as well as electrophysiological methods (Alain, 2007; Billig et al., 2013; Denham et
al., 2010; Elhilali et al., 2009; Gutschalk et al., 2005; Micheyl et al., 2007, 2013a, 2013b;
Pressnitzer and Hupé, 2006; Shamma and Micheyl, 2010). With few exceptions (e.g. Darwin et
al., 1995; Shinn-Cunningham et al., 2007), most studies have investigated simultaneous grouping
and sequential streaming separately, despite the fact that sound sources in the natural environment

overlap as well as unfold over time.

In addition to acoustic cues, attention, expectation, and other “top-down” influences have
been found to play a key role in how complex auditory scenes are processed and perceived
(Carlyon et al., 2001; Cusack et al., 2004; Elhilali and Shamma, 2008; Moore and Gockel, 2012;
Winkler et al., 2012). Perceptually ambiguous or multistable stimuli can be useful in elucidating
the mechanisms of perception, and in dissociating the neural responses to physical stimuli from

the neural correlates of perception (Leopold and Logothetis, 1999; Schwartz et al., 2012).

The experiments described here address the interaction between sequential and concurrent
sound segregation, as well as the interactions between acoustic and attentional manipulations on

the perception of sound sequences. The experiments exploit a stimulus paradigm similar to the one
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Neural correlates of attention and streaming

used to elicit Deutsch’s “octave illusion” (Deutsch, 1974). In this illusion, most listeners report
hearing an alternating pattern of low and high tones, with all the low tones lateralized to one side
and all the high tones lateralized to the other side, even though the actual stimulus has alternating

low and high tones in both ears (Figure 1).

Deutsch'’s (1974) stimuli and the robustness of the elicited percepts have been investigated
over a wide range of parameters. The illusion has been shown to be robust to changes in tone
duration (Zwicker, 1984), intensity (Deutsch, 1978), frequency separation (Brancucci et al., 2009),
and timbre (McClurkin and Hall, 1981) and can also be elicited by aperiodic stimuli such as band-
pass noise (Brannstrom and Nilsson, 2011). It was noted by Deutsch and Roll (1976), and later
confirmed by Brancucci et al. (2009), that the illusion is not dependent on the tones being in an
exact octave relationship, although Brancucci et al. (2009) noted that the illusion became less
compelling at musical intervals much less than an octave. Since its introduction, this stimulus has
been shown to be multistable, in that it can be perceived in multiple ways (Brancucci et al., 2014;
Brancucci and Tommasi, 2011; Chambers et al., 2002; Deutsch and Gregory, 1978). Deutsch and
Roll (1976) suggested that most listeners report hearing the tone frequencies that were presented
to their “dominant” ear (usually the right), through suppression of the non-dominant ear. Such
suppression was postulated not to occur for sound localization, but instead the localization of the
tone heard was thought to depend upon the physical location of the higher frequency tone at any
given time interval, regardless of the ear of presentation. Subsequently, it was noted that not all
participants perceived the illusion in the same fashion (the pattern may differ from high tones in
right ear and low tones in left ear to the opposite pattern) and that the percept also depended on
the length of stimulus presentation, such that the illusion did not occur for very short presentations

of the stimulus (Christensen and Gregory, 1977; Deutsch and Gregory, 1978).
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Neural correlates of attention and streaming

Bregman and Steiger (1980) had suggested that in the case of the classic octave illusion
(see Fig. 1), the auditory system treated the 800-Hz tone as a harmonic of the 400-Hz tone and
thus localized the percept of the tone at the ear receiving the “more reliable higher harmonic”.
Chambers et al. (2002) suggested that the octave illusion percept was based on dichotic fusion,
which meant that the percept was made of the tones from both the ears fusing to form a percept
that varied very slightly in overall perceived frequency or pitch. Although the Chambers et al.
(2002) study highlighted the aspect of bilateral grouping of tones, it has since been established that
the tones perceived do not sound like a fused auditory image, and in fact correspond to the pitch

of the component high- and low-frequency tones (Deutsch, 2004).

STIMULUS
L Ear AR ANEEARNBIABE

R Ear B A B A ABEA
PERCEPT

L Ear
R Ear El E E EX

f

Time

FIGURE 1: (Color online) The stimulus pattern used in the original experiment of Deutsch (1974)
describing the octave illusion, together with the percept most commonly obtained. Boxes labelled

‘A’ indicate tones at 400 Hz, and boxes labelled ‘B’ indicate tones at 800 Hz.
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Neural correlates of attention and streaming

Although the illusion has received considerable attention, it remains unclear whether it can
be manipulated via directed attention or experimenter instructions. Such manipulation could be
useful in exploring the neural bases of the illusion, as different percepts might be elicited with
physically identical sounds. Some neuroimaging studies have been carried out in an effort to
understand the neural bases of the illusion (Brancucci et al., 2009, 2011; Lamminmaki et al., 2012;
Lamminmaki and Hari, 2000). However, in all these neuroimaging studies, subjects’ spontaneous
percepts were either tested beforehand, with the recordings obtained while the subjects were
listening passively (Brancucci et al., 2012; Lamminmaki et al., 2012; Lamminmaki and Hari,
2000), or the response measures for a task-based study were mainly focused on the participants’
subjective reports of their percept (Brancucci et al., 2014). None of these studies attempted to
record the neural responses while simultaneously actively manipulating, or objectively measuring,

the participants’ percepts.

This study investigated sequences of simultaneous alternating high and low pure tones, as
shown in Fig. 1, in the context of auditory streaming. Although the illusion has not been explicitly
studied in this context before, several of its properties suggest that it may reflect the same
underlying mechanisms as streaming. For instance, it has been reported that the illusion may not
be as strong when the frequency separation between the two tones becomes too small (Brancucci
et al., 2009), as is also observed in streaming studies for both frequency (e.g. van Noorden, 1975)
and pitch (e.g. Vliegen and Oxenham, 1999). Furthermore, the combination of sequential
organizing with simultaneously presented sounds provides an opportunity to study the interaction
between simultaneous grouping and sequential streaming. The study described here also
investigated whether the perception and neural correlates of the illusion can be manipulated via

selective attention, based on priming and experimenter instructions. More specifically, the
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Neural correlates of attention and streaming

experiments described in this study test the following hypotheses: (1) that the illusion occurs
within the parameter ranges that induce auditory streaming, (2) that priming listeners with auditory
cues affects their perception of the octave illusion, and (3) that the corresponding neural activity

obtained via EEG reflects the perception of the illusion, as manipulated by the priming cues.

1. METHODS

A. Participants

Fifteen participants (eleven female and four male, aged 20-29 years) took part in the first
experiment, which involved only behavioral measures. Ten participants (four female and six male,
aged 20-29 years) took part in the second experiment, which involved simultaneous behavioral
and EEG measurements. All participants tested were naive to the aims of the study, and there was
no overlap of participants between the experiments. All participants had normal hearing, defined
as audiometric hearing thresholds no more than 15 dB Hearing Level (HL) at octave frequencies
from 250 Hz to 4 kHz, with no history of hearing or neurological disorders. Participants provided
written informed consent and were compensated for their participation. Experiment 1 was carried
out at University College London and experiment 2 was carried out at the University of Maryland.
The University College London Ethics Committee and the University of Maryland Institutional

Review Board approved the procedures for experiments 1 and 2, respectively.

B. Experiment 1: Stimuli and procedure
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Neural correlates of attention and streaming

Experiment 1 tested the first two of the hypotheses listed above, that (1) the stimulus parameters
of the octave illusion correspond to those of stream segregation, and (2) priming cues affect
listeners’ perception of the illusion. In this experiment, alternating sequences of low and high tones
were presented to each ear in opposite phase, such that the sequence in the left ear could be a High-
Low-High... pattern while the sequence in the right ear could be a Low-High-Low... pattern (see
Fig. 2). Participants were cued to attend to a particular ear (R or L) and frequency (termed Hi or
Lo), as indicated by a priming sequence of three pure tones that were presented either to the left
or right ear and were either all low or all high in frequency (i.e., all R/Lo, R/Hi, L/Lo, or L/Hi).
All tones were 100 ms in duration, with 10-ms raised-cosine onset and offset ramps. Within the
priming and the main sequence, the tones were separated from each other by a 50-ms silent period.
The silent period between the priming sequence and the test sequence was 500 ms. The sequences
were generated in MATLAB (MathWorks Inc. Natick, MA, USA) and were presented at a
sampling rate of 44.1 kHz. The experiment was presented using the Psychophysics Toolbox
extension in MATLAB (Brainard, 1997; Pelli, 1997) through Sennheiser HD 215 headphones (Old

Lyme, CT, USA).

| Distractor deviants |
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Neural correlates of attention and streaming

FIGURE 2: (Color online) Schematic representation of the stimuli. Boxes labelled ‘Lo’ and “Hi’
indicate pure tones of low and high frequencies. Each ear receives an alternating sequence of Hi-
Lo tones. The example trial shown in the figure has a precursor sequence of low frequency tones
in the right ear indicating the attended stream. The amplitude deviant in the Right-Low tones thus

becomes the target deviant among the other distractor deviants.

Each ear of a listener was presented with alternating sequences of 12 pure tones per trial — six
high and six low tones in each ear (see Fig. 2). Each of the four tone streams (R/Lo, R/Hi, L/Lo,
and L/Hi) could have one deviant tone (amplitude increase by 7 dB on one of the tones) that
occurred either early, mid, or late in the particular stream. The reason for having deviants was to
use an objective measure of segregation (Micheyl and Oxenham, 2010; Thompson et al., 2011).
Each stream had a randomized arrangement of the location of the targets and distractor deviants.
The deviants did not occur simultaneously in more than one stream. It was ensured that an equal
number of early, mid, and late deviants were presented across the test blocks. Depending on the
priming sequence, the deviant in the primed stream was the target deviant, and the deviants in the
other streams were termed distractor deviants. An example trial is shown in Figure 2, where the
priming sequence is for the right ear and low tones (R/L0), so the target is the deviant in the R/Lo
stream and the distractors are deviants in any of the other streams (as indicated in Figure 2). The
participants were required to detect the target deviant while ignoring all other distractor deviants.
They responded via button press at the end of each trial to indicate whether a target deviant had
been presented. All the deviants used in the test sessions were 7 dB higher than the other tones in
the sequence, based on listeners achieving a sensitivity index (d') of 1.0 or higher in pilot

experiments with that increment level. Each stream had a 0.5 probability of including a deviant,



179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

Neural correlates of attention and streaming

hence listeners could not simply count the number of deviants and respond accordingly. In

addition, the positions of the distractor and target deviants were randomized.

Four different frequency separations between the high and low tones were used: 1, 6, 15 and
20 semitones (ST). The frequency of the low tone was fixed at 1000 Hz while the frequency of the
high tone varied between trials. For the 1 and 6 ST conditions, both tones were presented at 70 dB
SPL. For the 15 and 20 ST conditions, the higher tone was presented at 70 dB SPL, and the level
of the lower frequency tone was adjusted according to the ISO 226:2003 equal-loudness contours
to be the same loudness as the higher (70 dB SPL) tone (1.5 dB lower). Within a block, the order
of presentation of trials was randomized for the four frequency separations and the four probe

types. Participants received visual feedback at the end of each trial.

Each participant undertook an initial session with 5 repetitions of the test sequence without
any priming tone sequence at the maximum frequency separation of 20 ST. For each trial, their
unbiased percept (i.e., when they were not provided with instructions on what to attend to within
the sound sequences) was noted. For this, the participants were asked to simply listen to the sound
sequence and report what they heard. The subjective percepts were collected as free responses.
Participants were not informed of what the expected percept was and new naive participants were
recruited for each experiment. All participants who were tested in the experiments spontaneously
reported either the percept of Right-Low and Left-High or the percept of Right-High and Left-
Low. None of the participants reported any of the other irregular percepts described by Deutsch
(1981). Hence, the un-cued spontaneous percepts were classified as either one of the two possible
percepts. At no point in the experiment were the listeners told how the illusion was thought to
occur or what the stimulus configuration was. Participants were presented with all the frequency

separations (1, 6, 15 and 20 ST) with the different priming sequences (high and low frequency
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Neural correlates of attention and streaming

priming tones in the right and left ear) to check if the priming sequence had an effect on their
percept of the illusion. For example, the participants were primed to L/Hi tones and their percept
at the end of the test sequence was noted. The participants carried out 40 trials of this subjective
block where each trial had one of the four cues. Following this block, they carried out one practice

block of the deviant detection task.

For the actual test conditions, each participant completed 20 blocks of the task. Each block
consisted of 96 trials. For each frequency separation, there were three deviant (where the deviants
were in early/mid/late positions) and three non-deviant trials per block. The order of all trials was
fully randomized. Each block took approximately 10 minutes, depending on the participants’

response times. The testing was broken up into two sessions of approximately two hours each.

C. Experiment 2: Stimuli and procedure

The second experiment combined EEG and psychophysical measurements to investigate the
perception and neural representation for a stimulus similar to that used in experiment 1. The
primary difference was that EEG was only carried out for one frequency separation, where the
frequencies of the low and high tones were fixed at 1000 and 3000 Hz, respectively (~19 ST). The
level of each tone was 70 and 68.5 dB SPL respectively to ensure equal loudness. As in experiment
1, each ear was presented with an alternating sequence of 12 pure tones per trial (see Figure 2).
One amplitude deviant was placed on at least three of the four types of tones (R/Lo, R/Hi, L/Lo
and L/Hi) either at the start, middle, or at the end of the sequence. The sequences were again
generated in MATLAB at a sampling rate of 44.1 kHz. The stimuli were presented using E-prime

(Psychology Software Tools, Inc. Sharpsburg, PA, USA) through Etymotic Research ER-2 insert
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transducers (Etymotic Research, Elk Grove Village, IL, USA) in a sound-treated room. Depending
on the priming sequence, one of the deviants would be the target deviant and others would be
distractor deviants for that particular trial. Each stream had a 0.5 probability of including a deviant.
The participants were required to detect the amplitude deviants in the stream of sounds that they
were cued to (target deviants) and ignore the others, responding via button press at the end of each
trial. Feedback was given at the end of each trial. Each listener was presented with 160 trials per

priming condition during the test session.

EEG was acquired continuously using a 64-channel BrainVision system consisting of a Brain-
Vision™ recorder (Version 1.01b) and a Brain-Vision professional BrainAmp™ integrated
amplifier system (Brain Products GmbH, Germany). The signal was digitally sampled at an A/D
rate of 1000 Hz (32-bit resolution). Participants were fitted with an electrode cap fitted with 64
silver/silver chloride scalp electrodes positioned in an electrode ‘Easy Cap’ (Falk Minow Services,
Herrsching-Breitbrunn, Germany). Electrode impedance was monitored and maintained at a

minimum (typically below 5 kQ).

D. EEG Analysis

EEG pre-processing, epoching, and averaging was carried out using the EEGLAB toolbox
(Delorme and Makeig, 2004). Data was down-sampled and then filtered using a zero-phase-shift
bandpass filter from 0.1 Hz to 30 Hz. Baseline was corrected to -100 ms before stimulus onset,
followed by artefact rejection at +/- 150 microvolts. Independent component analysis (ICA) was

used to remove artefacts related to eye movements and blinks.

The EEG signal for each attention condition (R/Lo, R/Hi, L/Lo, and L/Hi) was separated

into epochs 2850 ms long (corresponding to the length of one stimulus sequence including a 100-
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ms baseline). These were then grouped separately for correct trials (where the target deviants were
correctly detected) and for incorrect trials (targets were either not detected or with false positive
behavioral results). As most of the participants had d' values greater than 1.0, there were more
correct epochs than incorrect epochs. Hence, for the second half of the analysis between correct
and incorrect trials, a random subset of the correct trials was chosen to equal the number of

incorrect trials in that condition.

The EEG activity was averaged individually for each of the four primed attention conditions:
attend to R/Lo, R/Hi, L/Lo, and L/Hi (separately for correct and incorrect trials). Next, the
responses were averaged within each pair of conditions that involved attention to tones that were
presented synchronously. For example, for priming conditions of R/Lo and L/Hi, the evoked
response waveform would show the same effect of attention, as the R/Lo and L/Hi tones are
synchronous. In other words, the responses to the R/Lo and L/Hi conditions were averaged, as
were the responses to the L/Lo and R/Hi conditions. Finally, the responses to the two pairs of
conditions (R/Lo-L/Hi and L/Lo-R/Hi) were subtracted from each other in order to cancel out the
common (in-phase) 6-Hz activity (as the tone presentation rate in each ear was 6 Hz) and hence to
potentially enhance the relative level of the 3-Hz activity (due to attention to alternate tones).
Spectral analysis using a short-time Fourier transform was carried out on the resultant waveforms

in order to examine the power spectrum of the EEG waveforms.
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I11. RESULTS

A. Experiment 1: Behavioral results

Subjective reports obtained from participants when listening to a sequence with a large
frequency separation (greater than 6 ST) between the low and high tones indicated that the
spontaneous percept for the majority of participants (10/15) was of the high tone in the right ear
alternating with the low tone in the left ear (R/Hi-L/Lo). The remaining five participants reported
hearing the low tone in the right ear, alternating with a high tone in the left ear (R/Lo-L/Hi). No
other perceptual configuration was reported by any of the 15 subjects. Next, for the subjective
reports of the cued percepts, all 15 subjects reported perceiving the illusion for all the trials as
predicted. For example, in the condition where the cue was L/Lo, all subjects spontaneously
responded to report the low tone in the left ear and the high tone in the right ear. This observation
was reliable and consistent across all subjects. It should be noted that at no point were the listeners
told what the expected percept could be (the instructions for the free report were simply “What do

you hear?”).

For the 15- and 20-ST frequency separations, the subjective reports after priming indicated that
the priming sequence was indeed able to effectively manipulate the percept. For example,
participants with the spontaneous perception of R/Lo-L/Hi reported hearing the reversed percept
of R/Hi-L/Lo if the priming sequence was either high tones in the right ear or low tones in the left
ear. In contrast, the subjective reports for the two smaller frequency separations (1 and 6 ST)
suggested that participants perceived a fused stream and that they were not able to precisely locate

the ear in which they heard the low and high tones.
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286 In the detection tasks, the participants’ sensitivity to the deviant target was estimated by
287  calculating d' for the detection of deviants for all conditions. The value of d' here and elsewhere
288  was calculated by subtracting the inverse cumulative standard normal distribution function of the
289  proportion of false alarms (participant responses to trials in which there was no deviant in the target
290 stream, as a proportion of all trials with no deviant in the target stream) from the inverse standard
291  normal cumulative distribution function of the proportion of hits (participant responses to trials in
292  which there was a deviant in the target stream, as a proportion of all trials in which a deviant was

293  present in the target stream): d' = z(H) — z(F).
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FIGURE 3: (Color online) Average deviant detection scores across four different frequency
separations from behavioral data obtained in Experiment 1. The three bars per frequency
separation indicate the detection scores (d') for the early, mid and late deviants respectively. For
the higher frequency separations, a significant increase in the detection scores of the late deviants
compared to the early deviants was found. Error bars indicate 1 standard error from the mean.

Asterisks indicate a significant difference of p<0.001.

The data, averaged across the different priming conditions, are shown in Fig. 3. The use of d’
measures in such a deviant detection paradigm has been used previously (e.g., Thompson et al.,
2011). However, it should be noted that calculating d” measures in such a paradigm make
assumptions about equal variance of the distributions of the responses, which may not be justified,

as has previously been discussed (Swets, 1986a, 1986b; Verde et al., 2006).

Two predictions can be made if stream segregation plays a role in determining performance
in this task. First, segregation is known to increase with increasing frequency separation (Miller
and Heise, 1950; van Noorden, 1975); therefore, improved performance would be expected with
increasing frequency separation between the two tones. Second, stream segregation tends to build
up over time (Anstis and Saida, 1985; Bregman, 1978); therefore, performance should improve
over the duration of each sequence, at least for frequency separations at which build-up is expected.
The data are consistent with the first prediction, with overall performance increasing with
increasing frequency separation from 1 to 20 ST (Fig. 3). The data are also consistent with the
second prediction, with better performance observed during the latest than the earliest time periods,

at least at the two larger frequency separations (Fig. 3). These trends were confirmed by a repeated-
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measures ANOVA on the values of d', with three main factors: type of priming cue, frequency
separation, and position of deviant. No main effect for type of priming cue was seen
[F(3,30)=1.33,p=0.284] which indicates that there was no significant difference in the performance
on the task for all four cue conditions. A main effect of frequency separation was observed
[F(3,30)=758, p<0.0001], along with a main effect of position of deviant [F(2,20)=81.2, p<0.001].
Mauchly's test of sphericity indicated that the assumption of sphericity had not been violated for
any of the above three factors (cue type: ¥2(5)=2.86, p =.723; frequency separation: y2(5)=3.47, p
=.629; deviant position: ¥2(2)=4.94, p =.0.08). A significant interaction between frequency
separation and deviant position was also observed [F(6,60)=58.2, p<0.001]. Post hoc tests for
frequency separation indicated that the 1 and 6 ST conditions did not significantly differ from one
another (p =0.58), but did differ from the 15- and 20-ST conditions (p<0.001), which also did not
differ from each other (p=0.07). Post hoc tests also indicated a significant difference in the d' scores

for early deviants compared to mid and late deviants in the 15- and 20-ST conditions (p<0.001).

B. Experiment 2: Behavioral and EEG results

The behavioral results, averaged across the four conditions (R/Lo, R/Hi, L/Lo, L/Hi) for the
single frequency separation (1000 and 3000 Hz), are shown in Fig. 4. Similar to the results obtained
in experiment 1, a significant difference was observed between the deviant detection d' scores for

the early and late target positions [F(1,9)=9.56, p<0.01].
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FIGURE 4: (Color online) Average deviant detection results from behavioral data obtained in
Experiment 2 averaged over 10 participants. The three bars per frequency separation indicate the
detection scores (d') for the early, mid and late deviants respectively. Data showed a significant
difference between d' scores for early and late deviants. Error bars indicate 1 standard error from

the mean. Asterisks indicate a significant difference of p<0.001.

As described in the methods, the EEG signals from two of the conditions (R/Lo and L/Hi)
were averaged and subtracted from the sum of the EEG signals from the other two conditions (R/Hi
and L/Lo) to enhance the difference between conditions in which participants attended to different
time epochs. The prediction was that high activity at 3 Hz (the repetition rate of the target tones)
would indicate enhancement of the attended tones. It was found that for the correct trials (all
correct trials as well as the subset of correct trials taken to match the number of incorrect trials;

see Fig. 5 and top panel of Fig. 6), activation around 3Hz emerged prominently during stimulus
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350 presentation, whereas it was markedly reduced during the trials that were incorrectly responded to

351  (Fig. 6, middle panel).
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353 FIGURE 5: (Color online) Spectral analysis of all correct data indicating a 3 Hz pattern (data
354  combined across all 10 participants and all conditions). The spectral analysis was carried out on
355 the averaged waveform across the four priming conditions as described in the methods section
356  (the averaged waveform of conditions R/Lo and L/Hi were subtracted from the averaged

357  waveforms of R/Hi and L/Lo). The color bar indicates power (uV?).
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359 FIGURE 6: (Color online) Subtracted waveforms Spectral analysis of equal number of correct
360 and incorrect trials indicating a 3 Hz pattern (data combined across all participants and all

361 conditions) for the correct trials (top panel) but not for the incorrect trials (middle panel). Bottom
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panel shows the narrowband power in the region of 3 Hz for the correct and incorrect trials. The
black bars show the temporal windows of significant difference (p<0.001). The color bar indicates

power (uV?).

To further characterize the reliability of the 3-Hz activation in the spectrograms shown in
Figures 6A and 6B, the individual narrowband power for an equal number of correct and incorrect
trials was analyzed using a repeated-measures analysis. This repeated-measures analysis is derived
from the cluster-based statistics approach described by Maris and Oostenveld (2007) and has been
previously used with EEG measures (for e.g. Kouider et al., 2015). The analysis was carried out
using the FieldTrip toolbox (Oostenveld et al., 2010) and is a non-parametric method similar to
bootstrapping but it systematically controls for the problem of multiple comparisons. The black
bars in Figure 6¢c show the time points where significant clusters of the difference between

conditions were present (Monte-Carlo P value<0.05).

V. DISCUSSION

The present study investigated the percept elicited by a complex stimulus of alternating high
and low tones played in opposite presentation phases in the two ears, known as Deutsch’s octave
illusion (Deutsch, 1974). The hypotheses tested were (1) that the illusion could be understood in
terms of the basic principles of auditory streaming, (2) that the perception of the illusion could be

manipulated by directed attention by changes in listening instructions provided via auditory
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priming cues, and (3) that the corresponding neural activity would mirror the changes in the

perception of the illusion. The results provide support for all three hypotheses.

A. Role of stream segregation

The octave illusion is thought to arise from mechanisms involving concurrent and sequential sound
segregation. As noted earlier, there are certain key distinct properties of stream segregation that
we could tap into to assess the critical role of streaming in establishing the illusion. They include
the build-up of segregation over time and the effect of frequency separation on streaming. As
previously noted by (Brancucci et al., 2009), the fact that the illusion breaks down at smaller
frequency differences, in case of the current experiments, between 6 ST and 15 ST, suggests that
it is mediated at least in part by auditory streaming constraints (van Noorden, 1975). The
behavioral results from experiment 1 confirm and extend these observations by showing a
deterioration in a performance-based task in conditions with a small frequency difference between
the low and high tones (of 6 ST or less), suggesting a lack of stream segregation that results in an

inability to “hear out” and follow a subset of tones within the complex sequence.

Another key indicator of streaming is a build-up of segregation over time as the sequence
unfolds (Anstis and Saida, 1985). A build-up effect was observed when the frequency separation
between the tones was large enough for participants to perform well in the deviant detection task
(15- and 20-ST conditions). The build-up appears more rapid in the 20- than the 15-ST condition,

in line with earlier work showing a very rapid build-up at large separations (Micheyl et al., 2007).

Thus the behavioral results are consistent with the hypothesis that the Deutsch illusion is sub

served by the same mechanisms that govern auditory streaming. This is based on two
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characteristics observed for the octave illusion (frequency-separation dependence and build-up)

that are consistent with the characteristics of auditory streaming.

B. Effects of priming and directed attention on perception and EEG responses

In Deutsch's (1974) octave illusion, the alternating sequence of low and high tones in both ears
were heard as a series of low tones in one ear alternating with the high tones in the other ear, and
both heard at a rate that was half that of the actual presentation rate (Fig. 1, Percept). Thus, it
appeared as if only the two tones from one ear were being perceived, with one of those two tones
mis-located to the opposite ear (Deutsch, 1974; Deutsch and Gregory, 1978; Deutsch and Roll,
1976). Our stimuli in experiment 1 broadly evoke similar percepts but in a manner that could be
manipulated by instructing participants, via a priming sequence, to attend specifically to one tone
and ear or another. For example, if a participant’s unbiased percept of the illusion involves hearing
the low tones in the right ear and high tones in the left ear, the participant can, with apparent ease,
perceive the opposite percept of the low tones in the left ear and high tones in the right ear, if cued
appropriately. This outcome shows that the illusion is robust but malleable to instructions and

attention.

The simultaneously gathered data from EEG activity also indicated that participants were able
to attend to the target tones in the correct ear, which were presented at half the rate of the stimulus,
i.e., 3 Hz. Thus, consistent with the reported perception, in trials where the participants were able
to detect the deviant in the target stream, neural activity at the target repetition rate (around 3 Hz)
was enhanced, in phase with the target presentation times. Perhaps as expected, in trials where the

participants were not successful in following the target tones (as evidenced by failure to detect the
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target deviant), activation around 3 Hz was markedly reduced, leading to a significant difference
in the activation around 3 Hz between incorrect and correct trials, even when the same numbers of
trials were evaluated in both correct and incorrect categories (see Fig. 6). The enhancement of
EEG activity associated with the attended stream of tones is consistent with a growing body of
literature showing enhanced responses to attended (and detected) streams in a background of other
streams (Alain et al., 2001; Alain and Izenberg, 2003; Carlyon, 2004; Carlyon et al., 2001; Cusack
et al., 2004; Dyson and Alain, 2004; Gutschalk et al., 2005, 2007, 2008; Hillyard et al., 1973;

Zion Golumbic et al., 2013).

C. The octave illusion as a probe of multistable perception and perceptual organization

Studies of the perception of, and neural responses to, perceptually multistable stimuli can help
explain how objects or sources in the environment with conflicting or ambiguous cues are grouped
according to specific characteristics to form a coherent representation of our surroundings
(Schwartz et al., 2012). Several theories regarding the principles underlying perceptual bistability
and multistability have been put forward. Leopold and Logothetis (1999) have suggested that a
‘central, supramodal mechanism’ underlies the perceptual decision making in multistable stimuli.
Tong et al. (2006) proposed another model using multistable stimuli in the visual domain with a
focus on the idea of distributed competition and have suggested that it is essential to understand
the underlying neural mechanism involved in the processing of multistable stimuli, perceptual

grouping and the effect of attention on them.

The multistable stimulus, used initially by Deutsch (1974), has been studied in various contexts

and over a range of parameters using behavioral as well as neuroimaging techniques (Brancucci et
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al., 2009, 2012, 2014; Brannstrom and Nilsson, 2011; Deutsch, 1978; Deutsch and Roll, 1976;
Lamminmaki et al., 2012; Lamminmaki and Hari, 2000; McClurkin and Hall, 1981). Our findings
extend these results over wider parameter variations and, more specifically, focus on the role of
auditory streaming and attention in this multistable illusion. In contrast to previous studies, we
have sought to actively guide the subjects’ percepts of the stimulus, thus inducing different
perceptual organizations that could be measured objectively. We have found that the
spontaneously experienced and widely reported perceptual organization was quite malleable to
instructions or priming tones which obviated the advantages of any of the alternative percepts, as
evidenced by equivalent performance across all different conditions. Indeed, the malleability of
the percept of this ambiguous stimulus renders it as a highly promising tool with which to study
further the perception and neural correlates of auditory stream segregation, as it involves both

sequential as well as synchronous sound segregation.

D. What mechanisms induce the illusion?

We have shown that the “octave illusion” is a robust percept that can be controlled by attention
and persists over a wide range of frequencies and rates that closely parallel those observed in
studies of streaming and auditory scene analysis. How can the emergence of this percept from
these relatively simple stimuli be explained? Many explanations over the years have been based
on a dual mechanism model in which the pitch and location of the tones are processed
independently and then combined to give the percept (Deutsch, 1981; Lamminméki et al., 2012).
This mechanism and more elaborate versions of it (Chambers et al., 2002) have been shown to be

inadequate as new experiments demonstrated the persistence of the illusion regardless of the octave
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(or any exact frequency) relationship between the tones or their spatial bilateral grouping
(Brancucci et al., 2009; Brannstrom and Nilsson, 2011; Bregman and Steiger, 1980; Chambers et
al., 2002; Deutsch, 2004). Furthermore, the dual mechanism model asserts that the pitch percept
of the illusion corresponds to the frequency sequence present in the ‘dominant’ ear of the
individual. If this were the case, then directing attention to the non-dominant ear of the listeners
should not change the percept of the listeners. However, we find that the percept for all listeners
can be manipulated by a simple precursor sequence (as indicated by the results of Experiments 1
and 2). Consequently, since the percept is malleable, it is not possible to explain the illusion based
solely on theories involving a dominant ear, or on theories in which localization is dominated by
the higher-frequency tone. Our results thus provide new constraints for future theories and models

surrounding this long-established illusion.

V. SUMMARY AND CONCLUSIONS

The purpose of this study was to investigate whether the octave illusion could be used as a potential
tool to study the behavioral and neural effects of attention on concurrent as well as sequential
stream segregation. Our results suggest that the illusory percepts seem to have common underlying
mechanisms with auditory stream segregation. Furthermore, the percept can be manipulated by
selective attention, which can be measured objectively using psychophysics as well as EEG. The
methods introduced here therefore provide a potentially useful tool in the search for neural bases

of auditory steaming and attention.
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