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1. INTRODUCTION

3. RESULTS

2. METHODS (cont’d)

4. CONCLUSIONS
4.i)  Patients were able to do the task and, like studies conducted in healthy participants, heard one stream when ∆F was small and two when it was large.
4.ii) Though variable across patients, stimulus-specific neural correlates of ∆F were observed in diverse brain areas including, but not limited to, the 
  superior temporal gyrus.
4.iii) Unlike previous studies using non-invasive methods (EEG, MEG), evoked waveforms were highly variable both within and across brain areas. 
4.iv) Surprisingly, we observed no percept-based differences in neural activity in any part of the brain in the absence of physical stimulus differences.
4.v) Our results call into question previously-proposed models of auditory streaming and suggest that the neural correlate of bistability with these stimuli are
  likely to be found on a finer spatiotemporal scale than that observed in the present study.  Animal models of auditory streaming may prove
  essential.

Despite having only two receptors, the auditory system is able to parse 
the complex mixture of sound arriving at the ear drums into an accurate 
representation of the underlying acoustic environment.  Crucial in daily life, 
this process - termed auditory scene analysis (Bregman, 1990) - allows 
us to avoid hazards and attend to sound sources of interest while ignoring 
irrelevant noise.  Despite its behavioral relevance and recent efforts 
employing diverse methods, the neural mechanisms supporting auditory 
scene analysis are not well understood.  Using a classical “streaming”
paradigm (ABA-ABA-...) and direct cortical recordings from the pial surface 
of patients with epilepsy, the present study combined advantages (high 
resolution in both space and time, broad coverage, concurrent behavior, 
direct enquiry) and circumvented limitations of previous work.  Specifically, 
we sought to test previously-proposed models of auditory streaming and to 
extend the characterization of neural correlates of the streaming effect into 
brain areas outside the classically-defined auditory cortex.

2.i) Stimuli

Time (s)

Fr
eq

ue
nc

y 
(H

z)

. . . . . .
A A AA A A

B B B

500 ms

100 ms

25 ms

~10 s

∆F

one
stream

two
streams

ordepending on ∆F, 
percept is . . .

3.iv)  Triplet-locked responses in brain 
   areas outside the canonical auditory 
   cortex also correlated with ∆F. 

3.i) Patients perceive sequences as healthy subjects do.
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Percentange of two-stream responsesas a 
function of frequency separation between
the A and B tones.  When the frequency 
separation was small, patients reported hearing 
one stream; when it was large, patients reported 
hearing two streams.

3.iii)  Triplet-locked responses over or near the superior temporal gyrus correlated with ∆F, but did not show 
   percept-based differences. 
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Model of hypothesized differences in neural activity related
to neural coding of the stimulus (shown in blue) vs. the 
percept (shown in red).  If activity  measured in a particular
brain area shows a unimodal distribution, then that area is
likely to be involved in processing aspects of the stimulus.  
If, however, the response shows a bimodal distrubtion, 
especially for stimuli that produce bistable percepts, than
that activity likely relates to the percept directly.
 

3.ii) Multiple brain areas responded to sound. 
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2. METHODS 

Summary of all recording sites across all patients (N=9) studied.  In total, we sampled nearly 700 sites in the left hemispphere and 250 
sites in the right hemisphere, mainly on the lateral gyri.
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(A) Grand average response from a single patient collapsed across all conditions and time-locked to the onset of the stimulus.  Each panel shows the response
from an invidual electrode.  The entire grid covered frontotemporoparietal regions of the right hemisphere.  (B) Triplet-locked responses across stimulus conditions 
for the same patient.  The color traverses from small ∆F (in blue) to large ∆F (in red).  Significant cluster-based correlations are indicated by shaded patches. 

2.ii) Intracranial EEG
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Method of electrode localization.  We obtained a high-resolution structural MRI preoperatively from each patient studied (N=9).  5 
patients underwent postoperative CT scans; 4 underwent postoperative MRI.
(A) Preoperative MRI was coregistered with either postoperative CT (shown) or MRI (not shown) in order to obtain 3D electrode
coordinates in the patient’s native anatomical space. (B) After computing a 3D cortical reconstruction using Freesurfer, electrodes were 
“snapped” to the nearest cortical surface vertex (first on the dural surface, then on the pial surface). (C) Then, a 2D spherical surface of 
each patient was computed and coregistered with the Freesurfer average brain. (D) Electrode coordinates were transformed into this 
space by nearest-neighbor matching in the 2D spherical space, and finally overlaid onto the Freesurfer average pial surface.
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Stimuli were sequences of pure tones alternating in frequency.  Individual tones were 100 ms long with 10-ms rise and fall times.
The tone-onset asynchrony was 125 ms; the triplet-onset asynchrony was 500 ms.  The frequency separation (∆F) between tones
varied between 0 and 12 semitones (0 and 100%, respectively).  At the end of each sequence lasting between 6.5 and 10 seconds, 
patients indicated by button press whether they heard one or two “streams.”  Each experimental session lasted approximately 0.5 
hours, and between one and five sessions were completed in each patient.

Recording and pre-processing details:
Platinum electrodes (4-mm diameter, 2.3-mm exposed, 1-cm center-to-center spacing).
Referenced either to an intracranial electrode facing the inner skull table or a skull-mounted
screw.
Sampling frequencies between 250 and 2000 Hz.  On-line high-pass filtering at 0.1 Hz.  Off-
line notch filtering at 60 Hz and harmonics.  Low-pass filtering at 30 Hz for display.
Artifact rejection was performed with independent component analysis, automated absolute 
and gradient voltage thresholds, and visual inspection.

Responses from individual electrode sites over or near the superior temporal gyrus in individual patients.  When the
percept was bistable, the responses were binned into 1- and 2-stream conditions (blue and red, respectively).  
Otherwise, traces are black.  Black dots show the electrode location - on an individual patient’s cortical reconstruction - 
from where each response was obtained.  The timing of individual tones is shown in the bottom panel. 
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Summary of electrodes showing signi�cant correlations with ΔF
across all patients and all electrode sites studied.


