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Figure 4. A depicts how the m-seq is transformed into the extended m-seq by increasing the duration
of each point in the m-seq. This alters the frequency response of the m-seq to be sinc shaped instead of
white, but that is useful in focusing the characterization energy in the range the system of interest is
active. B depicts the paradigm used to obtain system responses. The extended m-seq modulated either
the TAC or ITD of the noise stimulus and the neural measure, either spikes or voltage potentials (EEG),
were cross correlated with the extended m-seq to obtain an estimate of the system response.

18



bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472656; this version posted December 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

«10% IAC H(t) CF: 602 Hz «10% ITD H(t) CF: 563 Hz
Response

U6 Moise Floor o4l
= =
g4 g
< @ 2
o 2 o
k= =
cof w 0

0 10 20

Time (ms) Time (ms)
H(f) H(f)

Power (dB/Hz)
Power (dB/Hz)

0 200 400 600 1] 200 400 600

Frequency (Hz) Frequency (Hz)
Phase(f) Phase(f)
0 0
-5
a LR
5 10 5
] ra
o o
-15
-10
-20
0 100 200 300 0 100 200 300
Frequency (Hz) Frequency (Hz)

Supplementary Figure 1. The left column contains an example impulse, frequency, and phase

response from a unit with a center frequency (CF) of 602 Hz for IAC and the right column for ITD of a
unit with a CF of 563 Hz.
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Supplementary Figure 3. Results from one participant where the OSCOR was measured with the
noise band-limited to 0.2-1.5 kHz and with white noise. The OSCOR can be detected out to much
higher frequencies with white noise than band-limited noise.

3.5.1 Perceptual limits for detecting binaural modulations

To measure human ability to detect binaural modulations, we used the method of constant stimuli with the
oscillating-correlation (OSCOR) stimulus. The OSCOR stimulus consists of noise tokens with sinusoidally
varying TAC, and has been used previously in both behavioral and physiological studies (Grantham, 1982;
Joris et al., 2006; Siveke et al., 2008). Each trial was 3-interval 3-alternatives-forced-choice with the target
interval containing the OSCOR stimulus and the other two intervals containing interaurally uncorrelated
noise (IAC =0). We evaluated performance at octave frequencies between 5-320 Hz with 20 trials at each
frequency. The OSCOR stimulus was band-limited between 0.2 — 1.5 kHz because of data suggesting
fine-structure-based binaural cues may not be useful beyond 1.5 kHz (Brughera et al., 2013). However,
we repeated this experiment in one subject with white noise due to physiological data indicating cells
with higher center frequencies can encode the fast OSCORs (Joris et al., 2006). Indeed, one possibility
is that fine-structure-based binaural cues may be detected for higher (beyond 1.5 kHz) carriers but that
these cues don’t inform spatial perception. The results of the measurement in the one participant with
OSCOR applied to bandlimited (0.2-1.5 kHz) and to white noise (extending up to half the sampling rate)

are shown in Supplementary Fig. 3.
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3.5.2 Limits for perceiving dynamic space

Several studies have anecdotally reported that with the OSCOR stimulus and other dynamic binaural
stimuli, the perception of the stimulus appears to change from a spatialized image (i.e., moving in space) to
a flutter around 6-10 Hz (Grantham and Wightman, 1978; Siveke et al., 2008; Zuk and Delgutte, 2017). We
hypothesized that this switch would align with cortical temporal coding limits. Accordingly, we formally
measured this switch in 1 participants using the method of limits with the OSCOR stimulus. There were
10 ascending and descending trials that started randomly between 3-6 Hz or 16-19 Hz respectively. The
participant pushed a button indicating whether the perception of the stimulus had changed or not (either
spatial to flutter or flutter to spatial) in each trial. If the perception had not changed, the frequency was

increased (ascending trials) or decreased (descending trials) by 1 Hz until the change was noted.

3.5.3 Perceptual dynamics of spatial unmasking & comparison to physiology

The third behavioral task probed dynamic binaural unmasking, and was based on a previously published
paradigm (Culling and Summerfield, 1998). In this task the noise is uncorrelated (IAC =0) except for
a window of time in the middle of the stimulus where the noise becomes completely correlated (IAC
=1), see Fig.3 C. While the noise is completely correlated, an anti-correlated (IAC = -1) 850 Hz tone,
20 ms in duration, is played coincidentally with correlated noise. The difference in TAC between the
tone and the noise (i.e., the “N0S7” configuration of the mixture) can be used to improve detection of
the tone, i.e. a spatial unmasking effect. We varied the duration of the completely correlated period of
the noise and measured detection thresholds for the tone using an adaptive 2-up-1-down paradigm. The
window durations we evaluated were 0, 50, 75, 100, 125, 150, 200, 400, 800, and 1600 ms. Culling and
Summerfield (1998) used this task to estimate what the underlying binaural temporal analysis window
by comparing the unmasking function (dB masking release vs. window duration function) with levels
of unmasking that different window shapes would predict. Here, we measured the binaural temporal
window physiologically using EEG. Thus, instead of fitting arbitrary window shapes, we analyze how well
the physiologically measured temporal window, the sSBTRF, quantitatively explains the entire behaviorally
measured unmasking function. This was done in two steps. First, the sSBTRF (normalized and shifted
to sum to 1 and take non-negative values) was convolved with the background noise, and the maximum

“internal” TAC of the noise is estimated in the window of overlap with the tone. Then a binaural masking
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level difference (BMLD), or detection improvement relative to a window duration of 0 is estimated from
the known relationship between static IAC and BMLD (van der Heijden and Trahiotis, 1997), which is
is captured in Equation 1 below. van der Heijden and Trahiotis (1997) found that this equation could
account for 98% of the variance of behavioral BMLD data from Robinson and Jeffress (1963). Here, T,
is the mean threshold at the largest window size (1600 ms) and T, is the mean threshold with no window

present.

TNO

BMLD = ~10logyy | (1 = TAC) + (IAC) 7= (1)

3.5.4 FM phase difference detection using web-based psychoacoustics

In response to the COVID19 pandemic, we developed and validated a web-based platform for conducting
suprathreshold psychoacoustics experiments (Mok et al., 2021). We recruited 14 participants from Prolific
in the 18-55 year age range. Each participant passed a headphone-use screening test, and a screening for
normal hearing based on a suprathreshold speech-in-babble paradigm (Mok et al., 2021) before partici-
pating in the main FM experiment. One of the authors also completed the task, yielding a total of 15
total participants.

In the main task, participants were instructed to detect the difference between two frequency mod-
ulations at a given modulation rate, but applied to spectrally distant carriers. One carrier was always
between 500-750 Hz, and the other carrier was chosen to be two octaves higher than the first. The mod-
ulation depth of the FM was 10% of the carrier frequency. The FM rates we evaluated were 4,8,16,32,
and 64 Hz and the phase difference between the FMs were 30, 60, 90, or 180 degrees. An example of the
FM phase difference detection stimulus is shown in Fig. 4. The stimulus duration was 1.5 seconds and
had a sampling rate of 44,100 Hz. To eliminate potential onset effects in detecting the phase difference
between the two FMs a discrete prolate-spheroidal sequence (DPSS) window was used to apply a 125 ms
ramp, and the starting phase of the FMs in each interval was randomized. Each trial was organized in
a 3-interval 3-AFC format, with non-target stimulus intervals containing in-phase FMs and the target
interval containing the FMs with a phase difference. Mean and standard error parameters for detection

accuracy were estimated using the median, and the median absolute deviation, respectively.
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Supplementary Figure 4. An example of the FM phase-difference-detection stimulus. In this
example, the carriers are at 0.5 and 2 kHz, and the FM rate is 8 Hz with a phase difference of 180
degrees.

4 Acknowledgements

We would like to acknowledge Mark Sayles for his contributions to the development and execution of
experiments in chinchillas to study brainstem level encoding of dynamic binaural cues. Mark Sayles
also contributed to the development of the novel binaural systems identification approach used in this
work. This work was supported by National Institutes of Health (NIH) grants RO1DC015989 (HMB),
and T32DC016853 (RS).

Code and Data Availability Statement:

The code to reproduce the figures in this work is publicly available on GitHub (https://github.com/
Ravinderjit-S/DynamicBinauralProcessing) and archived using Zenodo (Singh, 2021). The EEG data

is openly accessible and archived using Zenodo (Singh and Bharadwaj, 2021).

References

Aptekar, J. W., Keles, M. F., Mongeau, J.-M., Lu, P. M., Frye, M. A.; and Shoemaker, P. A. (2014).

Method and software for using m-sequences to characterize parallel components of higher-order visual

24


https://github.com/Ravinderjit-S/DynamicBinauralProcessing
https://github.com/Ravinderjit-S/DynamicBinauralProcessing
https://doi.org/10.1101/2021.12.14.472656
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472656; this version posted December 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

tracking behavior in Drosophila. Frontiers in Neural Circuits, 8(October):1-15.

Bendor, D. and Wang, X. (2007). Differential neural coding of acoustic flutter within primate auditory

cortex. Nature Neuroscience, 10(6):763-771.

Bendor, D. and Wang, X. (2008). Neural Response Properties of Primary, Rostral, and Rostrotemporal

Core Fields in the Auditory Cortex of Marmoset Monkeys. Journal of Neurophysiology, 100(2):888-906.

Brughera, A., Dunai, L., and Hartmann, W. M. (2013). Human interaural time difference thresholds for
sine tones: The high-frequency limit. The Journal of the Acoustical Society of America, 133(5):2839—
2855.

Burkard, R. F., Finneran, J. J., and Mulsow, J. (2017). The effects of click rate on the auditory brainstem

response of bottlenose dolphins. The Journal of the Acoustical Society of America, 141(5):3396-3406.

Chintanpalli, A. and Heinz, M. G. (2007). Effect of auditory-nerve response variability on estimates of

tuning curves. The Journal of the Acoustical Society of America, 122(6):EL203-EL209.

Chu, W. T. (1990). Impulse-response and reverberation-decay measurements made by using a periodic

pseudorandom sequence. Applied Acoustics, 29(3):193-205.

Culling, J. F. and Colburn, H. S. (2000). Binaural sluggishness in the perception of tone sequences and

speech in noise. The Journal of the Acoustical Society of America, 107(1):517-527.

Culling, J. F. and Summerfield, Q. (1998). Measurements of the binaural temporal window using a

detection task. The Journal of the Acoustical Society of America, 103(6):3540-3553.

Eggermont, J. J. (1993). Wiener and Volterra analyses applied to the auditory system. Hearing Research,
66(2):177-201.

Elhilali, M., Ma, L., Micheyl, C., Oxenham, A. J., and Shamma, S. A. (2009). Temporal coherence in the

perceptual organization and cortical representation of auditory scenes. Neuron, 61(2):317-329.

Felleman, D. J. and Van Essen, D. C. (1991). Distributed hierarchical processing in the primate cerebral
cortex. Cereb Cortexr (New York, NY: 1991), 1(1):1-47.

25


https://doi.org/10.1101/2021.12.14.472656
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472656; this version posted December 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Fitzpatrick, D. C., Roberts, J. M., Kuwada, S., Kim, D. O., and Filipovic, B. (2009). Processing temporal
modulations in binaural and monaural auditory stimuli by neurons in the inferior colliculus and auditory

cortex. Journal of the Association for Research in Otolaryngology, 10(4):579.

Grantham, D. W. (1982). Detectability of time-varying interaural correlation in narrow-band noise stimuli.

The Journal of the Acoustical Society of America, 72(4):1178-1184.

Grantham, D. W. and Wightman, F. L. (1978). Detectability of varying interaural temporal differencesa.
The Journal of the Acoustical Society of America, 63(2):511-523.

Grantham, D. W. and Wightman, F. L. (1979). Detectability of a pulsed tone in the presence of a
masker with time-varying interaural correlation. The Journal of the Acoustical Society of America,

65(6):1509-1517.

Harper, N. S. and McAlpine, D. (2004). Optimal neural population coding of an auditory spatial cue.
Nature, 430(7000):682—686.

Hawley, M. L., Litovsky, R. Y., and Culling, J. F. (2004). The benefit of binaural hearing in a cocktail
party: Effect of location and type of interferer. The Journal of the Acoustical Society of America,
115(2):833-843.

Heil, P. (2004). First-spike latency of auditory neurons revisited. Current opinion in neurobiology,

14(4):461-467.

Henry, K. S., Sayles, M., Hickox, A. E., and Heinz, M. G. (2019). Divergent auditory-nerve encoding
deficits between two common etiologies of sensorineural hearing loss. The Journal of Neuroscience,

pages 19-38.

Joris, P. X. (2019). Neural binaural sensitivity at high sound speeds: Single cell responses in cat midbrain
to fast-changing interaural time differences of broadband sounds. The Journal of the Acoustical Society

of America, 145(1):EL45-EL51.

Joris, P. X., Sschreiner, C. E., and Rees, A. (2004). Neural Processing of Amplitude-Modulated Sounds.
Physiological Reviews, 84(2):541-577.

26


https://doi.org/10.1101/2021.12.14.472656
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472656; this version posted December 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Joris, P. X., van de Sande, B., Recio-Spinoso, A., and van der Heijden, M. (2006). Auditory midbrain
and nerve responses to sinusoidal variations in interaural correlation. The Journal of neuroscience :

the official journal of the Society for Neuroscience, 26(1):279-289.

Kollmeier, B. and Gilkey, R. H. (1990). Binaural forward and backward masking: Evidence for sluggishness

in binaural detection. The Journal of the Acoustical Society of America, 87(4):1709-1719.

Lewald, J. and Getzmann, S. (2011). When and where of auditory spatial processing in cortex: a novel

approach using electrotomography. PLoS One, 6(9):€25146.

Liang, L., Lu, T., and Wang, X. (2002). Neural representations of sinusoidal amplitude and frequency
modulations in the primary auditory cortex of awake primates. Journal of Neurophysiology, 87(5):2237—

2261.

Lingner, A., Grothe, B., Wiegrebe, L., and Ewert, S. D. (2016). Binaural Glimpses at the Cocktail Party?

Journal of the Association for Research in Otolaryngology, 17(5):461-473.

Magezi, D. A. and Krumbholz, K. (2010). Evidence for Opponent-Channel Coding of Interaural Time

Differences in Human Auditory Cortex. Journal of Neurophysiology, 104(4):1997-2007.

Mok, B. A., Viswanathan, V., Borjigin, A., Singh, R., Kafi, H., and Bharadwaj, H. M. (2021). Web-based

Psychoacoustics: Hearing Screening, Infrastructure, and Validation. bioRziv, page 2021.05.10.443520.

Phillips, D. P., Hall, S. E., and Boehnke, S. E. (2002). Central auditory onset responses, and temporal

asymmetries in auditory perception. Hearing Research, 167(1):192-205.

Recio-Spinoso, A., Temchin, A. N., van Dijk, P., Fan, Y.-H., and Ruggero, M. A. (2005). Wiener-
kernel analysis of responses to noise of chinchilla auditory-nerve fibers. Journal of neurophysiology,

93(6):3615-3634.

Reid, R. C., Victor, J. D., and Shapley, R. M. (1997). The use of m-sequences in the analysis of visual

neurons: Linear receptive field properties. Visual Neuroscience, 14(6):1015-1027.

Ringach, D. and Shapley, R. (2004). Reverse correlation in neurophysiology. Cognitive Science, 28(2):147—
166.

27


https://doi.org/10.1101/2021.12.14.472656
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472656; this version posted December 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Robinson, D. E. and Jeffress, L. A. (1963). Effect of varying the interaural noise correlation on the

detectability of tonal signals. The Journal of the Acoustical Society of America, 35(12):1947-1952.

Salminen, N. H., May, P. J. C.; Alku, P., and Tiitinen, H. (2009). A Population Rate Code of Auditory
Space in the Human Cortex. PLoS ONE, 4(10):e7600.

Schnupp, J. W. H., Hall, T. M., Kokelaar, R. F., and Ahmed, B. (2006). Plasticity of Temporal Pattern
Codes for Vocalization Stimuli in Primary Auditory Cortex. The Journal of Neuroscience, 26(18):4785
LP — 4795.

Scott, B. H., Malone, B. J., and Semple, M. N. (2009). Representation of dynamic interaural phase

difference in auditory cortex of awake rhesus macaques. Journal of neurophysiology, 101(4):1781-1799.

Shackleton, T. M. and Bowsher, J. M. (1989). Binaural effects of the temporal variation of a masking

noise upon the detection thresholds of tone pulses. Acta Acustica united with Acustica, 69(5):218-225.

Shackleton, T. M. and Palmer, A. R. (2010). The Time Course of Binaural Masking in the Inferior
Colliculus of Guinea Pig Does Not Account for Binaural Sluggishness. Journal of Neurophysiology,
104(1):189-199.

Shi, I. and Hecox, K. E. (1991). Nonlinear system identification by m-pulse sequences: application to

brainstem auditory evoked responses. IEEE Transactions on Biomedical Engineering, 38(9):834-845.

Singh, R. (2021). Ravinderjit-S/DynamicBinauralProcessing: Dynamic Binaural Processing (sBTRF)

code. https://zenodo.org/record/5780048.

Singh, R. and Bharadwaj, H. (2021). Dynamic Binaural Processing (sBTRF) data. https://zenodo.

org/record/5778003.

Siveke, 1., Ewert, S. D., Grothe, B., and Wiegrebe, L. (2008). Psychophysical and physiological evidence

for fast binaural processing. Journal of Neuroscience, 28(9):2043-2052.

Stecker, G. C., Harrington, I. A., and Middlebrooks, J. C. (2005). Location Coding by Opponent Neural
Populations in the Auditory Cortex. PLOS Biology, 3(3):e78.

28


https://zenodo.org/record/5780048
https://zenodo.org/record/5778003
https://zenodo.org/record/5778003
https://doi.org/10.1101/2021.12.14.472656
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472656; this version posted December 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Theunissen, F. E., Sen, K., and Doupe, A. J. (2000). Spectral-Temporal Receptive Fields of Nonlinear
Auditory Neurons Obtained Using Natural Sounds. The Journal of Neuroscience, 20(6):2315 LP —
2331.

Uusitalo, M. A. and Ilmoniemi, R. J. (1997). Communication Signal-space projection method for sepa-

rating MEG or EEG into components. Technical report.

van der Heijden, M. and Trahiotis, C. (1997). A new way to account for binaural detection as a function

of interaural noise correlation. The Journal of the Acoustical Society of America, 101(2):1019-1022.

van der Zwaag, W., Gentile, G., Gruetter, R., Spierer, L., and Clarke, S. (2011). Where sound position

influences sound object representations: A 7-T fMRI study. NeuroImage, 54(3):1803-1811.

Verschooten, E., Shamma, S., Oxenham, A. J., Moore, B. C. J., Joris, P. X., Heinz, M. G., and Plack,
C. J. (2019). The upper frequency limit for the use of phase locking to code temporal fine structure in

humans: A compilation of viewpoints. Hearing Research, 377:109-121.

Viceic, D., Fornari, E., Thiran, J.-P., Maeder, P. P., Meuli, R., Adriani, M., and Clarke, S. (2006). Human
auditory belt areas specialized in sound recognition: a functional magnetic resonance imaging study.

NeuroReport, 17(16).

Walker, K. M. M., Ahmed, B., and Schnupp, J. W. H. (2008). Linking Cortical Spike Pattern Codes to

Auditory Perception. Journal of Cognitive Neuroscience, 20(1):135-152.
Wang, X. (2007). Neural coding strategies in auditory cortex. Hearing Research, 229(1):81-93.

Zuk, N. and Delgutte, B. (2017). Neural coding of time-varying interaural time differences and time-

varying amplitude in the inferior colliculus. Journal of Neurophysiology, 118(1):544-563.

Zuk, N. J. and Delgutte, B. (2019). Neural coding and perception of auditory motion direction based on

interaural time differences. Journal of Neurophysiology.

29


https://doi.org/10.1101/2021.12.14.472656
http://creativecommons.org/licenses/by-nc-nd/4.0/

