
Systems/Circuits

Role of Binaural Temporal Fine Structure and Envelope Cues
in Cocktail-Party Listening
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While conversing in a crowded social setting, a listener is often required to follow a target speech signal amid multiple competing speech
signals (the so-called “cocktail party” problem). In such situations, separation of the target speech signal in azimuth from the interfering
masker signals can lead to an improvement in target intelligibility, an effect known as spatial release from masking (SRM). This study
assessed the contributions of two stimulus properties that vary with separation of sound sources, binaural envelope (ENV) and temporal
fine structure (TFS), to SRM in normal-hearing (NH) human listeners. Target speech was presented from the front and speech maskers
were either colocated with or symmetrically separated from the target in azimuth. The target and maskers were presented either as
natural speech or as “noise-vocoded” speech in which the intelligibility was conveyed only by the speech ENVs from several frequency
bands; the speech TFS within each band was replaced with noise carriers. The experiments were designed to preserve the spatial cues in
the speech ENVs while retaining/eliminating them from the TFS. This was achieved by using the same/different noise carriers in the two
ears. A phenomenological auditory-nerve model was used to verify that the interaural correlations in TFS differed across conditions,
whereas the ENVs retained a high degree of correlation, as intended. Overall, the results from this study revealed that binaural TFS cues,
especially for frequency regions below 1500 Hz, are critical for achieving SRM in NH listeners. Potential implications for studying SRM in
hearing-impaired listeners are discussed.
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Introduction
In everyday listening situations such as conversing in a crowded
social setting, a listener is often required to follow a target speech

signal in the presence of multiple competing masking speech
signals. This circumstance is commonly referred to as the “cock-
tail party” problem (Cherry, 1953) and has been studied exten-
sively over the past several decades (for review, see Carlile, 2014;
Bronkhorst, 2015). When the speech maskers are spatially sepa-
rated from the target, the listener may gain a considerable advan-
tage in perceptually segregating and selectively attending to the
target source relative to the case where all the sounds arise from
the same location (Freyman et al., 1999; Brungart, 2001; Freyman
et al., 2001; Hawley et al., 2004), an effect known as “spatial
release from masking” (SRM; Hirsh, 1950; Marrone et al.,
2008b). SRM is an important advantage due to binaural hearing
that aids speech understanding for normal-hearing (NH) listen-
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Significance Statement

Acoustic signals received by the auditory system pass first through an array of physiologically based band-pass filters. Conceptu-
ally, at the output of each filter, there are two principal forms of temporal information: slowly varying fluctuations in the envelope
(ENV) and rapidly varying fluctuations in the temporal fine structure (TFS). The importance of these two types of information in
everyday listening (e.g., conversing in a noisy social situation; the “cocktail-party” problem) has not been established. This study
assessed the contributions of binaural ENV and TFS cues for understanding speech in multiple-talker situations. Results suggest
that, whereas the ENV cues are important for speech intelligibility, binaural TFS cues are critical for perceptually segregating the
different talkers and thus for solving the cocktail party problem.
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ers in a “cocktail-party” like environment. However, solving this
complex listening task can be extremely challenging for listeners
with sensorineural hearing loss (SNHL) even with hearing aids
(Marrone et al., 2008a) or cochlear implants (Loizou et al., 2009).
It also appears to be a challenge for some listeners with clinically
normal auditory thresholds (Ruggles et al., 2011; Swaminathan et
al., 2015) especially older listeners (e.g., Gallun et al., 2013).
Therefore, there is considerable theoretical and translational in-
terest in understanding the contributions of specific binaural
speech cues that aid listeners in achieving SRM.

Acoustic signals received by the auditory system pass first
through an array of physiologically based band-pass filters. Con-
ceptually, at the output of each filter, there are two principal
forms of temporal information: fluctuations in the envelope
(ENV), which are the relatively slow variations in amplitude over
time, and fluctuations in the temporal fine structure (TFS),
which are the rapid variations of the waveform with rate close to
the center frequency of the filter. Although the relative roles of
ENV and TFS cues for monaural speech perception have been
studied extensively and are reasonably well understood (Drul-
lman, 1995; Smith et al., 2002; Zeng et al., 2005; Gilbert and
Lorenzi, 2006; Swaminathan and Heinz, 2012), the contributions
of ENV and TFS to solving binaural tasks (and SRM) currently
are not clearly understood.

Part of the difficulty in assessing the contributions of TFS and
ENV cues for spatial hearing with complex broadband stimuli
such as speech arises due to cochlea-generated interactions be-
tween TFS and ENV (Ghitza, 2001). When broadband speech is
filtered through a set of narrow-band filters (such as cochlear
filters), the TFS component of the broadband speech gets con-
verted into (recovered) ENVs (Ghitza, 2001; Heinz and Swami-
nathan, 2009). Such interactions between the ENV and TFS
components of band-pass-filtered speech signals limit the ability
to retain/eliminate the spatial cues in ENV and/or TFS selectively
to study their relative roles for SRM. In this study, we used “noise
vocoding” (Dudley, 1939; Flanagan and Golden, 1966; Shannon
et al., 1995) to evaluate systematically the role of ENV and TFS
cues in SRM with speech stimuli. With this approach, within each
frequency band, the speech ENV component was retained, but
the speech TFS component was replaced with noise carriers,
thereby eliminating the interactions between the speech TFS and
ENV components. Furthermore, with this processing, intelligi-
bility is conveyed only by the speech ENVs.

The target and masker sentences were first subjected to
multichannel noise vocoder processing and then spatialized
such that the target speech was presented from the front (0°
azimuth) and the speech maskers were either colocated with or
symmetrically separated from the target in azimuth. In the
spatially separated conditions, the maskers were placed sym-
metrically to reduce the usefulness of long-term head shadow
differences (Marrone et al., 2008b; Jones and Litovsky, 2011).
Interaural correlations in TFS were varied by using either the
same or different noise carriers in the two ears. Because the
spatial cues were applied after creating the vocoded speech, it
was assumed that the binaural cues were largely preserved in
the speech ENVs and were selectively retained (same) or elim-
inated (different) in TFS. Interaural correlations in TFS and
ENV were quantified from a phenomenological auditory-
nerve model to verify that the correlation in TFS was varied
across different processing conditions, as intended, while
maintaining high correlations in speech ENVs.

Materials and Methods
Subjects. A total of 10 young NH subjects (9 females and 1 male) between
19 and 22 years of age participated in this study. All the listeners were
native speakers of American English and had normal hearing with audio-
metric pure tone thresholds of �20 dB HL from 0.25 to 8 kHz. Informed
consent was obtained in compliance with an approved Institutional Re-
view Board protocol from the Boston University Human Research Pro-
tection Program. All subjects were paid for their participation in the
study.

Speech stimuli. The target and masker were comprised of five-word
sentences that were syntactically correct but not necessarily semantically
meaningful. The stimuli were taken from a corpus of monosyllabic words
recorded for the laboratory by Sensimetrics Corporation. The sentences
had the structure �name� �verb� �number� �adjective� �ob-
ject� and there were eight possible words in each category. On each trial,
the listener heard three sentences spoken by three different randomly
chosen female talkers from seven available talkers. One sentence was
designated as the target and always contained the �name� “Jane” with
other keywords being randomly selected from the available choices (e.g.,
“Jane bought two red shoes”). The two masker sentences contained ran-
domly selected names (excluding “Jane”) and key words that differed
from the target and from each other.

Procedure. The stimuli were presented via Sennheiser HD 280 head-
phones to listeners seated in a double-walled sound-attenuating chamber
(Industrial Acoustics). The digital signals were generated on a PC outside
of the booth and then routed either through separate channels of Tucker-
Davis Technologies System II hardware or through a RME HDSP 9632
24-bit soundcard (ASIO). Target and maskers were spatialized using
KEMAR head-related transfer functions (HRTFs). The HRTFs were ob-
tained using tone sweeps recorded in a single-walled Industrial Acoustics
sound booth (12 feet � 13 feet � 7.5 feet). The choice of spatial condi-
tions was made based on the results from Swaminathan et al. (2013) in
which, for natural speech, the effect of angular separation between the
target and the maskers on target intelligibility was studied systematically.
In that study, the results for maskers placed at �30° and �45° did not
differ from the results for the maskers at �90°. Therefore, the �30° and
�45° conditions were not tested here. That left three spatial conditions:
one in which the target and both the maskers were colocated at 0° azi-
muth and two in which the target was presented at 0° and the maskers
were placed symmetrically at either �15° or �90°.

On a given run, the two maskers were each fixed in level at 55 dB SPL
and the level of the target was varied adaptively using a one-down one-up
procedure that tracked the 50% correct point on the psychometric func-
tion (giving a threshold target-to-masker ratio, TMR). The target level
was varied in 6 dB steps initially and then in 3 dB steps after the third
reversal. Each run consisted of at least 25 trials and at least nine reversals.
Subjects were instructed to identify the keywords originating from the
front uttered by the target talker, the female saying “Jane.” The possible
responses were displayed graphically on a computer screen. Subjects re-
ported the perceived target keywords using the computer mouse to select
the buttons showing the keywords. Correct answer feedback was pro-
vided during testing. For the purposes of the tracking procedure, re-
sponses were counted as correct if the listener successfully identified
three of the four keywords (excluding �name�).

Stimulus processing. The target and masker sentences either were pre-
sented as produced naturally or were presented after noise vocoding
(Shannon et al., 1995). The noise-vocoded signals were created to retain
the speech ENV cues, but not the speech TFS cues, which were replaced
with noise carriers within frequency bands. The vocoded versions of the
sentences were created using MATLAB (The MathWorks). To create the
vocoded speech, each sentence was initially band-pass filtered into eight
or 32 contiguous bands of equal bandwidth on a logarithmic frequency
scale spanning 80 to 8000 Hz. The band-pass filters were created using
the auditory chimera package as described in Smith et al. (2002). The
Hilbert transform was applied in each band and the ENV component
within the band was extracted as the magnitude of the Hilbert analytic
signal. The ENV signal within each band was further low-pass filtered
below 300 Hz with a fourth-order Butterworth filter (48 dB/oct rolloff).

Swaminathan et al. • Binaural TFS and Cocktail-Party Listening J. Neurosci., August 3, 2016 • 36(31):8250 – 8257 • 8251



The filtered ENV signals were used to modu-
late narrow bands of noise with the same band-
width as the analysis bands. Finally, these
modulated signals were band-pass filtered
through the original analysis bands to attenu-
ate any spectral splatter and then were summed
across all bands to create the ENV-vocoded
speech stimulus. Independent noise tokens
were used for the target and masker sentences.

The vocoding was implemented before spa-
tializing the stimuli. Different vocoded speech-
processing conditions were created to retain
the spatial cues in the speech ENVs while re-
taining/eliminating them from interaural TFS
within selected frequency channels. This was
achieved by using correlated/uncorrelated
noise carriers in the two ears for each of the
three sentences (target and maskers). Four
speech-processing conditions were used in this
experiment: (1) correlated TFS (Corr TFS), in
which the noise carriers were the same in the
two ears and thus the spatial cues were pre-
served in both the speech ENV and the TFS
from the correlated noise carriers; (2) uncorre-
lated TFS (Uncorr TFS), in which the noise
carriers were uncorrelated between the two
ears preserving the spatial cues only in the
speech ENV and not in the TFS; (3) low-pass
correlated TFS (LP Corr TFS), in which the
noise carriers were the same in the two ears for
frequencies below 1500 Hz but differed above
1500 Hz so the spatial cues were preserved in
both the ENV and TFS below 1500 Hz and only
the ENVs above 1500 Hz; and (4) low-pass un-
correlated TFS (LP Uncorr TFS), in which the
noise carriers were the same in the two ears
only for frequencies above 1500 Hz preserving
the spatial cues in both the ENV and TFS above 1500 Hz but only in the
ENV below 1500 Hz.

In the first session, each listener was tested with the natural speech
condition, which consisted of 3 spatial configurations (0, �15°, and
�90°) � 6 runs for a total of 18 runs that were presented in a random
order. After the first session, each listener was tested in 4 speech-
processing conditions (Corr TFS, Uncorr TFS, LP Corr TFS and LP
Uncorr TFS) � 2 vocoder conditions (32 and 8 channels) � 3 spatial
configurations (0, �15°, and �90°) � 6 runs for a total of 144 runs,
which were completed in multiple sessions. Each session presented a
speech-processing and vocoder conditions across different spatial con-
figurations. The ordering of the spatial configurations within a speech-
processing and vocoder conditions was randomized. The ordering of
speech-processing and vocoder conditions was randomized across
subjects.

Results
Effect of varying interaural correlations in TFS on spatial
release from masking
Figure 1A shows the group mean TMRs at threshold in dB as a
function of spatial separation (0, �15°, and �90°) between target
and maskers for each speech-processing condition. The different
speech-
processing conditions include natural speech and ENV-vocoded
speech created over 32 spectral channels with varying amounts of
interaural correlations in TFS. TMR at threshold was calculated
as the level of the target at adaptive threshold minus the fixed
masker level (55 dB SPL). Figure 1C shows the mean SRM for the
conditions shown in Figure 1A. SRM, for each listener, was cal-
culated as the difference in thresholds between colocated and

separated conditions. The group mean thresholds and SRM val-
ues are also provided in Table 1.

The colocated and separated thresholds were nearly identical
for natural and 32-channel vocoded speech with correlated TFS
(Corr TFS). This is consistent with considerable past work show-
ing that speech intelligibility does not depend on preserving the
natural speech TFS, only the ENVs (Shannon et al., 1995). Sec-
ond, the main difference in the results from the four processing
conditions was the decrease in thresholds with spatial separation,
which was significantly greater when the stimuli had correlated
low-frequency TFS (Corr TFS and LP Corr TFS). Absence of
interaural low-frequency TFS cues (Uncorr TFS and LP Uncorr
TFS) resulted in relatively higher spatially separated thresholds.
As a result, the SRM was substantially larger for the Corr TFS and
LP Corr TFS conditions compared with Uncorr TFS and LP Un-
corr TFS conditions.

The highest mean thresholds were found when the target and
masker talkers were colocated regardless of the processing condi-

Figure 1. A, B, Group mean thresholds as a function of spatial separation of the two masker talkers from the target for speech
processed to retain ENV cues with speech TFS replaced with noise carriers that were either interaurally correlated over the entire
frequency region (Corr TFS), uncorrelated over the entire frequency region (Uncorr TFS), uncorrelated �1500 Hz (HP Uncorr TFS),
or uncorrelated �1500 Hz (LP Uncorr TFS) over 32 (A) or eight (B) frequency bands. C, D, SRM as a function of the horizontal
separation of the two masker talkers from the target for the conditions shown in A and B. Thresholds and SRMs for natural speech
is also shown in A and C, respectively. Error bars indicate �1 SEM.

Table 1. Group mean thresholds and SRM for data shown in Figure 1

32 Channels 8 Channels
Natural
speech

Thresholds (dB)a

Col 3.1, 2.5, 2.8, 3.7 4.0, 4.2, 3.7, 4.5 2.2
�15° �15.7, �2.3, �13.8, �1.6 �5.8, 2.9, �2.5, 2.8 �18.9
�90° �19.9, �12.2, �19.9, 14.6 �10.9, �2.0, �10.1, �4.6 �22.0

SRM (dB)a

�15° 18.7, 5.9, 16.6, 5.2 9.8, 1.4, 6.2, 2.3 21.1
�90° 22.9, 14.8, 22.6, 18.2 14.9, 6.8, 13.8, 9.2 24.2

aCorr TFS, Uncorr TFS, LP Corr TFS, LP Uncorr TFS.
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tion. For natural speech and for all processing conditions, thresh-
olds improved (decreased) with an increase in the amount of
spatial separation between the target and the maskers. However,
there were differences in the amount of improvement with spatial
separation across different conditions. For natural speech and for
processing conditions that had interaurally correlated low-
frequency TFS (Corr TFS and LP Corr TFS), there was a steep
improvement in thresholds from colocated to �15° and just a
small improvement from �15° to �90°. Mean SRM across these
three conditions improved by �4 dB from �15° to �90° (from
19 dB to 23 dB). In contrast, for processing conditions with un-
correlated low-frequency TFS (Uncorr TFS and LP Uncorr TFS),
the thresholds improved only marginally from colocated to �15°
and steeply from �15° to �90°. Mean SRM across these two
conditions improved by �11 dB from �15° to �90° (from 6 dB
to 17 dB). A two-way repeated measures ANOVA on the thresh-
olds shown in Figure 1A found significant main effects of
speech-processing condition (F(4,36) � 28.7, p � 0.001, partial
� 2 � 0.761), spatial separation (F(2,18) � 226.0, p � 0.001, partial
� 2 � 0.962), and a significant interaction (F(8,72) � 31. 64, p �
0.001, partial � 2 � 0.624).

Figure 1, B and D, shows group mean thresholds and SRM for
ENV speech processed over eight spectral channels with different
processing conditions. Overall, the separated thresholds were el-
evated and the SRM was reduced in the coarsely vocoded, eight-
channel condition compared with the 32-channel condition,
although similar trends were observed across processing condi-
tions. A two-way repeated measures ANOVA on the thresholds
shown in Figure 1B found significant main effects of speech-
processing condition (F(3,27) � 19.6, p � 0.001, partial � 2 �
0.685), spatial separation (F(2,18) � 121.1, p � 0.001, partial � 2 �
0.931), and a significant interaction (F(6,54) � 16.2, p � 0.001,
partial � 2 � 0.643). Mean SRM across the conditions with cor-
related low-frequency TFS (Corr TFS and LP Corr TFS) was �8
dB at �15° and improved to �14 dB at �90°. For processing
conditions with uncorrelated low-frequency TFS (Uncorr TFS
and LP Uncorr TFS), the mean SRM was �2 dB at �15° and
improved to �8 dB at �90°.

Predicted auditory-nerve fiber responses with interaurally
correlated and uncorrelated TFS
A disadvantage of using noise-band vocoders is that within each
frequency band, the intrinsic fluctuations from the ENV of the
noise-band carrier can interfere with and cause disruption of the
original speech ENVs (Whitmal et al., 2007). This can subse-
quently affect the binaural cues available in the speech ENVs
when modulated with uncorrelated noise carriers (TFS) in the
two ears. Furthermore, the relationship between “acoustic” TFS
(extracted using signal processing techniques such as vocoders)
and neural TFS (“phase-locked” information in the auditory
nerve, AN) is not obvious and needs to be approached with cau-
tion (Shamma and Lorenzi, 2013). In this study, we quantified
the interaural correlations in TFS and ENV from the output of a
phenomenological AN model to determine whether the correla-
tions in TFS varied across different processing conditions, as in-
tended, while maintaining high correlations in speech ENVs and
if the variations in interaural correlation in acoustic TFS and
ENV were preserved in the neural coding of TFS and ENV at the
level of the AN.

Neural cross-correlation coefficients, �TFS and �ENV, were
used to quantify the similarity between TFS or ENV compo-
nents of different spike-train responses (Heinz and Swamina-
than, 2009; Swaminathan, 2010; Swaminathan and Heinz,

2012). Specifically, �TFS and �ENV provide metrics ranging
from 0 to 1 that represent the degree of similarity between
responses under two different conditions (e.g., vocoded
speech created with noise carriers A and B). These metrics
quantify the amount of coding in common between the two
responses (cross-correlograms) relative to the amount of cod-
ing within each individual response (auto-correlograms).
Figure 2 illustrates the use of neural cross-correlational coef-
ficients (�TFS and �ENV) to compute interaural correlation in
TFS and ENV for the noise-vocoded speech. The details in-
volved in calculating �TFS and �ENV have been described pre-
viously (Heinz and Swaminathan, 2009; Swaminathan and
Heinz, 2012) and are briefly summarized below.

The correlograms are temporal representations of stimulus-
related periodicities as coded by individual AN fibers. Shuffled
auto correlograms are computed by tallying spike intervals
within and across spike trains, yielding a more robust character-
ization of temporal responses (Fig. 2B) than classic all-order in-
terval histograms (Ruggero, 1973). Normalized shuffled auto
correlograms are plotted as a function of time delay and are much
like auto-correlation functions (Fig. 2C, thick lines). For the ex-
ample shown in Figure 2, spike trains were obtained first from a
model AN fiber with a characteristic frequency (CF) of 744 Hz in
response to a 32-channel ENV-vocoded speech stimulus created
with two independent noise carriers, A and B. For each noise
carrier, spike trains were obtained for positive and negative stim-
ulus polarity presentations (A	/A� and B	/B�).

Shuffled auto-correlograms (Fig. 2C,D, thick lines) were gen-
erated by tallying coincidences from spike trains obtained in re-
sponse to the same stimuli (e.g., A	/A	 or A�/A�). TFS and ENV
coding can be separated by comparing the responses to a stimulus
and its polarity-inverted pair (e.g., A	 with A�) (Joris and Yin,
1992; Joris, 2003; 2006). Polarity inversion acts to invert the TFS,
but does not affect ENV. Cross-polarity correlograms are com-
puted by comparing spikes from A	 and A� (Fig. 2C,D, thin
lines). To emphasize TFS coding, difcors were computed as the
difference between the shuffled auto correlogram (original ENV,
original TFS; thick line in Fig. 2C,D) and the cross-polarity cor-
relogram (original ENV and inverted TFS; thin line in Fig. 2C,D),
where the difcor peak height quantifies the strength of TFS cod-
ing. To quantify ENV coding, sumcors were computed as the
average of the shuffled auto correlogram and the cross-polarity
correlogram. The ENV correlograms were further low-pass fil-
tered at 64 Hz to retain the slow phonemic ENV cues that have
been suggested to be important for speech intelligibility (Rosen,
1992; Swaminathan and Heinz, 2012).

For shuffled cross-correlograms (Fig. 2E), spike coincidences
were counted from pairs of spike trains derived from two differ-
ent stimuli (e.g., vocoded speech with noise carrier A and noise
carrier B presented to right ear). To compute “interaural” corre-
lations for the conditions tested in this study, it was assumed that
the pair of spike trains arrived from two different ears, 744 Hz
fiber in the left ear responding to vocoded speech created with
noise carrier A and a 744 Hz fiber in the right ear responding to
vocoded speech created with noise carrier B. Counting the spike
coincidences between responses from such a pair predicts the
output of a simple binaural coincidence detector, which receives
inputs from two ears without any cochlear disparities (Fig. 2A).
Cross-stimulus correlograms (e.g., A	/B	, thick line in Fig. 2E)
and cross-stimulus, cross-polarity correlograms (e.g., A	/B�,
Fig. 2E, thin line) were computed to facilitate the separation of
TFS and ENV cross-correlations by using difcors and sumcors,
respectively.
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Neural cross-correlation coefficients (Heinz and Swamina-
than, 2009) ranging between 0 and 1 were computed by compar-
ing the degree of response similarity across stimuli and ears (Fig.
2H,K) to the degree of temporal coding for each stimulus pre-
sented to each ear individually (Fig. 2F,G, I, J). The cross-
correlation coefficient for TFS was computed from the difcor
peak heights as follows:

�TFS �
difcorAB

�difcorA � difcorB

Likewise, the neural cross-correlation coefficient for ENV was
computed from the sumcor peak heights as follows:

�ENV �

sumcorAB � 1�

�
sumcorA � 1� � 
sumcorB � 1�

For the single-fiber responses illustrated in Figure 2, the interau-
ral correlation in TFS for ENV-vocoded speech created with two

independent noise carriers was very low (�TFS � 0.17) and the
correlation in ENVs was close to 1 (�ENV � 0.98). These neural
metrics provide a quantitative physiological framework with
which to compare/relate the variations in acoustic TFS and ENVs
to variations in neural TFS and ENVs as reflected in AN phase-
locked responses.

The interaural correlations in neural ENV and TFS were com-
puted for the different speech-processing conditions of the psy-
chophysical experiment (Corr TFS, LP Corr TFS, Uncorr TFS,
and LP Uncorr TFS) for ENV-vocoded speech created over 32
channels. ENV-vocoded speech for a subset of 40 words from the
corpus was created for the different speech-processing condi-
tions. Stimuli were resampled to 100 kHz before presentation to
the AN model to obtain the spike times. Thirty-two high-
spontaneous-rate AN fibers with CFs matching the center fre-
quencies of the analysis filters used to create the vocoded speech
were selected. A total of 15360 sets of neural cross-correlation
coefficients were computed (32 AN fibers � 40 words � 4 speech

Figure 2. Correlogram analyses used to quantify the (interaural) correlations in neural coding of ENV and TFS with noise-vocoded speech. A, To compute interaural correlations, pairs of spike
trains are treated as if derived from two different ears. Counting of spike coincidences between responses from such a pair predicts the output of a simple binaural coincidence detector, which would
receive inputs from a physiological site in the two ears. Trapezoidal shapes represent uncoiled basilar membranes. B, Construction of correlograms from two sets of spike trains. The delays at which
coincidences are obtained between spikes in these conditions are tallied in a histogram. Columns 1 and 2 (C, D, F, G, I, J ) show temporal coding of ENV-vocoded speech created with noise carriers
A and B, respectively; column 3 (E, H, K ) illustrates the similarity in temporal coding between these two conditions (�TFS and �ENV). Fiber CF � 744 Hz.
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conditions � 3 repetitions). TFS coding of fibers with CF � 2000
Hz were not included due to roll-off in phase locking.

Figure 3 shows the mean interaural correlations in neural
ENV and TFS across different speech-processing conditions. For
comparing trends with the psychophysical results, the normal-
ized SRM at �90° for the 32-channel vocoder for different pro-
cessing conditions is also included in Figure 3. Across different
processing conditions, the colocated thresholds were similar and
the SRM was primarily influenced by differences in the separated
thresholds (Fig. 1A). The normalized SRM for each processing
condition, which varied from 0 to 1, was computed as follows:
(mean measured SRM for a specific condition)/(maximum mean
measured SRM across all conditions).

For the different processing conditions used in this study, the
interaural correlations (�) for TFS were close to 1 for Corr TFS
and LP Corr TFS and close to the noise floor for Uncorr TFS and
LP Uncorr TFS. The interaural correlations in ENVs were close to
1 for all processing conditions. The important points from this
analysis are as follows. First, the model output supports the con-
clusion that the acoustic manipulations of TFS in the noise-
vocoded masker speech were preserved in the AN responses
without disrupting the high interaural correlations in speech
ENVs. Second, because the spatial cues were applied after creat-
ing the vocoded speech, this information was retained in the
neural TFS for the Corr TFS and LP Corr TFS and eliminated
from the TFS for Uncorr TFS and LP Uncorr TFS. The spatial
cues were retained in the neural ENVs across all processing con-
ditions. Finally, the trends in SRM across different processing
conditions matched with the trends observed in the interaural
correlations in neural TFS; that is, the normalized SRM was high-
est for Corr TFS and LP Corr TFS and lowest for Uncorr TFS and
LP Uncorr TFS.

Discussion
This study assessed the contributions of binaural ENV and TFS cues
for spatial release from speech-on-speech masking. A key feature of
the design was varying the strength of the spatial information avail-
able to the listener by manipulating the interaural TFS while preserv-
ing the ENVs across the different conditions. This goal was achieved
by creating different noise band vocoder conditions in which the
interaural correlation in TFS was varied by presenting the same ver-
sus different noise carriers to the two ears. Because the spatial cues

were applied after creating the vocoded speech, the binaural cues
were largely preserved in the speech ENVs and selectively retained/
eliminated in the TFS. A phenomenological auditory-nerve model
was used to verify that the interaural correlations in TFS differed
across conditions, whereas the ENVs retained a high degree of cor-
relation, as intended.

For vocoded speech created with 32 narrow channels, replac-
ing speech TFS with (interaurally correlated) noise carriers
yielded comparable SRM to that observed with natural speech.
These results suggest that speech ENV cues combined with cor-
related noise carriers are sufficient to produce spatial benefits
with competing speech sounds when the ENV cues are provided
over 32 independent channels. This large benefit is due to the
lower thresholds obtained in the spatially separated conditions.
Therefore, the spatial cues conveyed by correlated noise carriers
appears to be sufficient for the listener to use spatial separation as
a means for selecting one speech source among competing speech
sources even at very low TMRs. Overall, this suggests that pre-
serving speech TFS information is not necessary as long as the
TFS information is interaurally correlated and that there are a
relatively high number of independent channels conveying ENV
information to support speech intelligibility.

However, consistent with Best et al. (2012), the thresholds
were higher in the spatially separated conditions for the more
coarsely vocoded speech (i.e., 8 channels). The underlying rea-
sons for this observation are not fully clear. A large number of
channels (e.g., 32) yielded performance very similar to natural
speech. As the number of channels decreases, the quality of the
vocoded signal is degraded although the unmasked intelligibility
is maintained (at least for these closed-set materials). Progres-
sively broadening the vocoder channels can lead to an increased
overlap of spectrotemporal acoustic cues between the target and
masker, thereby increasing energetic masking. Previous studies
have shown that SRM decreases as the amount/proportion of
energetic masking increases due primarily to an elevation in
thresholds in spatially separated conditions as observed here
for the more coarsely vocoded conditions (Arbogast et al., 2005;
Marrone et al., 2008b, a, Best et al., 2012). Furthermore, the
vocoder processing over fewer broader channels can severely re-
duce or eliminate pitch and other voice difference cues between
different talkers, increasing target/masker confusability, and, po-
tentially, informational masking (Qin and Oxenham, 2003; Frey-
man et al., 2008; Garadat et al., 2009).

Results from this study also revealed that disrupting the inter-
aural correlation in TFS, especially in the low-frequency regions
(� 1500 Hz), resulted in elevated (poorer) spatially separated
thresholds and a reduction in SRM. Even with 32-channel vo-
coded speech, the thresholds with uncorrelated TFS were poorer
than with correlated TFS by at least 10 dB. For these conditions,
the results from physiology-based modeling showed high inter-
aural correlations of speech ENVs. Therefore, when considered
together, the findings from the psychophysical experiment and
neural modeling suggest that, whereas the ENV cues are impor-
tant for speech intelligibility, low-frequency TFS is a primary cue
that aids in spatial release with speech-on-speech masking. This
result is in general agreement with the finding that interaural-
level differences conveyed by speech ENVs are not sufficient for
restoring SRM in simulated cochlear implant listening condi-
tions (Ihlefeld and Litovsky, 2012). This result is also in agree-
ment with the finding that SRM largely depends on receiving
interaural time differences from low frequencies (Kidd et al.,
2010).

Figure 3. Mean interaural correlations in neural ENV and TFS across different speech-
processing conditions for 32-channel ENV-vocoded speech. The normalized SRM derived from
measured SRM from NH listeners at �90° for these processing conditions is also included for
comparison.
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The underlying reasons for the reduction in SRM with disrup-
tions in interaural TFS are not clear. Across all four processing con-
ditions, the peripheral/neural overlap of target and maskers (i.e.,
energetic masking) was similar. However, it is likely that disruptions
in interaural TFS rendered the maskers spatially diffuse, thereby lim-
iting the release from informational masking normally afforded by
spatial separation. Indeed, it has been shown that lateralization of
speech in quiet is affected by reducing the interaural correlation in
TFS (Drennan et al., 2007). Further experiments are warranted to
investigate how disruptions of interaural TFS can affect release from
IM, thereby influencing SRM.

Although this study was not intended to simulate any specific
physiological mechanism causing hearing loss and their associ-
ated effects on SRM, it is nonetheless possible to speculate about
the potential implications of these findings for studying (and
improving) SRM in listeners with hearing loss. First of all, the
main implication here is that, even when the speech TFS was
replaced with correlated noise carriers, a sufficient number of
independent channels conveying ENV information can provide
considerable benefit in achieving spatial release with speech on
speech masking. As few as eight channels yielded SRMs of 15 dB
in this study. A well known consequence of SNHL is reduced
frequency selectivity that results from the broadening of the pe-
ripheral auditory filters (Liberman and Dodds, 1984; Glasberg
and Moore, 1986; Patuzzi et al., 1989; Ruggero and Rich, 1991).
Due to this broadened tuning, there are fewer peripheral chan-
nels providing independent information. It has been shown that
hearing impaired (HI) listeners with symmetric binaural hearing
(as measured by audiograms) often demonstrate reduced SRM
compared with NH listeners primarily due to increased thresh-
olds in spatially separated conditions (Arbogast et al., 2005; Mar-
rone et al., 2008b; Best et al., 2012) similar to the findings here. If
the hearing loss is indeed perfectly symmetric in the two ears,
resulting in similar coding of TFS, the results from this study
suggest that a promising avenue to explore for improving SRM
for HI subjects is to try to restore ENV cues over several indepen-
dent channels (e.g., 32 channels). Alternately, any TFS coding
deficit that can arise from noise-induced hearing loss (Henry and
Heinz, 2012), from aging (Gallun et al., 2013), or because of
“hidden hearing loss” (Plack et al., 2014) can possibly result in
disruptions to interaural correlations in TFS. The results from
this study suggest that such TFS coding deficits can affect SRM
even when the ENVs are provided over several narrow channels.
In such situations, synchronizing the TFS across the two ears and
restoring appropriate spatial cues will be critical for improving
SRM in listeners with hearing loss.
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