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Old, hearing-impaired listeners generally benefit little from lateral separation of multiple
talkers when listening to one of them. This study aimed to determine how spatial release from
masking (SRM) in such listeners is affected when the interaural time differences (ITDs) in the
temporal fine structure (TFS) are manipulated by tone-vocoding (TVC) at the ears by a master
hearing aid system. Word recall was compared, with and without TVC, when target and
masker sentences from a closed set were played simultaneously from the front loudspeaker
(co-located) and when the maskers were played 45° to the left and right of the listener
(separated). For 20 hearing-impaired listeners aged 64 to 86, SRM was 3.7 dB smaller with
TVC than without TVC. This difference in SRM correlated with mean audiometric thresholds
below 1.5 kHz, even when monaural TFS sensitivity (discrimination of frequency-shifts in
identically filtered complexes) was partialed out, suggesting that low-frequency audiometric
thresholds may be a good indicator of candidacy for hearing aids that preserve ITDs. The
TVC difference in SRM was not correlated with age, pure-tone ITD thresholds, nor
fundamental frequency difference limens, and only with monaural TFS sensitivity before

control for low-frequency audiometric thresholds.

PACS number: 4366Pn, 4366Qp, 4371Rt, 4371Ky, 4371Lz
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INTRODUCTION

Old, hearing-impaired (HI) people struggle to understand speech when they are in a noisy
environment (Duquesnoy, 1983; Working Group on Speech Understanding and Aging, 1988;
Gatehouse and Noble, 2004; Divenyi et al., 2005; Helfer and Freyman, 2008). This may be
due, in part, to a degraded ability to separate sounds that come from different directions.
Interaural time differences (ITDs) and interaural level differences (ILDs) occur when a sound
source is located outside the median plane; the sound reaches one ear before the other and the
head causes an acoustic shadow for wavelengths below the head size (Rayleigh, 1907; Kuhn,
1977). It is possible to use these differences to separate sounds that arrive from different
directions (Middlebrooks and Green, 1991; Best et al., 2004; Bremen and Middlebrooks,
2013). In the laboratory, speech intelligibility is better when the target and masker sounds are
presented from different directions around the listener, rather than all from the same direction
(Bronkhorst, 2000). When the maskers are speech signals, the spatial release from masking
(SRM) is typically 10 to 15 dB for normal-hearing (NH) listeners (Behrens et al., 2008;
Marrone et al., 2008b). HI people (particularly if they are elderly) vary widely in the SRM
they gain, from close-to-normal to none at all (Marrone et al., 2008a; Gallun et al., 2013;
Jakien et al., 2017), even with compensation for reduced audibility (Marrone et al., 2008c;
Neher et al., 2009). This suggests that deficits in the coding of the spatial separation of sounds
may occur with some forms of hearing impairment. A better understanding of why some
people benefit from spatial cues, and others do not, would help develop and prescribe hearing
aids that preserve or sacrifice spatial cues depending on a listener’s ability to use these cues.

ITDs, which are typically less than 0.7 ms in humans, may be encoded for sound below
1.5 kHz by comparison across ears of the synchronized firing of the auditory nerve fibers to
the phase of basilar membrane displacement (Rose et al., 1967). This phase locking codes the

time intervals between corresponding peaks in the band-pass filtered output and represents the
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temporal fine structure (TFS) of sounds, which would not be available from the place of
excitation on the basilar membrane alone (Cariani and Delgutte, 1996). TFS appears to benefit
pitch perception and lateralization (Smith et al., 2002; Drennan et al., 2007). Some studies
suggest TFS aids speech perception in fluctuating background noise (e.g., Hopkins et al.,
2008), whilst others do not (e.g., Oxenham and Simonson, 2009; Apoux et al., 2013).

The benefit of TFS to speech perception can be measured by manipulating the TFS with
signal processing such as vocoding (Dudley, 1939). Vocoding involves filtering a waveform
into a series of frequency band-pass channels, extracting the envelopes from each band and
multiplying them by new carrier signals. These modified channels are then summed. In quiet,
vocoded speech can be understood even with the use of a few frequency channels (e.qg.,
Shannon et al., 1995; Loizou et al., 1999; Smith et al., 2002). However, in the presence of
noise, vocoded speech requires higher signal-to-noise ratios (SNRs) than non-vocoded speech
to be intelligible (Qin and Oxenham, 2003; Stone and Moore, 2003).

With sinusoidal vocoder carriers (tone-vocoding, or TVC), changing the phase of the
sinusoids between the ears allows one to test how ITDs carried in the TFS contribute to SRM.
Andersen et al. (2010) compared SRM with and without TVC. They used headphones and
head-related impulse responses (HRIRS) from a head and torso simulator (Algazi et al., 2001)
to simulate lateral separation of speech signals. Andersen et al. (2010) found that young, NH
listeners’ speech reception thresholds (SRTs) were lowest (best) when no TVC was applied;
SRTs were elevated (poorer) by 5.9 dB when the TVC was applied to the signals before the
HRIRs (preserving the ITDs but not the original monaural TFS), suggesting that vocoding
decreases performance even if spatial cues are preserved. However, SRTs were elevated a
further 2.4 dB when the TVC was applied in phase across ears after the HRIRs, effectively
removing the differences in ITDs between the speech signals. This extra elevation suggests

that binaural TFS cues, even carried by TVC signals, can help speech intelligibility. More
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recent evidence suggests a greater role of binaural TFS cues and a smaller role of the original
speech TFS: Swaminathan et al. (2016) studied the effect on SRM of noise vocoding before
convolving speech with HRIRs. They retained or removed I1TD-based cues of spatial
separation in the TFS by vocoding with either the same or uncorrelated noises at each ear,
respectively. Swaminathan et al. (2016) found that correlated-noise vocoding produced
similar SRTs and SRM to non-vocoded stimuli, but vocoding with interaurally uncorrelated
noises produced poorer SRTs and SRM. The effect of noise vocoding on SRM was
predominantly driven by the interaural correlation of the noise carriers below 1.5 kHz. On the
other hand, Garadat et al. (2009) conducted a similar study to Andersen et al. (2010), but
found that greater SRM was achieved with the TVC than without, and that there was no
difference in performance between applying vocoding before or after HRIRs. However,
Garadat et al. (2009) only used a single masker sentence lateralized to one side, allowing the
listeners to take advantage of the improved SNR at the other ear.

The reduced effect of vocoding for HI listeners, compared to NH listeners, suggests that
hearing loss may reduce the ability to use TFS for speech perception with modulating
maskers, such as competing talkers (Hopkins et al., 2008; Hopkins and Moore, 2010b).
Hopkins et al. (2008) found that NH listeners performed worse with TVC speech than with
the original speech, whereas HI listeners performed about the same as the NH listeners did
with the TVC speech, regardless of the speech processing. This suggests that HI listeners do
not benefit from the TFS in the original speech as much as NH listeners.

Both hearing loss and old age are associated with impaired TFS sensitivity, as seen by
poorer discrimination of harmonic from inharmonic complexes filtered with identical pass-
bands (e.g., Hopkins and Moore, 2007; 2011) and pure-tone or TFS ITD detection (e.g.,
Lacher-Fougere and Demany, 2005; King et al., 2014). Even with hearing loss below 2 kHz

absent or controlled for, old listeners have poorer TFS sensitivity (e.g., Ross et al., 2007;
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Moore et al., 2012b) and a reduced advantage of binaural hearing (Warren et al., 1978;
Pichora-Fuller and Schneider, 1992) than young listeners. Aging effects may underlie poor
speech perception in noisy environments and result in less SRM (Gelfand et al., 1988;
Marrone et al., 2008a; Marrone et al., 2008c). It is possible that age exacerbates the effect of
hearing loss on the ability to use TFS in speech perception.

The first aim of the current study was to determine whether or not older, HI listeners are
able to use TFS to achieve SRM, by comparing SRM for speech with and without TVC
processing. This may help determine whether or not hearing devices for older HI listeners
need to preserve TFS ITDs or not. The second aim was to identify a good measure to predict
which HI listeners can benefit from TFS in separating speech, to improve hearing aid
prescription and fitting. For this, individual differences in HI listeners’ SRTs and SRM, with
and without TVC, were compared to their age, hearing loss and performance on three
psychoacoustic tasks: one of monaural TFS sensitivity, one of binaural TFS sensitivity, and
one of monaural temporal envelope sensitivity.

The monaural measure of TFS sensitivity was the TFS1 task (Moore and S¢k, 2009a),
which has previously been shown to correlate with monaural SRTs in modulated speech-
shaped noise, even after controlling for listeners’ audiometric thresholds (Hopkins and Moore,
2011). It involves discrimination of harmonic from inharmonic complexes filtered with
identical pass-bands. As the components in the inharmonic complex are shifted in frequency
equally, the modulation rate (envelope) is the same for both harmonic and inharmonic
complexes. This task is thought to rely exclusively on TFS sensitivity if the components
within the pass-band are of a sufficiently high harmonic number to remain unresolved by the
cochlea. However, small excitation pattern differences might still allow discrimination

(Micheyl et al., 2010).
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To measure TFS sensitivity at low frequencies, Hopkins and Moore (2011) used the
binaural task of ITD detection. Monaural SRTs were not correlated with ITD detection after
controlling for audiometric threshold. However, ITD detection may relate to speech tests that
emphasize binaural advantages to speech perception, such as the one in the current study,
more than to monaural SRTSs. Strouse et al. (1998) found no correlation between detection of
ITDs in click trains and the binaural masking level difference (BMLD; the masking release
produced by presenting a signal in anti-phase with a diotic masker) in speech for young and
old NH listeners. However, detection of ITDs in click trains does not test TFS sensitivity,
unlike detection of ITDs in pure tones (with synchronous onsets and offsets). Strelcyk and
Dau (2009) measured 1TD-based lateralization and BMLDs for tones in noise, and found both
to be correlated with SRTs in laterally separated, speech-shaped noise. Lower SRTs in
laterally separated speech maskers are also associated with lower ITD detection thresholds
(Neher et al., 2012) and the ability to detect ITDs at higher carrier frequencies (Neher et al.,
2011). Therefore, in the current study, pure-tone ITD detection was selected as the binaural
task of TFS sensitivity.

The measure of temporal envelope sensitivity used in the current study was the
fundamental frequency difference limen (FODL). An FODL is a listener’s threshold for
discriminating two harmonic complexes with different FOs and hence different modulation
rates. If the harmonics are resolved, envelope cues may be weak and spectral cues may be
used, but if the harmonics are unresolved, the use of TFS cues may be limited and listeners
may rely on envelope cues (Oxenham et al., 2009). This task was selected as the differing FOs
of speech from different talkers may be used as a cue to segregate speech streams (e.g., Brokx
and Nooteboom, 1982). Sensitivity to this cue may impact on the amount of masking

interfering talkers produce and possibly interact with SRM (Best et al., 2012).
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The hypotheses for the relations between the speech perception and psychoacoustic tasks
were as follows:
1) That better TFS1 scores and ITD detection would correlate with lower SRTSs in the
conditions without TVC, and with greater differences between SRTs with and without TVC,;
2) That ITD detection, in particular, would correlate with SRTs with spatially separated
talkers without TVC, SRM without TVC and the difference in SRM due to TVC;
3) That FODLs would correlate with SRTs in conditions with TVC, and SRM with TVC.
Additionally, if any relations between TFS sensitivity and SRTs or SRM were found,
partial correlations were planned to determine if the thresholds were explained by age,
hearing loss or FODLs (the latter may reveal variance in TFS1 scores and ITD detection not

specific to TFS, such as general temporal processing or psychoacoustic task performance).

METHODS

A. Listeners

Twenty listeners aged 64-86 (mean=72 years) and all had bilateral, gently-sloping
sensorineural hearing loss (see Fig. 1). Mean audiometric pure-tone thresholds across listeners
and frequencies (0.125, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, and 8 kHz) were 47 dB hearing level
(HL) for the right ears and 46 dB HL for the left ears. Thresholds ranged from 10 to 40 dB HL
at 0.125 kHz and 45 to 85 dB HL at 8 kHz; the average spread was 35 dB HL. Listener age
was not correlated with either low-frequency (mean from 0.125 to 1.5 kHz) audiometric
thresholds (PTALF; r=0.01), or high-frequency (mean from 2 to 8 kHz) audiometric thresholds
(r=0.19). Listeners were screened for conductive or mixed hearing losses. Asymmetry across
ears was < 10 dB for the frequency-average (0.125 to 8 kHz) audiogram. The largest
asymmetries at a single frequency were 20 dB (3 listeners). All listeners spoke Danish as their
first language and were recruited from a database maintained at the Eriksholm Research

Centre, where all the experiments took place. The same database was used by Neher et al.,
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(2011; 2012) approximately five years earlier, but only one listener in the current study also
participated in the studies described by Neher et al. (2011; 2012).

The sample size of 20 was selected to achieve a power of at least 0.8 for the interaction
between the effects of TVC and spatial configuration. This was determined from an expected
medium-to-large effect size for the interaction, based on an approximate Cohen’s d of 0.7 for
the effect of TVC on speech perception in competing speech for HI listeners (Hopkins et al.,
2008) and an approximate Cohen’s d of 1.1 for the effect of SRM for HI listeners (Neher et
al., 2009). However, it is possible that the correlations between performance on the
psychoacoustic tasks and SRM were not sufficiently powered. Observed power for the
correlations, based on an effect size of the mean coefficient of determination (r?) from all the
correlations of 0.17 and an o 0of 0.05, was 0.55 for 17 listeners and 0.62 for 20 listeners.

Power calculations were performed with GPower 3.1.3 (Kiel, Germany).

B. Speech test

1. Stimuli and Setup

A loudspeaker setup and a Master Hearing Aid system for simulating hearing-aid signal
processing (MHA; HorTech, 2008; described in Grimm et al., 2006) were used rather than
headphones and dummy-head HRIRs (as used by Andersen et al., 2010). This was expected to
be more ecologically valid for behind-the-ear (BTE) hearing aid users, because although the
MHA provides gain corrections for the lost outer ear gain, its microphones are located in BTE
hearing aid shells, which disrupt the natural directional cues provided by the pinnae. Also,
using a loudspeaker setup allows head movements without the sound sources moving with the
head (as headphones do).

A special version of the Danish Dantale 11 corpus (Wagener et al., 2003) designed for
spatial speech-on-speech testing was used (Behrens et al., 2008). Recorded words were

spoken by three Danish females. Words were selected from a closed set. Sentences were five
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words long and always followed the same structure and order: a person’s name, verb, number,
adjective, and object. For example, “Henning kobte tre smukke ringe” (“Henning bought three
beautiful rings”). The target sentence was always played from the front loudspeaker (0°
relative to the listener) in an anechoic room. Two masker sentences (M1 and M2) were played
at the same time as the target, at various target-to-masker ratios (TMRs). The three
sentences—each spoken by a different female talker—began with a “Ready” prompt. The first
word (the person’s name) in the target sentence was displayed to the listener via a computer
screen hanging above the front loudspeaker to cue which sentence to listen to and recall. In
each trial, listeners had to recall as many words from the target sentence as possible. Two
spatial configurations were used: a Co-located configuration, where M1 and M. were played
from the same front loudspeaker as the target, and a Separated configuration, where
loudspeakers positioned at azimuths of —45° and +45° relative to the listener played signals
M: and M, respectively. Symmetrically separated maskers were used to minimize the
benefits of increased TMR at one ear that occur with asymmetrical maskers (Marrone et al.,
2008a). The maximum root mean square (RMS) sound pressure level at the center of the
listener’s head position was 70 dB sound pressure level (SPL). For positive TMRs, M1 and
M. were attenuated whilst the target level remained fixed. For negative TMRs, the target was

attenuated whilst M1 and M2 remained fixed in level.

2. Master Hearing Aid signal processing

Listeners wore behind-the-ear hearing aid microphones which recorded the sounds and
sent the signals to a control computer running the hearing-aid simulation on the MHA
research platform. The MHA split the signals into 512 linear sub-bands using a fast Fourier
transform and corrected for the microphones’ frequency responses. The complex values in
these sub-bands were summed into 32 logarithmically spaced sub-bands with rectangular

bandwidths equivalent to NH listeners’ auditory bandwidths at moderate sound levels (ERBN,



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

King et al. Temporal fine structure and spatial hearing 11

Glasberg and Moore, 1990). The 32 non-linear sub-bands had a combined pass-band from 0.1
to 10 kHz. Since the complex value in each sub-band had an imaginary part that was a 90°
phase-shifted version of the real part of any given time sample, the envelopes were extracted
as the absolute value of each sub-band complex value (equivalent to the Hilbert envelope).
For each sub-band, the cut-off frequency of the extracted envelope was equal to half the sub-
band bandwidth. Two MHA conditions were used, one with TVC and one without TVC. In
the TVC condition the envelopes were multiplied by a pure tone, in phase across ears, at the
band center frequency, thus making the ITD in the TFS zero. The modulated tones were
combined and amplified with multi-band linear gain following CAMEQ specifications
(Moore and Glasberg, 1998) to correct for hearing loss and also for outer-ear gain and the
hearing aid receiver (output) frequency response. Finally, the signal was high-pass filtered
with a 100-Hz cutoff. In the condition without TVC, the processing followed the same
procedure, except that each extracted envelope was multiplied by the phase angle of the
complex signal of the corresponding sub-band, rather than pure tones, to restore the original
TFS. The MHA signal processing (either with, or without, TVC) produced an overall delay of
approximately 40 ms. The output was presented to the listener from the hearing aid receiver
via Etymotic Research foam plugs for each listener.

Fig. 2 shows the effects of TVC on the ITD of a speech signal from 45° right of a head
and torso simulator wearing the MHA devices. The lag in the cross-correlation function at
which the unsigned correlation coefficient was greatest was taken as the ITD. It is clearly
non-zero in both the broadband signal and envelope without TVC (top row), but with TVC
(bottom row) the ITD in the broad-band signal becomes zero, whilst the envelope ITD and the
ILD are still non-zero (reduced from 540 to 340 us and from 4 to 3.4 dB, respectively). The

very broad peak in the envelope cross-correlation suggests that the envelope ITD may not be a
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precise cue for lateralizing or localizing sounds, if the auditory system extracts comparable

information to this analysis.

3. Training

To minimize the confounding effect of learning the task or the nature of the stimuli,
listeners were familiarized with the stimuli in a training session at least one week prior to the
test session. The training session consisted of eight blocks, alternating between stimuli
without TVC (odd-numbered steps) and stimuli with TVC (even-numbered steps). Blocks one
and two each consisted of 12 trials of a target sentence from 0° in quiet. Blocks three and four
each consisted of 12 trials of a target sentence from 0° and one masker sentence from either
+45° or —45° (TMR=5 dB). The last four blocks each consisted of 12 trials at each of two
TMRs with two maskers in the conditions used in the test session. The maskers were in the
Separated configuration for blocks five and six, without and with TV C respectively, and in
the Co-located configuration for blocks seven and eight, without and with TVC respectively.
Table | gives the TMRs for each of these four blocks with the percent correct that each TMR

was expected to produce and was observed to produce. Feedback was given.

4. Procedure

The test session began with a ‘warm-up’ block of 12 trials in the Separated condition
without TVC, then 12 with TVC (TMR=8.7 dB for both). After this, four test blocks of 50
trials were performed with short breaks in between. Test-condition order was pseudo-
randomized with spatial configuration nested inside MHA condition, so both spatial
configurations were completed for one MHA condition before beginning the second MHA
condition. Randomization resulted in eight and twelve participants completing the conditions
with TVC before and after the conditions without TVC, respectively. Although full counter-
balancing of the ordering would have been more appropriate, Student’s t-tests between those

who completed conditions with TVC first and those who completed conditions without TVC
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first showed no significant differences in performance in the four test conditions [Colocated,
without TVC: t(18)=0.4, p>0.05; Colocated, with TVC: t(18)=0.9, p>0.05; Separated, without
TVC: 1(18)=0.5, p>0.05; Separated, with TVC: 1(18)=0.4, p>0.05].
For each test condition, a listener’s psychometric function was estimated from the
proportion of correctly recalled words in the 50 trials using the following logistic function:
p— {1 + e4550(L50—TMR)}‘1 (1)
where sso and Lso denote the slope and TMR (respectively) at 50% correct word recall
estimated by negative logarithmic maximum-likelihood from the proportion of correctly
recalled words per TMR. The first 24 trials were set at pre-defined TMRs (given in Table II)
estimated to produce 30, 40, 50, 60, 70, 80, and 90% correct word recall, based on a
psychometric function with Lso set at group mean performance in training and a shallow slope
(s50=0.02) to produce a wide range of TMRs to minimize floor and ceiling effects. At
equivalent percent-correct estimations, the pre-defined TMRs in the test sessions (Table 11)
differed from the TMRs used in the last four blocks of training (Table I). This occurred
because of the shallow function slope to calculate the pre-defined TMRs. Three trials were
presented at each TMR after an initial three at the TMR expected to produce 80% correct.

A further 26 trials were presented at TMRs estimating 40, 60, 70, and 90% correct on an
interim psychometric function fitted to the listener’s performance on the 24 pre-defined trials.
Six trials were presented at each personalized TMR after two trials at the TMR expected to
produce 70% correct. A final psychometric function was calculated from the results of both
the pre-defined and personalized TMR trials (excluding the initial three pre-defined and two
personalized). Inclusion of responses to both pre-defined and personalized TMR trials
allowed as many data points as possible to be used in calculating the final psychometric
function. The TMR that would give 50% correct was taken as threshold (TMRsgg) for

analysis. No feedback was given in the test session.
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SRM was defined as the TMRso9 in the Separated condition subtracted from the TMRso9%

in the Co-located condition.

C. Psychoacoustic tasks

For the psychoacoustic tasks, listeners were tested in a sound insulating listening booth.
All stimuli were created via MATLAB (Natick, MA), an RME Hammerfall Il digital-to-
analog converter, and a custom-made amplifier. Stimuli were presented over a pair of
Sennheiser HDA200 circumaural headphones at 30 dB sensation level (SL) based on the

listener’s pure-tone audiogram.

1. Stimuli

The stimuli in the monaural tests (TFS1 and FODL) were presented to the left ear. All
stimuli were presented in the presence of a threshold-equalizing noise (TEN; Moore et al.,
2000) to mask combination tones and components of the complex tones falling outside of the
pass-band of the filtering described below. The TEN level at 1 kHz was 15 dB/ERBn RMS
below the overall RMS level of the test stimulus. This corresponded to an effective SNR of 25
dB. In the monaural conditions, the TEN was played in the same ear as the test stimulus. For
ITD detection, uncorrelated samples of TEN were played to the two ears. Uncorrelated noise
was chosen to avoid any competing spatial cues in the noise, as an interaural correlation could
produce an ITD coherent across frequency.

a. TFS1 tasks Reference stimuli were harmonic complexes with components
spaced by a modulation rate (fn). Each component began in a random phase. They were band-
pass filtered around a center frequency (fc) of 1.2 kHz. The bandwidth was dictated by fm,
passing five components with a 30 dB/octave roll off. Two different fi’s were tested: 100 and
200 Hz, giving two different ranges of harmonics. When fn=100 Hz, the 10" to 14"

harmonics were passed by the filter, with the 12" harmonic at f; (TFS1n12, middle panel of
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Fig. 3). When f»,=200 Hz, the fourth to eighth harmonics were passed by the filter, with the
sixth harmonic at fc (TFS1ns, top panel of Fig. 3). Listeners discriminated between these
harmonic complexes and inharmonic versions where all frequency components were shifted
by ¢ Hz. Both shifted and reference stimuli were identically band-pass filtered based on the
reference fc and fm. o started at 50 Hz for both TFS1n12 and TFS1ne and was limited to a
maximum of fn/2. Above fn /2 the shifted stimulus becomes increasingly similar to the
reference stimulus as ¢ approaches fm. If a listener cannot discriminate an fm /2 shift, it is
impossible to measure a threshold TFS1 score. For NH listeners, thresholds can be obtained
consistently for f. as high as the 14" harmonic (Moore and Sek, 2009b), but HI listeners
appear to have a much lower maximum harmonic number (Hopkins and Moore, 2007).
TFS1ne was included in case TFS1n12 thresholds could not be obtained. However, TFS1ne
thresholds may be partly based on discrimination of resolved harmonics using tonotopic cues,
rather than purely TFS from unresolved harmonics.

b. FODLs For the measurement of FODLs, both reference and shifted stimuli were
harmonic; 6 was multiplied by the harmonic number of each component (f / fn) to produce the
shifted stimulus. Like TFS1ni12, the FODL reference fc was 1.2 kHz, and f, was 100 Hz.
Again, both reference and shifted stimuli were band-pass filtered with a 30 dB/octave roll off,
passing five components. However, for FODLSs the filter shifted with the stimulus; so whilst
the reference filter pass-band fc was 1.2 kHz, the shifted filter pass-band was centered at f; +
o(fc/ fm), or 1.2+ ¢ (1.2/0.1) kHz. The bottom panel of Fig. 3 shows example FODL stimuli.
The starting 0 was 5 Hz and no maximum limit was imposed.

c. ITD detection ITDs were presented using 500 Hz pure tones (ITD500). Onset and
offset ramps were synchronous across ears so there was no ITD in the envelope. The left ear
stimulus was sin(27-500t) where t is the time-sample vector, the right ear stimulus was

sin(2w-500t +6). The starting 0 was & radians (1 ms) and this was also the maximum ¢ limit. A
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different f. for ITD detection and the TFS1 tasks was used in order to minimize the number of
listeners who could not perform these tasks at above chance performance. Whilst other studies
have measured both monaural and binaural TFS tasks in the same frequency region (e.g., 850
Hz; Moore et al., 2012b) in young NH listeners, it is difficult to obtain ITD thresholds above
500 Hz for older listeners (Grose and Mamo, 2010; Moore et al., 2012b), and it is difficult to
obtain TFS1 thresholds below an fc of 1 kHz (Moore and Sek 2009; Moore et al., 2012b).
Also, previous studies have found only moderate correlations between TFS1 and ITD
detection and have suggested that performance is at least partly driven by different

mechanisms (Hopkins and Moore, 2011; Moore et al., 2012b).

2. Procedure

A two-interval, two-alternative, forced-choice task was used where one interval contained
four 200 ms bursts of the reference stimuli (RRRR) and the other interval contained four 200
ms bursts, alternating between reference and shifted stimuli (RSRS). Each burst was separated
by 100 ms, and ramped on and off by the rising and falling halves (respectively) of a 20 ms
Hanning window. The two intervals were separated by 400 ms of silence. This paradigm is
described further elsewhere (Moore and Sek, 2009a; Hopkins and Moore, 2010a). For all four
tasks, a geometric, two-down, one-up adaptive procedure tracked 71% correct (Levitt, 1971)
over eight reversals. Step sizes of 6 were a factor of 1.5° until the first reversal, 1.52 until the
second reversal and 1.5 thereafter. The geometric mean of the last six reversals was used as
the threshold estimate from a given track. Each listener attempted at least two (and a
maximum of three) tracks for each task and the geometric mean of the thresholds from the
completed tracks was taken as their threshold. If the listener failed to discriminate the
maximally shifted stimulus from the reference stimulus three times within a track, 40 extra
trials were presented with the maximum shift. In these cases, percent correct was calculated

for all the trials in which the maximum shift was presented. The adaptive track was run again
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1 if the listener scored better than 63% correct (above this performance can be assumed, with at
2 least 95% confidence, not to be due to chance). Otherwise, another 40 trials at maximum shift
3 were presented and the percent correct was recalculated from these trials. If the listener still
4  scored worse than 63% correct, testing for that condition stopped and no threshold was
5  obtained; otherwise, a final adaptive track was run. FODL thresholds were obtainable from all
6 listeners; for ITD500, no threshold could be obtained for three listeners; for TFS1ne, N0
7  threshold could be obtained for two listeners (not the same listeners as for ITD500, however);
8  for TFSHi2, no threshold could be obtained for 19 listeners (one listener managed one
9  successful track out of three). Because TFS1n12 thresholds could only be measured for one
10 listener, this task was discarded from analysis.
11 For FODLs, TFS1he and 1TD500, the test-retest reliability was quantified for the listeners
12 who completed two or three adaptive tracks per task by calculating the intraclass correlation
13 coefficient (ICC; repeated measures case, based on single scores rather than the mean; see
14  Shrout and Fleiss, 1979). For FODLs the ICC was 0.48 for two tracks and 0.40 for the three
15  tracks, for TFS1ne the ICC was 0.76 for two tracks and 0.75 for three tracks, and for ITD500
16  the ICC was 0.38 for two tracks and 0.46 for three tracks.
17 Before beginning the experiment, the listeners were given a brief training period. In this
18  period they heard example trials with the maximum shift in the shifted stimuli for TFS1n12,
19  TFS1lne and ITD500, and a 10 Hz shift for FODL. They heard eight trials without TEN and

20  eight with TEN per condition.

21 1ll.  RESULTS AND DISCUSSION

22 A. Speech test
23 The TMRso9% mean and individual values are plotted in Fig. 4. With TVC, TMRso9% Was
24 similar in the Co-located (mean=3.7 dB) and Separated configurations (mean=3.4 dB);

25  individual SRM ranged between —1.8 and 2.7 dB. Without TVC, the mean TMRso% Was 2.8
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dB in the Co-located condition, and —1.2 dB in the Separated condition (where TMRsoo
varied from —6.5 to 5.5 dB across listeners), leading to SRM ranging from —0.9 to 8.4 dB.

Performance was analyzed with a repeated-measures analysis of variance (ANOVA) with
two within-subjects factors: spatial configuration (Co-located vs. Separated) and processing
(without TVC vs. with TVC). Both factors produced significant main effects. TMRsos was
lower (better) in the Separated conditions than the Co-located conditions [F(1,19)=37.8,
p<0.001] and TMRso% was lower without TVC than with TVC [F(1,19)=87.0, p<0.001]. The
interaction was also significant [F(1,19)=38.6, p<0.001], confirming that the SRM without
TVC was greater than SRM with TVC. Because the TVC removed the ITDs in the TFS in
each sub-band by generating the sine carriers in phase across the ears, it appears that old HI
listeners gained significantly by using ITDs in the TFS of sounds from different azimuths.

The similarity between TMRsoq in both spatial configurations with TVC suggests the
envelope ITDs and ILDs are not sufficient for speech unmasking, assuming that TVC does
not disrupt these cues substantially. However, vocoding does not guarantee independent
manipulation of TFS and envelope. It can affect the spectro-temporal envelope (Kates, 2011)
and models suggest neural representations of TFS and envelope are comparably degraded by
vocoding with noise carriers (Shamma and Lorenzi, 2013). Whilst noise carriers may affect
envelopes more than tone carriers (Kates, 2011), envelope information at a neural level
(including interaural envelope cues) may not be faithfully preserved after TVC. Therefore, the
effect of TVC on the envelope cues on SRM cannot be discounted. Alternatively, the small
SRM observed with TVC may be because old listeners are less sensitive than younger
listeners to envelope ITDs (King et al., 2014). Comparing performance in the Separated
condition with TVC in the current study and in Andersen et al. (2010) suggests that TMRsoo
is about 12 dB lower for young NH listeners than for old HI listeners when only envelope

ITDs and ILDs are available.
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Without TVC, the mean SRM and the variation in SRM was very similar to that found for
HI listeners by Marrone et al. (2008a) and Neher et al. (2009; 2011). HI listeners’ mean SRM
is approximately 8-14 dB less than NH listeners’ SRM and exhibits larger individual
differences (Behrens et al., 2008; Marrone et al., 2008a; Neher et al., 2009). In the present
study, the difference between TMRsoy in the Separated configuration with TVC and without
TVC was 4.6 dB, which is roughly half that found for young NH listeners in a simulated
spatial setup using headphones and HRIRs (8.3 dB; Andersen et al., 2010). Whilst old HI
listeners are less sensitive to TFS-1TDs than young NH listeners (e.g., Lacher-Fougére and
Demany, 2005; Hopkins and Moore, 2011), it should not be assumed that they are unable to
use ITDs in the TFS of speech. Differences in the nature and severity of hearing loss may
explain the variation in old HI listeners’ ability to use TFS-ITDs in SRM.

To determine whether individual differences in the effects and interaction of TVC and
spatial configuration were driven by age or hearing loss, each listener’s age and PTAr were
used as covariates in an extension of the ANOVA model described above. Higher (worse)
PTALF was related to higher TMRso%, across all conditions [F(1,17)=8.8, p<0.01], but age
was not related to a change in TMRso9 over all conditions [F(1,17)=0.7, p>0.05]. Age did not
interact with the effects of MHA processing [F(1,17)=0.1, p>0.05] or spatial configuration
[F(1,17)=1.2, p>0.05]. Higher PTALF was associated with a smaller difference in performance
between the vocoded and non-vocoded conditions [F(1,17)=17.3, p<0.01]. PTALr did not
interact significantly with the effect of spatial configuration on TMRsg9 [F(1,17)=3.6,
p>0.05]. The three-way interaction between PTALr, MHA processing and spatial
configuration was significant [F(1,17)=23.2, p<0.001]; SRM without TVC, compared to with
TVC, was smaller with increasing PTALr. This is shown in Fig. 5, where TMRsqy is plotted
as a function of PTALr with least-squares linear fits for each test condition separately. The

variation in performance in the Separated condition without TVC is partially explained by an
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increase in TMRsoy With increasing PTALr. This suggests that low-frequency audiometric
hearing loss is related to how well a listener can understand speech from a conversational
partner when others are talking around them. Low-frequency audiometric thresholds may be a
convenient way to determine which type of hearing aid processing may be best for an
individual with hearing loss. If performance in the Separated condition without TVC is
mediated by a listener’s sensitivity to TFS ITDs, then an individual with a low PTALr may
benefit from hearing aids that preserve these ITDs. If their PTALF is high, they may benefit
from processing strategies that increase the SNR at the expense of sacrificing TFS ITDs, such
as directional microphone sensitivity (Van de Bogaert et al., 2005).

There was a small, but significant, difference in TMRs09 between the Co-located
conditions with TVC and without TVC [mean difference=0.9 dB, t(19)=4.8, p<0.001]. Worse
performance with TVC suggests that the TVC disrupted information that is used to separate
the speech signals, even without spatial cues. This effect was smaller than the 5 dB effect of
TVC on monaural speech intelligibility found by Hopkins et al. (2008) with old HI listeners.
This may possibly be due to differences in the speech corpora. Lunner et al. (2012) compared
the effect of TVC on speech intelligibility in competing speech with three different speech
corpora, including the closed-set Dantale 11 used in the current study and the open-set corpus
used by Hopkins et al. (2008). Lunner et al. (2012) found that there was a larger effect of
TVC in the open-set corpora than the closed-set corpus. However, this was only evident with

young NH listeners, not with old HI listeners.

B. Psychoacoustic tasks

The geometric mean scores for the three psychoacoustic tasks were 210 ps, 11.9 Hz and
5.9 Hz for ITD500, TFS1he, and FODLs respectively. The standard deviation of the scores
were factors of 1.79, 2.11, and 1.56 for ITD500, TFS1he, and FODLSs respectively. The FODLs

had a bimodal distribution, with modes at 4 and 9 Hz.
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A correlation matrix between age, PTALF, the psychoacoustic task scores, and SRM
without TVC minus SRM with TVC (SRMarvc) is given in Table 111. TFS1ne and ITD500
thresholds were logarithmically transformed to distribute them normally before calculating
Pearson’s product—-moment correlation coefficients (r). FODLs were correlated against the
other variables using Spearman’s ranked correlation (p). A sequentially rejective Bonferroni
correction (Holm, 1979) was applied to compensate for multiple comparisons. This was
chosen over the traditional Bonferroni correction because it is less conservative, without
requiring additional assumptions. Additionally, the SRTs in each speech-test condition and
the differences between them reflecting SRM and the effect of TVC were correlated against
age, PTALr and the psychoacoustic task scores (Table I1V). However, due to the large number
of correlations in Table 1V and the low power for these correlations, no correction for
multiple comparisons was applied, resulting in an inflated chance of a false positive. The
correlations in Table 1V should be considered purely exploratory and any significant
correlations should be replicated with a larger sample before inferring any conclusions. All
five partial correlations mentioned in this section were corrected for multiple comparisons
separately from the correlations in Table 111, again using the Holm-Bonferroni procedure.

It was hypothesized that two measures of TFS sensitivity, TFS1 and ITD500, would
correlate with SRTs and SRM without TVC and the difference between SRTs and SRM with
and without TVC (i.e., the effect of TVC). TFS1ne correlated significantly with SRMarvc
before, but not after, correcting for multiple comparisons (Table I11). TFS1ne correlated
significantly with SRTs in the Separated condition without TVC, the effect of TVC in the
Separated condition, and with SRM without TVC (Table 1V). However, TFS1ne Was not
significantly correlated with SRTs in the Co-located condition without TVC, or the effect of
TVC in the Co-located condition. ITD500 did not correlate significantly with either SRTs in

the Separated condition without TVC, with SRM without TVC, or with SRMarvc. SRMarve
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is plotted against listeners’ ITD500 and TFS1HG6 scores in the right and middle panels of Fig.
6.

It is surprising that the measure of TFS-ITD processing, ITD500, did not correlate
significantly with performance in these conditions, as some studies show relations between
TFS-1TD processing and SRTs (Neher et al., 2011; Neher et al., 2012). However, it is
consistent with a recent study which found that SRM produced by ITDs alone in target and
interferer speech streams was not related to 250-Hz pure tone ITD discrimination thresholds
in quiet, which, surprisingly, was better for listeners with moderate hearing loss than those
with mild hearing loss (Ldcsei et al., 2016). In the current study ITD500 did not correlate
significantly with PTALr or with audiometric threshold at 500 Hz (r=—0.05, p>0.05).Whilst
King et al. (2014) found a moderate correlation between TFS-1TD detection and absolute
threshold at the same carrier frequency, most others have not (Lacher-Fougére and Demany,
2005; Hopkins and Moore, 2011; Strelcyk and Dau, 2009; Moore et al., 2012a).

Whereas Neher et al. (2011; 2012) and Hopkins and Moore (2011) tested ITD detection
in quiet, the current study tested ITD detection in noise. The current study included binaurally
uncorrelated TEN at an effective SNR of 25 dB because ITD500 was compared to speech
reception in a background of competing-talkers rather than speech reception in quiet. Three
out of 20 listeners could not perform the ITD500 task. This is not a substantially larger
proportion than when HI listeners perform ITD discrimination in quiet, which is typically 5 to
10% (e.g., Moore et al., 2012b), but can be as high as 40% (Whitmer et al., 2014).
Nonetheless, it is possible that the TEN disrupted the ITD in the target tone, obscuring
measurement of the listeners’ sensitivity to ITDs in the tone, or confounded the mechanism
that links ITD sensitivity to SRM.

Strelcyk and Dau (2009) found a significant correlation between SRT in lateralized noise

and pure-tone ITD discrimination in noise presented 10 dB below the level which just masked



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

King et al. Temporal fine structure and spatial hearing 23

the tone. However, they only found this for diotic noise and at a high level above absolute
threshold, not for uncorrelated noise and a lower SL similar to the ITD500 stimuli in the
current study. Whilst dichotic maskers aided masking release in speech reception, they
presented an additional challenge in lateralization (footnote 7 in Strelcyk and Dau, 2009).
Also, Strelcyk and Dau (2009) found that the differences in ITD discrimination between NH
and HI listeners were most pronounced with a high level tone in quiet. Therefore, ITD
detection of low-SL pure tones in the presence of uncorrelated TEN (as in the current study)
might use different mechanisms than using ITDs in SRM.

If the TFS1he scores are assumed to not have produced false positive results, it is perhaps
surprising that TFS1ne scores correlated significantly with SRMarvc (before correction for
multiple comparisons), whilst ITD500 scores did not. One possible explanation is that TFS1ne
is a more reliable measure than ITD500. Test-retest reliability for the ITD500 task was weak
to moderate (ICC of 0.38 to 0.46), compared to the high reliability of the TFS1ne task (ICC of
0.75t0 0.76). This lack of reliability suggests that measurement error may have affected the
correlations between the ITD500 task and the other measures. However, taking multiple
comparisons into account, neither TFS measure correlated significantly with SRMarvc. A
replication with greater statistical power is required to determine if such measures are or are
not related to SRM and the effect of TVC on SRM.

TFS1ne scores correlated with age and PTALr (Fig. 7) before correction for multiple
comparisons. Partial correlations were tested to see if TFS1ne score still correlated with
SRMatvc after the variance due to PTALF or age was accounted for. Partialing out age
actually increased the strength of the correlation between TFS1hs and SRMatvce (r=—0.70,
p<0.01). However, after controlling for PTALr, TFS1ne and SRMatvc Were not correlated
(r=—0.34, p>0.05). Conversely, there was still a moderate correlation between PTA_r and

SRMatvc, when TFS1He score was accounted for (r=—0.50, p<0.05). However, this was not
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significant after correction for multiple comparisons. This suggests that hearing loss may be
related to how TVC affects SRM independently from the individual differences explained by
TFS1e score.

The effect of TVC in the Co-located configuration was expected to correlate with TFS1ne
scores due to the vocoding disrupting monaural TFS cues useful for speech perception.
However, this was not the case. This may be because either TFS1ne did not measure TFS
sensitivity exclusively (harmonics 4 to 8 were passed by the filter applied to the stimuli,
which may be sufficiently low as to be resolved, even for HI listeners), or TVC did not
exclusively disrupt TFS cues (Shamma and Lorenzi, 2013), or for both reasons. It is not clear
what form of auditory processing SRM requires (and that is affected by TVC) that is reflected
by TFS1he performance. Perhaps the sharpness of frequency selectivity (which could
arguably affect TFS1ne performance) affects SRM, but this was not tested in the current
study.

The partial correlation between TFS1ne and SRMatvc, controlling for FODLS, was
performed to see if performance on a task unlikely to provide resolved harmonics or TFS cues
could explain the relation in terms of general temporal processing or pitch discrimination. The
correlation was still moderate (r=—0.54, p<0.05), but not significant after correction for
multiple partial correlations. FODLs moderately correlated with all SRTs (see Table 1V),
particularly in the Separated configuration (Fig. 8), but this is without correcting for multiple
comparisons. However, FODLs did not correlate significantly with SRM with TVC.
Nevertheless, this suggests that the ability to discriminate pitch shifts may be related to a
listener’s ability to segregate one talker’s speech from that of others, possibly due to
differences in the FOs of the various talkers’ speech. FODLS were not related to SRMatvc or
to TFS1he Scores, suggesting that FODLs do not relate well to TFS processing that contributes

to spatial unmasking. A lack of a relationship to TFS processing is perhaps not surprising if
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FODLSs are driven by spectral cues, or envelope or distortion product cues from unresolved
components (Oxenham et al., 2009).

Consistent with the ANOVA with PTALr included as a covariate in section I11.A,
SRMatvc was strongly correlated with PTALr; SRMarvc decreases as PTALF increases. This
can be seen in the left panel of Fig. 6. PTALr also correlated significantly with SRTs in the
Separated condition without TVC and with SRM without TVC (see table 1V). Peissig and
Kollmeier (1997) found that audiometric threshold was a poor predictor of SRM with either
noise or speech maskers, but they only tested eight HI listeners, whereas Neher et al. (2011)
found, with 23 HI listeners, that low frequency audiometric threshold was moderately
correlated with SRTs in conditions similar to the Separated condition without TVC in the
current study. Neher et al. (2011) did not measure SRTs in a co-located condition, so SRM
could not be calculated. Jakien et al. (2017) found that audiometric threshold predicted SRM.

Higher PTALr thresholds may have been associated with less SRM due to insufficient
audibility. However, foam plugs provide a closed seal which minimizes leakage, and the
CAMEQ prescription to compensate for hearing loss has been shown to restore audibility of
speech stimuli (between 0.5 and 5 kHz) for listeners with audiometric thresholds greater than
those in the current study (Hopkins et al., 2008; Hopkins and Moore, 2011). Although it is
likely that audibility of the signals was restored, it was not measured here. With linear
amplification, it is possible that some listeners did not receive the same audibility that
compressive amplification could provide, rendering soft sounds inaudible. In the current study
SRM and SRMarvc were analyzed as difference measures; poor audibility of the speech may
be expected to affect the four speech test conditions similarly. However, Glyde et al. (2015)
showed that increasing high-frequency audibility beyond prescribed values did not affect SRT
in co-located conditions, but did improve SRTSs in separated conditions, thus increasing SRM.

Best et al. (2016) and Jakien et al. (2017) reported that presenting speech stimuli at an SL
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above each listener’s SRT in quiet resulted in less SRM for listeners with more hearing loss.
However, compensating for the loss of audibility within frequency bands from 0.25 to 8 kHz
resulted in similar SRM for listeners with different amounts of hearing loss, even though
those with more hearing loss had higher SRTs in both co-located and separated conditions. It
may be that the audibility of the high-frequency (particularly above 5 kHz) content of the
stimuli in the current study was insufficient.

Age has been associated with poor TFS sensitivity (e.g., Grose and Mamo, 2010; Moore
et al., 2012b) and reduced SRM (e.g., Gelfand et al., 1988; Marrone et al., 2008a, Gallun et
al., 2013). Neher et al. (2012) suggested that a common, age-related mechanism could affect
performance on speech perception, psychoacoustic and cognitive tasks alike. However, in the
current study age was not correlated with SRMarvc or ITD500, and the correlation between
SRMarve and PTALr remained significant after age was partialed out (r=—0.76, p<0.001).
Neher et al. (2011) argued that a narrow age range (60—78 years) limited the effect size of
cognitive measures previously found to relate to age and SRTs with spatially separated speech
(Neher et al., 2009). Indeed, with a large age range, Gallun et al. (2013) found that age and
hearing loss (SRTs in quiet) were independent contributors to reduced SRM—with age alone
explaining reduced SRM in simulated auditory space using headphones and HRIRs; however
a follow-up study with an overlapping sample but a larger range of hearing losses found
hearing loss was the greater contributor to reduced SRM (Jakien et al., 2017). It is possible
that the age effect was limited in the current study, where the age range was also narrow (22
years). However, worse TFS1ne scores were correlated with increasing listener age. This

indicates some age-related deficit in monaural TFS processing.

CONCLUSIONS

The current study aimed to determine the contribution of TFS ITDs to SRM by

manipulation of TFS ITDs via vocoding, and to find a good predictor of individual differences
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in the benefit from TFS ITDs to SRM. When presented with closed-set sentences spoken by
three female talkers, older, HI listeners benefited from spatial separation, although more
variably and less than younger, NH listeners in previous studies (Marrone et al., 2008a;
Marrone et al., 2008c; Neher et al., 2011). Applying TVC to the signals recorded at the ears
(in phase, to remove differences in the ITDs) significantly reduced the benefit of spatial
separation. This suggests that some older HI listeners are capable of using binaural TFS cues
to aid speech perception in multi-talker environments. This has implications for the potential
trade-offs of disrupting binaural temporal acoustic information with signal processing
strategies employed in modern, digital hearing aids.

The current study assessed how well several measures that are thought to rely on auditory
temporal processing might predict the effect of TVC on SRM. The audiogram below 1.5 kHz
and monaural TFS sensitivity were both correlated with the effect of TVC on SRM (before
correction for multiple comparisons), whilst pure-tone ITD detection was not. This result is
surprising, as both pure-tone ITD detection and SRM rely on binaural processing of TFS
information, but it may be due to the modest test-retest reliability of the ITD detection task, or
the inclusion of background noise. Further research with a larger sample is needed to clarify
whether SRM is truly unrelated to binaural TFS sensitivity as the ITD detection results here
suggest and to verify that monaural TFS sensitivity is indeed related to SRM, rather than a
false positive result. Low-frequency audiometric thresholds may be a convenient metric to

determine who may benefit from hearing aids that preserve binaural cues in the TFS.
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Table I. The TMRs in the training phase, the percent correct of word recall the TMR was expected to
produce, and the mean (across listeners) percent correct that was observed for the final four training
blocks.

Condition  TMR (dB) Estimated Observed
percent correct  percent correct

Separated 8 70% 74%
without TVC 2 40% 41%

Separated 9 70% 76%

with TVC 3 40% 45%

Co-located 10 80% 87%
without TVC 4 40% 49%

Co-located 115 80% 90%

with TVC 6 40% 56%
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Table Il. A table of the pre-defined TMRs (dB) used for the first 24 trials of each block by spatial
configuration (rows) and by the percent correct word recall the TMR was estimated to produce
(columns).

Estimated percent correct word recall

Configuration 30% 40% 50% 60% 70% 80% 90%

Co-located, test -1.3 1.9 5.1 8.3 115 14.7 17.9

Separated, test 7.3 —4.1 -0.9 2.3 55 8.7 11.9
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Table II1. A correlation matrix between listeners’ PTALr, age, TFS1ue score, FODL, ITD500 and the
difference between SRM with and without TVC (SRMarvc). Correlations with FODL were
Spearman’s rank correlations, the rest were Pearson’s product—-moment correlations. The number of
listeners is in parentheses for each correlation.

PTALF Age TFS1us FODL ITD500 SRMatve
PTALF  1(20) 0.01(20) 0.64°(18) 0.50°(20) 0.11(17) -0.76°(20)
Age 0.01(20) 1(20) 0.68°(18) 0.23(20) 0.29(17)  -0.10 (20)
TFS14  0.64°(18) 0.68"(18) 1 (18) 0.43(18) 0.20(15)  -0.64"(18)
FODL 0.50°(20) 0.23(20) 0.43(18) 1 (20) -0.09 (17)  -0.44 (20)
ITD500  0.11(17) 0.29(17) 0.20(15) -0.09 (17) 1(17) -0.10 (17)

SRMyrve  -0.76°(20) -0.10 (20) -0.64° (18) -0.44 (20) -0.10 (17) 1 (20)

#Correlations significant at a of 0.05
bCorrelations significant at o of 0.01
“Correlations significant at a of 0.001. Significant after Holm—Bonferroni correction.
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Table IV. A table of correlations of listeners’ PTALr, age, TFS1ne score, FODL and ITD500 against

SRTs for the Co-located with TVC (Colrvc), Co-located without TVC (Colnervc), Separated with TVC

(Seprvc) and Separated without TVC (Sepnotvc) conditions and various differences between these
conditions. The nomenclature is similar to that of Table 111; however, no correction for multiple
comparisons was performed and these correlations should be considered purely exploratory and

requiring further research with larger samples.

PTALF Age TFS1ie FODL ITD500
Sepnotve 0.69° (20) 0.18 (20) 0.61° (18) 0.64° (20) 0.14 (17)
Colrorve 0.52? (20) 0.07 (20) 0.30 (18) 0.54% (20) 0.03 (17)
Seprve 0.17 (20) 0.19 (20) 0.26 (18) 0.64° (20) 0.05 (17)
Colrve 0.56° (20) 0.10 (20) 0.46 (18) 0.53% (20) 0.01 (17)
Colorve —Sepnorve  -0.63° (20) -0.19 (20) -0.62° (18) -0.60° (20) -0.15 (17)
Colrve — Seprve 0.30 (20) -0.19 (20) 0.08 (18) -0.40 (20) -0.06 (17)
Colrve —Colnorve 0.08 (20) 0.05 (20) 0.19 (18) 0.04 (20) -0.02 (17)
Seprve— Sepnotve -0.77°(20)  -0.09 (20) -0.60° (18)  -0.38 (20) -0.12 (17)

#Correlations significant at a of 0.05
bCorrelations significant at o of 0.01
“Correlations significant at a of 0.001
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FIG 1. The mean audiograms of the 20 listeners (+ 1 standard deviation) for left (gray crosses) and

right (black circles) ears separately.

40



Without
TVC

Amplitude

With

6

~

8

Vo]

King et al. Temporal fine structure and spatial hearing

Left ear Right ear
1
0.99
S
= 0.98
©
0.3 ®
<)
Q
03 a 1
o
(@]
0 0.99
0.98
03 ILD = 3.4 dB
0.65 0.70 0.75 0.65 0.70 0.75
Time (s)

41
TFS Envelope
[ / —
f / —
500 O 500 -500 0 500

Interaural lag (us)

FIG 2. Example excerpts of sentences played from 45° to the right of the listener’s position, recorded

on a head and torso simulator (B&K). The top row of panels shows the sentence recorded without

tone-vocoding and the bottom row of panels show the same sentence recorded with tone-vocoding.

The time domain waveform (in gray) of a portion of speech (the word “valgte”) and its envelope (half-

wave rectified and low pass filtered at 160 Hz; overlaid in black) at the left ear (far-left panels) and the

right ear (middle-left panels) with the ILDs inset, the interaural cross-correlation of these two signals

(middle-right panels) and of the two signals’ envelopes (far-right panels). Maximum cross-correlations

(ITDs) indicated by black circles.
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FIG 3. Schematic diagrams of the frequency spectra of the pitch discrimination stimuli on a linear
frequency scale. The panels show, from top to bottom, TFS1ws, TFS1m2 and FODL. Black lines show
the reference stimuli and the gray lines show the shifted stimuli. The top two panels show a shift in all
components of +40 Hz, and the bottom panel shows the shift in components due to a modulation rate

shift of +5 Hz.
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FIG 6. Individual differences in the effect of TVC on SRM (SRMarvc) plotted as a function of PTALr

(left), TFS1we score (middle), and ITD500 (right).
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