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Abstract

There are an increasing number of bilateral and single-sided-deafness cochlear-implant (CI) users who hope to achieve improved
spatial-hearing abilities through access to sound in both ears. It is, however, unclear how speech is processed when inputs are
functionally asymmetrical, which may have an impact on spatial-hearing abilities. Therefore, functionally asymmetrical hearing
was controlled and parametrically manipulated using a channel vocoder as a CI simulation. In Experiment 1, normal-hearing
(NH) listeners performed a dichotic listening task (i.c., selective attention to one ear, ignoring the other) using asymmetrical
signal degradation. Spectral resolution varied independently in each ear (4, 8, 16 channels, and unprocessed control).
Performance decreased with decreasing resolution in the target ear and increasing resolution in the interferer ear. In
Experiment 2, these results were replicated using a divided attention task (attend to both ears, report one after sentence comple-
tion) in both NH and bilateral CI listeners, although overall performance was lower than in Experiment 1. In Experiment 3,
frequency-to-place mismatch simulated shallow CI insertion depths (0, 3, 6-mm shifts, and unprocessed control). Performance
mostly decreased with increasing shift in the target ear and decreasing shift in the interferer ear; however, performance
nonmonotonicities occurred. The worst performance occurred when the shift matched across ears, suggesting that pitch similarity
increases difficulty. The results show that it is more difficult to attend an ear that is relatively degraded or distorted, which may set

spatial-hearing limitations for CI users when trying to attend to a target in complex auditory scenes.
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Having two ears and two eyes allows humans to precisely
encode the spatial location of sound sources and visual ob-
jects, respectively. The inputs in a typical sensory system are
ideally symmetrical. When asymmetry occurs, such as in
cases of asymmetrical hearing loss, there is a vast array of
possible interventions that can be provided (e.g., hearing aids
and bionic auditory prostheses called cochlear implants [CIs]).
Bilateral hearing aids are now commonly dispensed across the
life span (Kochkin, 2009). It is recommended that children
who are born deaf receive bilateral Cls around 1 year of age
and with less than 18 months between implantations so that
there is some hope of developing useable binaural hearing
pathways and spatial-hearing abilities (Litovsky & Gordon,
2016). The effectiveness of these interventions varies greatly
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depending on numerous factors (Knudsen et al., 2010;
Litovsky et al., 2012). It is unclear, however, how asymmet-
rical auditory inputs can diminish hearing abilities and how
development contributes to these processing problems
(Gordon et al., 2015; Kral et al., 2013; Tillein et al., 2016).
The purpose of this study is to better understand the effect of
functional asymmetry in absence of developmental problems
that can occur with clinical populations.

Functionally asymmetrical sound inputs appear to diminish
binaural hearing abilities. Binaural hearing is critical for sound
localization in the horizontal plane (Wightman & Kistler,
1997) and speech understanding in background noise
(Zurek, 1992). Adults that were born with acoustic hearing,
lost their hearing as adults, and received bilateral CIs demon-
strated improved speech understanding when targets and in-
terferers originated from different spatial locations (they
experienced spatial release from masking; Bernstein et al.,
2016). Those listeners were argued to be high performers with
relatively symmetrical inputs, and bilateral CI listeners with
more asymmetrical hearing appeared not to experience the
spatial release from masking benefit. Asymmetry partially
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explains the discrepancy between the Bernstein et al. (2016)
study and another study by Goupell, Stakhovskaya, et al.
(2018) that used the same speech-on-speech masking tests;
the bilateral CI listeners in the latter study experienced inter-
ference instead of an unmasking benefit. This latter study also
included a subset of listeners with earlier onsets of hearing
loss, so developmental effects may have also contributed to
the observed interference.

To simplify the speech-on-speech spatial release from
masking task to a more controlled scenario, dichotic listening
can be used, in which different speech samples are presented
to opposite ears. This paradigm eliminates energetic masking
(energy from target and interferer are not analyzed in the same
auditory filters in the cochlea or peripheral auditory neurons;
e.g., Bestetal., 2013); the target is presented to one ear and the
interferer is presented to the other. Such a situation sets up
separate streams of information for each ear. Dichotic listen-
ing, where a person selectively attends to one ear and ignores
the other, is often thought to be a relatively simple task
(Brungart & Simpson, 2002; Cherry, 1953; Gallun et al.,
2007b; Goupell et al., 2016; Wood & Cowan, 1995a). A
human’s ability to selectively attend to a single ear is so good
that it is unlikely that one would hear his or her own name in a
stream of speech presented to the unattended ear (Wood &
Cowan, 1995b). Stimulus information and task complexity,
however, play a role in the typically excellent performance
in dichotic listening. Interference from the nontarget ear be-
comes increasingly common as task demands increase by
adding additional interfering sound streams or altering the
similarity of target and interferer streams, which is possibly
a result of how the listener expends a finite amount of re-
sources to undertake the task (Brungart & Simpson, 2002,
2004, 2007; Gallun et al., 2007a, 2007b). Such an explanation
is consistent with the relative difficulty of dichotic listening
seen in children compared with adults (Wightman et al., 2003;
Wightman & Kistler, 2005; Wightman et al., 2006; Wightman
et al., 2010) because children may have fewer resources and/
or they allocate them inefficiently (Lutfi et al., 2003;
Wightman & Kistler, 2005).

The ease of dichotic listening and selective attention to a
single ear also occurs in most bilateral CI listeners. Goupell
et al. (2016) tested 11 adult bilateral CI listeners and found
nine listeners had relatively symmetric abilities in attending to
the right or left ear. The other two listeners could easily attend
to their right ear, but demonstrated great difficulty attending to
their left ear despite explicit instruction. The inability to easily
attend to the left ear was also found in two of 10 children with
bilateral Cls—those who had the longest interimplant dura-
tions (Misurelli et al., 2020). Other bilateral CI listeners in a
separate study (Goupell, Stakhovskaya, et al., 2018) had a
similar difficulty perceiving sound presented to one of their
ears with dichotic presentation, but this did not occur with
monaural presentation. This subset of results in bilateral CI
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listeners appears to have some similarities to the loss of bin-
ocular vision caused by the amblyopia phenomenon (Barrett
et al., 2004; Kaplan et al., 2016; Whitton & Polley, 2011), as
one explanation for the data was that these few listeners were
unable to attend to an ear because its input was not perceived
under dichotic presentation.

While there is mounting evidence for difficulty in under-
standing speech with asymmetrical inputs, particularly for
accessing spatial-hearing benefits, the heterogeneity of the
CI population (differences in performance due to biological,
surgical, and device-related factors; Litovsky et al., 2012)
makes it difficult to separate effects due to functionally asym-
metrical performance from developmental problems like an
amblyopia-like effect (i.e., amblyaudia; see Kaplan et al,,
2016, for a review). Therefore, the purpose of this study was
to determine whether there are consequences to auditory pro-
cessing of speech through asymmetrical inputs in the absence
of developmental issues, which are often difficult to assess
(Whitton & Polley, 2011). To avoid the variability that occurs
in clinical populations, we produced asymmetrical inputs
through a signal processing technique called “channel
vocoding” (Dudley, 1939; Shannon et al., 1995), degrading
the signals parametrically and independently in each ear. We
hypothesized that it would be more difficult to attend to a
relatively poorer ear and ignore a relatively better ear. We
simulated two forms of hearing asymmetry with a CI in this
study. In Experiments 1 and 2, we simulated differential spec-
tral resolution, which is related to physical placement of the
electrodes, how electrical fields interact and overlap in the
cochlea, and neural degeneration (e.g., Croghan et al., 2017,
Friesen et al., 2001). In Experiment 3, we simulated differen-
tial electrode array insertion depths across the ears to produce
a frequency-to-place mismatch or “shift” of frequency infor-
mation. These conditions simulate some of the asymmetrical
ear differences that could occur in the CI population.

Experiment 1: Selective attention
and asymmetrical spectral resolution

Listeners and equipment

Ten normal-hearing (NH) listeners between the ages of 20 and
35 years were tested in this experiment (mean age = 24.7
years), a sample size based on previous similar work using
vocoded speech with this type of experiment (Goupell et al.,
2016). The listeners had typical hearing thresholds (<20 dB
hearing level [HL] air conduction thresholds) at 0.25, 0.5, 1, 2,
4, and 8 kHz, measured with an audiometer (Maico, MA41;
Berlin, Germany). In addition, listeners were screened for
asymmetrical hearing such that no listener had an interaural
difference in threshold at any tested frequency of >10 dB.
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Seven listeners had previous exposure to vocoded speech, and
all were native English speakers.

Stimuli were created on a personal computer using
MATLAB (The MathWorks; Natick, MA). Listeners were pre-
sented with the stimuli via open-backed circumaural head-
phones (Sennheiser, HD650; Hanover, Germany). All testing
was performed in a double-walled sound-attenuating booth
(TAC; Bronx, NY) at the University of Maryland, College Park.

Stimuli

Stimuli were nonsense sentences with five keywords, each
consisting of a name, verb, number, adjective, and object,
and were the original recordings from Kidd et al. (2008).
Each category had a closed set with eight possibilities per
keyword, which are shown in Table 1. Words within each
category had a range of similarity and confusability (e.g.,
“old” vs. “cold”).

The keywords were randomly chosen with replacement for
each ear; the same word could occur in both ears, which limits
using a strategy of eliminating target word possibilities by
identifying the interferer word (e.g., Bernstein et al., 2016).
The individual words had different lengths and onset times.
This occurred for even the same word because two different
talkers produced the target and interferer words. Therefore, the
words were not time aligned across the ears.

The talkers in the left and right ears were female (Talker 10,
FO = 209.5 Hz) and male (Talker 2, FO = 109.8 Hz), respec-
tively, similar to the stimuli used in Goupell et al. (2016). The
stimuli were presented at an A-weighted sound pressure level
of 65 dB.

Stimuli were either unprocessed or processed using a noise
vocoder. The vocoding process included an analysis stage in
which the unprocessed stimuli were passed through a filter
bank with 4, 8, or 16 contiguous channels. The bandpass
filters in the filter bank were fourth-order Butterworth filters.
The corner frequencies on the bandpass filters were logarith-
mically spaced and covered a frequency range from 300 to
8500 Hz (see Table 2). The envelope from each channel was
extracted using a second-order low-pass filter with a 400-Hz

Table 1 Matrix word corpus

Name Verb Number Adjective Object
Jane took two new toys
Gene gave three old hats
Pat lost four big shoes
Bob found five small cards
Sue bought six red pens
Mike sold eight blue socks
Lynn held nine cold bags
Jill saw ten hot gloves

Table 2 Corner frequencies for the bandpass filters, arithmetic center
frequencies (CFs), and bandwidths (BWs) for the channels used in the
vocoder for Experiment 1

Channels Corner frequency (Hz) CF (Hz) BW (Hz)
Lower Upper

4 300.0 692.1 496.1 392.1
692.1 1596.9 1144.5 904.7
1596.9 3684.2 2640.5 2087.3
3684.2 8500.0 6092.1 4815.8

8 300.0 455.7 377.8 155.7
455.7 692.1 573.9 236.5
692.1 1051.3 871.7 359.2
1051.3 1596.9 1324.1 545.6
1596.9 2425.5 2011.2 828.7
2425.5 3684.2 3054.9 1258.7
3684.2 5596.1 4640.1 1911.8
5596.1 8500.0 7048.0 2903.9

16 300.0 369.7 3349 69.7
369.7 455.7 412.7 85.9
455.7 561.6 508.6 105.9
561.6 692.1 626.9 130.5
692.1 853.0 772.6 160.9
853.0 1051.3 952.2 198.3
1051.3 1295.7 1173.5 244 .4
1295.7 1596.9 1446.3 301.2
1596.9 1968.1 1782.5 371.2
1968.1 2425.5 2196.8 457.5
2425.5 2989.3 2707.4 563.8
2989.3 3684.2 3336.8 694.9
3684.2 4540.6 4112.4 856.4
4540.6 5596.1 5068.3 1055.5
5596.1 6896.8 6246.4 1300.8
6896.8 8500.0 7698.4 1603.2

cutoff frequency. The envelopes were used to modulate nar-
rowband noise carriers after the carriers were filtered with the
same bandpass analysis filters. The vocoded stimuli were syn-
thesized by summing the channels into the acoustic waveform
and were normalized to have the same root-mean-square en-
ergy as the unprocessed stimuli.

Note that changing the number of channels from 4 to 8 to
16 channels changes more than just spectral resolution. With 4
channels, there is likely to be much greater mismatch between
the input and output frequencies than with 16 channels (e.g.,
formant information is smeared relatively more with fewer
channels). In addition, the interaurally uncorrelated narrow-
band noise carriers add random fluctuations to the temporal
envelopes of each channel, and the rate of those fluctuations
are dependent on the narrowband noise bandwidth (e.g.,
Goupell & Litovsky, 2014).
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Procedure

Listeners were seated at a computer, and the experiment was
performed with a graphical user interface that was programmed
in MATLAB (The MathWorks; Natick, MA). The listener ini-
tiated each trial by pressing a button on the computer interface.
Stimuli were presented dichotically over headphones, meaning
different sentences were presented to each ear simultaneously
and spoken by a different talker. The instructions to the lis-
teners were to report the words in the left ear and ignore the
words in the right ear. They responded by selecting one of eight
possible keyword choices for each category on a grid. Another
button on the screen was then pressed to confirm the selections
and end the trial. Listeners were forced to guess if they did not
know one of the words in the sentence. The words presented in
each ear were chosen at random and, in some cases, the same
word was presented to both ears.

The number of channels was independently varied in
each ear. Listeners were presented with 4 target ear x 4
interferer ear = 16 combinations of resolution levels (4, 8,
16 channels, and unprocessed control). A monaural control
measurement was not performed because performance
would have likely been close to 100% correct for most
listeners and most conditions, at least for 8 channels or
more (Waked et al., 2017); the strong ceiling effect would
have limited its usefulness to interpret the amount of inter-
ference caused by the contralaterally presented interferer.
The experiment was performed using a method of constant
stimuli where all 16 combinations of stimuli were presented
10 times in a randomized order per block. Listeners per-
formed three blocks of 160 trials for a total of 480 trials.
Therefore, there were 150 total keywords per condition (5
keywords x 10 trials X 3 blocks). Testing for this experi-
ment took approximately 1.5 hours.
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Fig. 1 Average percentage of correct responses (PC; a) and intrusions
(PI; b) as a function of the channels in the target ear for the selective
attention task of Experiment 1. Filled symbols highlight the conditions
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Data analysis

The percentage of correct responses (PC) and percentage of
across-ear confusions or intrusions (PI; i.e., reporting the word
presented to the nontarget ear) were calculated (Brungart
et al., 2001; Bryden et al., 1983). When the target and inter-
ferer were the same word, the response was counted as correct
and not an intrusion. PC and PI scores were transformed to
rationalized arcsine units (RAUs; Studebaker, 1985) to better
follow the assumption of homogeneity of variance required
for an analysis of variance (ANOV A). The data were analyzed
using a two-way repeated-measures ANOVA, with factors
target-ear channels (four levels: 4, 8, 16 channels, and unpro-
cessed control) and interferer-ear channels (four levels: 4, 8,
16 channels, and unprocessed control). In cases where the
assumption of sphericity was violated, a Greenhouse-Geisser
correction was used. Bonferroni-corrected two-sample two-
tailed paired 7 tests were used for post hoc comparisons.

Results

Figure 1a shows the PC data. Performance was near ceiling for
8 and 16 channels, as well as unprocessed speech, in the target
ear. As the number of channels in the target ear increased,
performance increased, F(1.5, 13.8) = 29.0, p < .0001, 775 =
0.76. Post hoc tests showed that all conditions were different
than the others (p < .05 for all six comparisons). As the num-
ber of channels in the interferer ear increased, performance
decreased, F(3,27) = 97.6, p < .0001, 772 = 0.92. Post hoc
tests showed that all conditions were different than the others
(p < .001 for all six comparisons). There was no significant
interaction between target-ear channels and interferer-ear
channels, F(4.2,37.9) =19, p = .13, nﬁ = 0.18. Finally, the

matched conditions (i.e., same number of channels in both
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where the channels are equal in the target and interferer ears. Error bars
represent +1 standard error. Note that the scale on the y-axis changes from
a to b, but the relative size of the scale does not change
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ears; filled symbols of Fig. 1a) were compared in post hoc
tests. The matched 4-channel condition was lower than the
other three conditions (p < .05 for all three comparisons),
but no other comparisons were significantly different (p >
.05).

Figure 1b shows the PI data. As the number of channels in
the target ear increased, intrusions decreased, F(3, 27) = 75.4,
p <.0001, nﬁ = 0.89. Post hoc tests showed that all compari-
sons were significantly different (p < .05 for all). As the num-
ber of channels in the interferer ear increased, intrusions in-
creased, F(3, 27) = 31.9, p <.0001, 77127 = (.78. Post hoc tests
showed that all comparisons were significantly different (p <
.05 for all). There was no significant interaction between
target-ear channels and interferer-ear channels, F(9, 81) =
1.47, p = .17, 77]2) = 0.14. Finally, the matched conditions
(filled symbols of Fig. 1b) were compared in post hoc tests.
The matched 4-channel condition was higher than the
8-channel condition (p = .016) and the 16-channel condition
(p = .042). There were no differences for the other compari-
sons (p > .05 for all four comparisons).

Discussion

Selective attention to a single ear for dichotically presented
sentences was affected by the spectral resolution in both target
and interferer ears. Figure la shows that increased spectral
resolution produced increased speech understanding for the
target ear, consistent with other studies investigating spectral
resolution with vocoders (e.g., Friesen et al., 2001). The key
finding of this experiment was that the spectral resolution of
the interfering ear also affected speech understanding in the
target ear, where increasing spectral resolution in the interferer
ear produced decreased speech understanding for the target
ear. The highest performance was not for the unprocessed
conditions for each ear; rather, highest performance was
achieved for the 4-channel interferer conditions. This suggests
that the signals in the interfering ear are being processed, and it
takes some resources to ignore them.

The results are in line with those found for NH listeners
attending to an unprocessed target with a same-sex interferer
in the same ear, and trying to ignore a noise-vocoded interferer
in the other ear with the number of channels parametrically
varied (Brungart et al., 2005). These data showed that the intel-
ligibility of the interfering ear is critical; the more intelligible the
interferer speech, the more difficult it was to selectively attend to
the target ear. Similar results concerning the effect of interferer
intelligibility occurred for vocoded stimuli with matched spec-
tral resolution, but nonoverlapping frequency bands across the
ears when there was a less intense but more intelligible interferer
(Gallun et al., 2007a) or in the presence of masking noise (Kidd
et al., 2005). Together, these data are evidence that listeners had
difficulty attending to the ear with poorer resolution and speech

understanding compared with the ear with better resolution and
speech understanding. It may be that it is the speech understand-
ing performance, rather than the resolution of the stimuli, that
drives the size of the effect (Dai et al., 2017).

Figure 1b provides further insight on why performance
decreased as the target ear becomes more degraded than the
interfering ear. PI decreased as the target-ear resolution in-
creased. The largest PI occurred when the interfering ear
was unprocessed. This further supports the interpretation of
the PC data that the listeners were having difficulty ignoring
the ear with the signal that is easier to understand because they
more often reported the words from the interferer ear. The
average intrusion rate was 43.7% (normalized over the num-
ber of incorrect responses), which is much lower than the
intrusion rate of about 90% seen in several other studies
(Arbogast et al., 2002; Brungart & Simpson, 2002; Brungart
et al., 2001; Kidd et al., 2005) and closer to the intrusion rate
of less than 65% seen in Gallun et al. (2007a).

Experiment 2: Divided attention in NH and Cl
listeners

Experiment 1 showed many PC scores near ceiling perfor-
mance. To mitigate possible ceiling effects, we performed a
divided attention task, which is much more demanding for
listeners because they attend to the words presented to both
ecars. Both NH and CI listeners were tested because there is no
data on this task yet in the CI population.

Methods

The same 10 NH listeners were tested as in Experiment 1, and
the same stimuli were used. The procedure remained the same,
except that a divided attention task was used rather than a
selective attention task. In the divided attention task, listeners
were to attend to both ears. After stimulus presentation, they
were asked to report the words presented to just the left or
right ear, the ear randomly chosen in each trial with 50% a
priori probability (Gallun et al., 2007b).

In addition, seven postlingually deafened bilateral CI lis-
teners performed this task. They were ages 44—73 years (mean
age = 59.0 years). They all used Cochlear Ltd. devices
(Cochlear Ltd.; Sydney, Australia). CI listener information is
located in Table 3. They were presented stimuli to their clin-
ically fit everyday sound processors set to their most common-
ly used program. Stimuli were presented over Freedom TV/
HiFi cables (Cochlear Ltd.; Sydney, Australia) to the direct
audio input, similar to the methods used in Goupell et al.
(2016) and Misurelli et al. (2020). The stimuli were nominally
presented at 65 dB-A. A loudness adjustment procedure was
performed before the testing to ensure that stimuli were
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Table 3  ClI listener demographics in Experiment 2
Code Age (yr) Left ear Right ear
Onset of deafness (yr) Duration of CI use (yr) Onset of deafness (yr) Duration of CI use (yr)
S1 73 60 3 60 9
S2 61 51 4 51 3
S3 63 55 5 47 7
S4 44 39 1 39 0.5
S5 50 43 1 43 5
S6 55 48 5 48 0.5
S7 67 n/a n/a n/a n/a

Note. Listener S7 was not able to provide this information

presented at a comfortable loudness in each ear separately, and
also that the loudness was balanced across ears.

Results

For the NH listeners, the average PC scores decreased from
approximately 91.3% in Experiment 1 to 58.3% in Experiment
2, but the pattern of results across experiments was similar.
Performance was symmetrical across the ears, so the data were
averaged over the different right (average PC = 58.5%) and left
(average PC = 58.0%) target ears. Similar to Experiment 1,
separate two-way repeated-measures ANOV As were performed
on RAU-transformed PC and PI values, with factors target ear
and interferer ear. Post hoc tests and corrections to statistical
calculations were approached in the same way.

Figure 2a shows that as the number of channels in the target
ear increased, performance increased, F(1.3, 11.7)=51.6,p <
.0001, 77% = 0.85. Post hoc tests showed that all conditions
were different than the others (p < .05 for all six comparisons).
As the number of channels in the interferer ear increased,
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Fig. 2 Average PC (a) and PI (b) as a function of the channels in the
target ear for the divided attention task of Experiment 2. The solid line
shows the average CI performance and the shaded box shows +1 standard

@ Springer

PI (%)

16 Unprocessed

performance decreased, F(1.18, 10.6) = 17.1, p < .0001, nf,
=0.66. Post hoc tests showed that all conditions were different
than the others (p < .0005 for five comparisons), except that
the 8-channel interferer condition was not different than the
16-channel interferer condition (p > .05). There was no sig-
nificant interaction between target-ear resolution and
interferer-ear resolution, F(9, 81) = 1.37, p = .22, nﬁ =0.13.
Figure 2b shows that as the number of channels in the
target ear increased, intrusions decreased, F(3, 27) = 445, p
=.012, 77127 = (.33. Post hoc tests showed that the unprocessed
condition was lower than 16 channels (p = .031); no other
differences were significant (p > .05 for all). As the number
of channels in the interferer ear increased, intrusions did not
change, F(3, 27) = 2.62, p = .071, 77127 = 0.23. There was a
significant interaction between target-ear resolution and
interferer-ear resolution, F(9, 81) = 3.11, p = .003, 77[2, =
0.26. The interaction primarily occurred because the unpro-
cessed interferer conditions had a trend of the same or rela-
tively fewer number of intrusions when there was 4, 8, or 16
channels in the target ear, but had relatively more intrusions
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when the target ear was unprocessed. Post hoc testing
(Bonferroni corrected for 120 comparisons) revealed no sta-
tistically significant pairs (p > .05 for all).

Data for the NH listeners can be compared with the CI
listeners in this study. Generally, the CI data (horizontal lines
and shaded area) best correspond to the symmetric vocoding
conditions (8 or 16 channels; filled symbols in Fig. 2).

Discussion

Experiment 2 showed a substantial drop in overall perfor-
mance as would be expected from the sharing of resources
to process both speech streams (Gallun et al., 2007b), and
yet still confirmed the effects in Experiment 1. Both
Experiments 1 and 2 (Figs. 1a and 2a, respectively) showed
that performance increased with increasing number of chan-
nels in the target ear and decreased with increasing number of
channels in the interferer ear. The intrusions for this experi-
ment revealed a different pattern than in Experiment 1, where
small differences occurred between conditions, and the fewest
overall intrusions occurred for the unprocessed target (see Fig.
2b). The reason for the different pattern was likely a result of
listeners attempting to process and remember the stimuli in
both ears simultaneously. Also, a new pattern emerged in this
experiment in that the cases with matched number of channels
generally scored near the highest intrusions, and there was a
significant interaction (see Fig. 2b). One interpretation of this
is that it was more common to report the word in the incorrect
ear if the stimuli sounded similar. Finally, there was no evi-
dence of a right-ear bias in selective attention or advantage for
targets in that ear. This is contrary to Gallun et al. (2007b),
who found a greater number of intrusions from the right ear
during divided listening. The difference in findings may have
been a result of the differences in the stimuli, where Gallun
et al. (2007b) used five-channel tone-vocoded stimuli in back-
ground noise, the carrier frequencies were randomly chosen
and different across the ears, and the speech materials were the
call-response-measure sentences (Bolia et al., 2000).
Alternatively, it could have been a result of practice attending
to the left ear from Experiment 1, since the same listeners
participated in both experiments.

Data from adult bilateral CI listeners were also collected for
comparison. They showed no relative difficulty in performing
the divided attention task compared with the NH listeners.
This is consistent with the similar performance between these
groups on the selective attention task performed in Goupell
etal. (2016). The CI listeners had average performance similar
to the NH listeners at the matched channel conditions (8 or 16
channels; see filled symbols in Fig. 2a). Comparison of the
demographic information in Table 3 shows that for six lis-
teners, durations of CI use were less than 6 years different
across the ears, and the duration of deafness was the same
except for S3. Therefore, these CI listeners could be argued

to be a relatively symmetric group (e.g., compare against the
Cl listeners in Goupell, Stakhovskaya, et al., 2018). No formal
statistical comparison was performed because of the age con-
found (young NH listeners compared with middle-aged and
older CI listeners). Dichotic listening becomes more difficult
with age (Humes et al., 2006), and aging effects in binaural
tasks have been recently reported (Bernstein et al., 2020).
Note that asking our listeners to remember two sentences each
with five keywords each put a massive demand on their short-
term memory (see Baddeley et al., 2015, for a review).
Demands on short-term memory likely exacerbate the age
confound between our NH and CI listeners. Future work could
consider using fewer keywords and providing age-matched
controls to this task (Cleary et al., 2018).

Finally, it should be noted that symmetry in the CI listeners
cannot fully be assumed. Monaural control measurements
should be added using a relatively difficult open-set speech
corpus. Doing so would allow us to evaluate the effect of
asymmetry in the CI listeners (Bernstein et al., 2020;
Goupell, Stakhovskaya, et al., 2018).

Experiment 3: Asymmetrical spectral shift

Speech degradation through a vocoder can occur with a num-
ber of different signal manipulations (Shannon et al., 1998).
One of the most detrimental signal manipulations is to intro-
duce frequency-to-place mismatch (Dorman et al., 1997,
Rosen et al., 1999), which simulates shallow CI insertion
depths (Landsberger et al., 2015). Therefore, we hypothesized
that this type of degradation would produce similar
asymmetries in the ability to selectively attend to an ear.

Listeners and equipment

Five NH listeners between the ages of 19 and 38 years were
tested (mean age = 24.4 years). Similar to Experiment 1, they
had hearing thresholds <20 dB HL between 250 and 8000 Hz
and <10 dB interaural asymmetry in thresholds. Three lis-
teners had previous exposure to vocoded speech.

Stimuli

As in previous experiments, the stimuli were either unprocessed
or vocoded. However, several aspects of the vocoder differed
from the previous two experiments to optimize testing with
simulated frequency-to-place mismatch, which we will simply
call “shift.” Instead of changing the number of channels used
across conditions, this variable was held constant at 8 channels.
The corner frequencies on the bandpass analysis filter bank
were still logarithmically spaced, but were changed to cover a
frequency range from 200 to 5000 Hz, which was lower in
frequency than in Experiments 1 and 2 and more similar to
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the range used in Rosen et al. (1999). The rationale behind this
change was to avoid shifting carriers to frequencies where hear-
ing status was unknown (e.g., well above 8 kHz).

The envelope was extracted using a second-order low-pass
filter with a 50-Hz cutoff frequency, lower than that used in
Experiments 1 and 2. The rationale behind the lower cutoff
frequency was to avoid the sidebands of the modulated car-
riers (i.e., the additional spectral components added by intro-
ducing modulations) from falling into separate auditory filters
than the carrier (i.e., they are resolved), which is known to
greatly improve performance (Souza & Rosen, 2009). For
the stimuli used in this experiment, depending on the envelope
cutoff frequency, the unshifted conditions could have had re-
solved sidebands and the shifted conditions could have had
mostly unresolved sidebands, thus introducing a confound
that we wanted to avoid.

The envelopes were used to modulate tonal carriers instead
of' noise bands. The rationale behind this change was to avoid
the interaural decorrelation of the carriers (Goupell et al.,
2013; Goupell, Stoelb, et al., 2018), which would be per-
ceived as diffuse in the head when the carriers overlapped in
frequency across the ears (Whitmer et al., 2012). The frequen-
cies of the tonal carriers were either at the center frequency of
the channel or spectrally shifted by 3 or 6 mm to simulate a
shallow insertion depth (see Table 4). The shift was imple-
mented by starting with the carrier frequencies in Hz,
converting them to a distance in cochlear location in mm using
the frequency-to-place conversion equation (Greenwood,
1990), shifting them by a certain number of mm, and then
converting them back to Hz.

A loudness correction was performed to diminish any dif-
ferences in performance across the conditions based on loud-
ness or audibility, particularly those shifted to much higher
frequencies (Faulkner et al., 2003; Waked et al., 2017). The
frequency-specific loudness compensation adjusted the level
in dB by 50% between the threshold for the unshifted and
shifted carrier frequencies, and the threshold was based on
the minimum audible field (MAF) curve. For example,
Channel 7 with a CF = 2734.4 Hz is shifted by 3 mm to a
CF = 4213.4 Hz, and this band is amplified by 0.6 dB (see
Table 4).

As before, the vocoded stimuli were synthesized by
summing the channels into the acoustic waveform and
were normalized to have the same root-mean-square ener-
gy as the unprocessed stimuli. Stimuli were calibrated to
have an A-weighted sound pressure level of 65 dB for the
unshifted conditions. The shifted conditions had the same
root-mean-square energy before shifting and loudness
correction.

Note that changing the mismatch between the input and
output stimuli is dictated by the specific vocoder parameters.
Since this experiment used tonal carriers, the envelope of each
vocoder channel is relatively well represented and lacks the
random envelope fluctuations of the narrowband noise car-
riers from Experiments 1 and 2.

Procedure

Listeners completed two types of blocks of trials, alternating
between testing and training blocks. Training is necessary to

Table 4  Conversion of frequency (in Hz) to place (in mm) for the shifted conditions of Experiment 3

Channel Initial CF Initial CF MAF Shift Final CF Final CF MAF Level Change/2
(Hz) (mm) (dB SPL) (mm) (mm) (Hz) (dB SPL) (dB)
1 244.6 6.2 11 3 9.2 4449 7 -2.0
2 365.7 8.2 4.5 3 11.2 628.3 2.1 -1.2
3 546.9 10.4 2.5 3 13.4 902.5 1.75 -0.4
4 817.8 12.8 1.75 3 15.8 1312.5 2.1 0.2
5 1222.8 15.3 2.1 3 18.3 1925.6 -0.5 -1.3
6 1828.6 17.9 0.5 3 20.9 2842.4 -6 =33
7 2734.4 20.7 —6.2 3 23.7 42134 =5 0.6
8 4088.8 23.5 -6 3 26.5 6263.4 4 5.0
1 244.6 6.2 11 6 12.2 748.2 2 —4.5
2 365.7 8.2 4.5 6 14.2 1025.7 2 -1.3
3 546.9 10.4 2.5 6 16.4 1440.7 2.2 -0.2
4 817.8 12.8 1.75 6 18.8 2061.3 —2.1 -1.9
5 1222.8 15.3 2.1 6 21.3 2989.3 —6.1 —4.1
6 1828.6 17.9 0.5 6 23.9 4376.9 =5 2.8
7 27344 20.7 —6.2 6 26.7 6452.0 3.75 5.0
8 4088.8 23.5 —6 6 29.5 9554.9 11.75 8.9
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evaluate the effect of shift in vocoded speech understanding
because listeners improve substantially over time (Rosen
et al., 1999). As a measure of acute performance without
training, the first block was a testing block with no feedback.
For testing blocks, listeners were presented with combinations
of conditions with unprocessed speech and sine-vocoded
speech with 0, 3, or 6 mm of shift. For the testing blocks,
stimuli were again presented dichotically over headphones,
and listeners were asked to report the sentences in the target
ear. A selective attention task was used as in Experiment 1.
Listeners were told to attend only to the left ear (target ear) and
ignore the right ear (interfering ear), and as in previous exper-
iments the words in both ears could be the same because of the
completely random selection.

For training blocks, listeners were presented with only
6 mm of shift, only in the left ear (thus, only the target was
presented, no interferer), and were provided with feedback on
their performance after each trial. The correct words on the
computer interface were highlighted, then the unprocessed
sentence was played, and finally the vocoded sentence was
repeated (Davis et al., 2005).

The experiment was performed in a method of constant
stimuli where all 16 combinations of stimuli were presented
10 times in a randomized order per block. Testing occurred
over 2 days. On each day, listeners completed three blocks of
160 trials in each testing block, interspersed with training
blocks containing 60 trials each. Therefore, each session
consisted of testing and training blocks in the following order.
Day 1 consisted of testing (Fig. 3: block number 1, all condi-
tions, no feedback), training (6-mm shift only, with feedback),
testing (block number 2), training, and testing (block number
3). Day 2 consisted of testing (Fig. 3: block number 4), train-
ing, testing (block number 5), training, and testing (block
number 6). Each session lasted 2 hours. Therefore, the exper-
iment took 4 hours, which is comparable to the amount of
training needed to see saturation in performance for 6 mm of
shift (Rosen et al., 1999; Waked et al., 2017).

Data analysis

The data were analyzed using a three-way repeated-measures
ANOVA with factors block number, target-ear shift (four
levels: unprocessed, 0, 3, and 6 mm), and interferer-ear shift
(four levels: unprocessed, 0, 3, and 6 mm). As in Experiment
1, transformation of percentages to RAUs, use of Greenhouse-
Geisser correction for sphericity violations, and Bonferroni-
corrected two-tailed two-sample 7 tests for post hoc compari-
sons were used. Because improvement due to training was
assumed to be monotonic, Helmert contrasts were used to
evaluate performance between a given block number and sub-
sequent scores of the remaining blocks. This evaluated the
number of blocks needed to show asymptotic performance.

Results
PC data

Figure 3A shows the PC values for the testing blocks as a
function of block number. The rightmost panel also includes
the PC values for the monaural training blocks. The repeated-
measures ANOVA results are shown in Table 5. Performance
increased with increasing block number (p = .045). Helmert
contrasts showed that blocks 2, 3, and 5 were different than
the subsequent blocks (p < .05 for all three), and blocks 1 and 4
were not different than the subsequent blocks (p > .05 for both).
For simpler visualization of the data, the PC values from the
last block (i.e., block 6) in Fig. 3a are shown in Fig. 4a.

Performance was near ceiling when the target was unpro-
cessed. In the target ear, performance significantly decreased
with increasing shift (p = .004). Post hoc tests showed that all
target-shift conditions were significantly different than the
others (p < .0001 for all). In the interferer ear, performance
significantly increased with increasing shift (p =.010). Post
hoc tests showed that performance for the unprocessed inter-
ferer condition was not different than the 0-mm interferer-shift
condition (p > .05), but was significantly lower than the 3-mm
and 6-mm interferer-shift conditions (p < .05 for both).
Performance for the 0-mm interferer-shift condition was not
different than the 3-mm interferer-shift condition (p > .05), but
was significantly lower than the 6-mm interferer-shift condi-
tion (p < .0001). Performance for the 3-mm interferer-shift
condition was significantly lower than the 6-mm interferer-
shift condition (p < .0001).

There was a significant target-shift x interferer-shift inter-
action (p = .001). This interaction occurred partially because
of the relatively smaller differences in interferer conditions for
the unprocessed and 6-mm target-shift conditions compared
with the 0-mm and 3-mm shift conditions. This interaction
also occurred partially because conditions that were matched
in shift (e.g., 3-mm target shift and 3-mm interferer shift)
showed performance that was equal to or less than all the other
conditions at each target shift. This is highlighted in Figs. 3a
and 4a with filled symbols for the matched target-ear and
interferer-ear shift conditions being the lowest curve in each
panel in Fig. 3a or point in Fig. 4a, except for the 6-mm target
condition where there were no differences between interferer
conditions. All pairwise comparisons for PC are shown in
Table 6. The target-shift X block number, interferer-shift x
block number, target-shift x interferer-shift x block number
interactions were not significant (p > .05 for all).

Pl data
Figure 3b shows the PI data for the testing blocks. The

repeated-measures ANOVA results are shown in Table 5.
Intrusions did not significantly change with block number (p
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Fig. 3 Average PC (row a) and PI (row b) as a function of testing block
number for different amounts of shift in the target ear (different panels)
and interferer ear (different symbols) for the selective attention task of
Experiment 3. Average PC for the monotic 6-mm shift training blocks is

=.21). For simpler visualization of the data, the PI values from
the last block (i.e., block 6) in Fig. 3b are shown in Fig. 4b. In
the target ear, intrusions significantly increased with increas-
ing shift (p <.0001). Post hoc tests showed that all target-shift
conditions were significantly different than the others (p <
.0001 for all comparisons). In the interferer ear, intrusions
significantly decreased with increasing shift (p = .041). Post

2 3 4 5 2 3 4 5
Block Number Block Number

shown in the rightmost panel of row a. Note that the scale on the y-axis
changes from rows a to b, both in absolute numbers and relative size.
Otherwise, conventions are the same as in Fig. 1

hoc tests showed that intrusions for the 6-mm interferer-shift
condition were lower than for the unprocessed, 0-mm, and 3-
mm interferer-shift conditions (p < .0001 for all), but were
otherwise not different (p > .05 for all).

There was a significant target-shift % interferer-shift inter-
action (p = .005), which occurred because conditions that
were matched in shift (e.g., 3-mm target shift and 3-mm

Table 5 Repeated-measures ANOVA results for Experiment 3 for the two dependent variables (DVs) PC and PI

DV Factor F df p m

PC Block 6.78 12,49 .045 0.63
Target-Shift 33.7 1.0,4.2 .004 0.89
Interferer-Shift 6.03 3,12 .01 0.60
Target-Shift x Interferer-Shift 12.8 2.8,11.3 .001 0.76
Target-Shift x Block 1.60 1.8,7.4 27 0.28
Interferer-Shift x Block 1.07 29,11.6 .40 0.21
Target-Shift x Interferer-Shift x Block 0.71 32,129 .57 0.15

PI Block 222 1.1,4.4 21 0.36
Target-Shift 229 3,12 <.0001 0.85
Interferer-Shift 7.77 1.1, 45 .041 0.66
Target-Shift x Interferer-Shift 8.32 2.5,10.2 .005 0.68
Target-Shift x Block 0.59 2.8,11.2 .63 0.13
Interferer-Shift x Block 1.60 18,73 26 0.29
Target-Shift x Interferer-Shift x Block 1.00 3.3,13.0 43 0.20
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Fig.4 Average PC (a) and PI (b) for the last testing block as a function of
target-ear shift for the selective attention task of Experiment 3. Filled
symbols highlight the conditions where the shift is equal in the target

interferer shift) showed intrusions that were equal to or greater
than all the other conditions at a fixed level of target shift
except for the 6-mm target-shift and interferer-shift condition.
This is highlighted in Figs. 3b and 4b with filled symbols for
the matched target-ear and interferer-ear shift conditions being
the highest curve in each panel, which mirrors the pattern
observed in Figs. 3a and 4a for PC. All pairwise comparisons
for PI are shown in Table 6. The target-shift X block number,
the interferer-shift x block number, and the target-shift x
interferer-shift x block number interactions were not signifi-
cant (p > .05 for all).

Discussion

The dichotic listening selective attention task used in
Experiment 3 simulated a relatively good and poor ear with
a vocoder, as in the previous experiments, but this time an
8-channel vocoder with different amounts of frequency-to-
place mismatch was used. An important aspect of using this
type of vocoder is that while initial performance can be very
poor (Dorman et al., 1997; Shannon et al., 1998), improve-
ment with practice and training can recover much of the dec-
rement for relatively large (e.g., 6 mm) shifts (Rosen et al.,
1999; Waked et al., 2017). Therefore, training was also im-
plemented in this experiment to determine how performance
changed over the course of 4 hours when alternating between
conditions with feedback and those that included testing.

The PC data are shown in Figs. 3a and 4a. Mostly similar to
Experiments 1 and 2, the results showed that dichotic listening
performance was worse as the target ear had more degradation
and more shift, but almost always improved as the interferer
ear had more degradation and more shift.

One interesting feature in the data is that the matched con-
ditions (shown by closed symbols in Figs. 3a and 4a) had the
same or worse performance for each target-ear condition. In

Pl (%)
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and interferer ears. Error bars represent +1 standard error. Note that the
scale on the y-axis changes from a to b, but the relative size of the scale
does not change

other words, the effect of interferer-ear shift was
nonmonotonic depending on the target-ear shift. Such a pat-
tern of data did not appear to occur in the PC data of
Experiments 1 and 2 (see Figs. la and 2a), but bears some
similarity to the PI data in Experiment 2 (see Fig. 2b). Given
that shift distorts the mapping of acoustic cues to phonemes,
listeners likely must learn novel or adapt current mappings for
the 3-mm and 6-mm shift conditions. There is also an addi-
tional pitch cue introduced for conditions that have different
shifts; more shift increases the carrier frequencies and would
produce higher pitches. The pattern of data suggests that con-
fusion occurs most when there is the most similarity of the
sounds across the ears. Such similarity has also been shown
when attempting to perform dichotic listening with unpro-
cessed talkers and interferers (e.g., Treisman, 1964).
Specifically, less interference is seen when using steady-
state noise interferers (Brungart & Simpson, 2002) and
speech-like modulations are important for producing interfer-
ence (Brungart et al., 2005). Such an interpretation of the data
is also supported by the intrusions shown in Fig. 3b.
Generally, the PI data of Experiment 3 mirror the PC data,
meaning that for the matched conditions, PC was the worst
because PI was the highest. In other words, the reason PC was
relatively low was that listeners were more inclined to respond
to the words in the interferer ear.

There was an improvement in performance with block
number, and improvement was largest for the conditions with
3 and 6 mm of shift. Such a result was expected given previ-
ous literature showing the effects of training and adaptation
with shifted vocoders (Rosen et al., 1999). For this specific
corpus of matrix sentences, 4 hours of training and interleaved
testing previously showed that listeners can improve to ap-
proximately 60% correct with a 6-mm shift (Waked et al.,
2017). During the four training blocks of the current study,
which used monotic presentation, PC for the 6-mm shift
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condition improved from 61.0% for training block 1 to 84.5%
for training block 4. The difference between the studies may
have been the result of different listeners or different testing
conditions. The current study had longer training blocks, 60
trials per block compared with 30 per block in Waked et al.
(2017).

PC for the monotic training blocks was approximately
10%—20% higher than PC for the dichotic testing blocks.
Improvement occurred for all three vocoded conditions.
For unshifted vocoded speech, there is usually rapid im-
provement on the order of a few sentences (Davis et al.,
2005). For this speech corpus specifically, performance
saturated after one session of training with feedback for
a 0-mm shift. Performance saturated by four feedback
training blocks at the group level for a 6-mm shift, al-
though variability showed some individuals improving
even after 11 blocks of training and testing (Waked
et al., 2017). In the current study, Helmert contrasts did
not show a convincing plateau in performance and, there-
fore, listeners appeared to need more training and testing
time to demonstrate a saturation in performance. It could
be that not only did the listeners improve in understanding
the vocoded speech, but they also improved at attending
to the target ear in the dichotic listening task (Tallus et al.,
2015). On one hand, PI significantly decreased with in-
creasing block number, supporting the idea that listeners
may have improved at focusing their attention, not just
identifying the correct words. On the other hand, the
monotic training and dichotic testing conditions were par-
allel for the 6-mm shift conditions (see Fig. 3a, rightmost
panel), suggesting that the increased PC in both condi-
tions were primarily driven by improvements in shifted
vocoded speech understanding.

Other studies have performed dichotic or binaural hear-
ing studies using different shifts between the ears. Siciliano
et al. (2010) tested 6-channel vocoded and shifted maps
using channels that were interleaved across the ears. They
found that listeners were unable to integrate the informa-
tion across the ears and performance never exceeded the
performance of the unshifted condition with three channels
in one ear, despite the fact that the shifted ear had three
channels of potentially useful but admittedly distorted
speech information. It could be that the listeners were un-
able to support interaural integration with only three chan-
nels in each ear, and interaural integration may have been
possible if more information (i.e., more channels) were
available. Such a result would be more consistent with
the findings of the current study that showed some
interference and interaural integration. Goupell, Stoelb,
et al. (2018) measured spatial release from masking (i.e.,
the improvement in performance when comparing
colocated and spatially separated talkers) using vocoders
and shift. They found that spatial release from masking

was reduced as interaural mismatch was increased to 6
mm. Interestingly, the change in spatial release from
masking was asymmetrical across ears based on the spatial
location of the target. Spatial release from masking de-
creased more as the ear with the better signal-to-noise ratio
(SNR) was shifted to higher frequencies compared with
when the worse SNR ear was shifted. In other words, it
appeared that listeners used the speech information in the
ear with the worse SNR because it was more intelligible;
the trade-off of SNR and intelligibility meant that attending
to a 6-mm shifted ear with a relatively better SNR did not
emerge. Such a result is broadly consistent with the find-
ings of this experiment; it appears that it is easier to ignore
a poor signal and to attend to a good one, even when the
instructions are to direct attention to the poorer ear.

General discussion
Overview

In typical human sensory systems like hearing and vision,
there is bilaterally symmetrical processing of inputs. With
an increase in the number of people receiving hearing re-
habilitation with a CI, there are more people experiencing
large functional asymmetries in their hearing, which may
have consequences for their ability to perform spatial-
hearing tasks. This paper investigated the effects of func-
tional hearing asymmetry on dichotic listening by paramet-
rically and independently varying the spectral resolution or
shift in both the target (left) and interferer (right) ears. We
hypothesized that it would be more difficult to attend to a
relatively functionally poorer ear (i.e., less resolution or
more shift) and ignore a relatively better ear, therefore
simulating some of the asymmetrical ear differences that
could occur in the CI population. All three experiments
that varied the type of vocoder (noise-excited/number of
channels [Experiments 1 and 2] vs. tone-excited/shift
[Experiment 3]), type of dichotic listening (selective
[Experiments 1 and 3] vs. divided attention [Experiment
2]), and training (Experiment 3) consistently supported this
hypothesis (see Figs. la, 2a, 3a, and 4a). The interpretation
was further supported by observing the intrusions, or times
when the listener reported the words presented in the non-
target ear (see Figs. 1b, 2b, 3b, and 4Db).

Results viewed through the shared resource and
integrated strategy models

Critical features in the data of these experiments were the
nonmonotonic PC and PI functions; the worst performance
and most intrusions occurred for the conditions where the
vocoder was matched across the ears in Experiment 3 (see
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Figs. 3 and 4). The PI values of Experiment 2 (Fig. 2B)
showed a similar but less pronounced pattern. There was little
evidence of such a pattern in Experiment 1 (Fig. 1).

Two models have been proposed to explain within-ear and
across-ear interference effects over a number of studies, which
are relevant to our data set. Brungart and Simpson (2002), in
an effort to explain why listeners experienced more across-ear
interference when the target ear was at relatively lower
(negative) target-to-masker ratio, proposed a model based on
a “shared resource” limitation. Under this model, the greater
the difficulty of the listening task in the target ear, the fewer
the resources that would be left to perform subsequent speech
segregation (e.g., suppressing a contralateral interferer in a
dichotic listening experiment). Such a model is consistent
with Gallun et al. (2007a) and Gallun et al. (2007b), who
suggested that an important factor in these types of tasks is
the task-based demands on processing resources. Listeners
appeared to combine information across ears more often when
spectrotemporal similarity and task demands were high.
Therefore, stimulus information and task complexity should
play a role in dichotic listening, and interference across ears
should occur when more resources are allocated to more de-
manding tasks.

Data from Kidd et al. (2003), however, were not consis-
tent with the idea that the most interference is observed
when the task is most difficult in the target ear. They found
that 1-kHz tone detection in a set of random-frequency
tone maskers (which was relatively easy to segregate)
showed more across-ear interference than when there was
a fixed-frequency tone masker (which was relatively diffi-
cult to segregate). Data from that experiment and those in
Brungart and Simpson (2007), prompted the development
of an alternative “integrated strategy model” of dichotic
listening. Under this model, it is assumed that listeners
can focus attention using a single listening strategy (e.g.,
spatial, pitch, loudness differences), and this strategy is
applied to the combined information arriving at the two
ears. The strictest form of this model forces the listener to
adopt a single listening strategy, presumably the one that
provides the best overall segregation. Then this strategy is
applied to each stream. For example, listeners had varying
levels of difficulty ignoring a contralateral speech interfer-
er when there was an ipsilateral interferer also in the target
ear, depending on similarity of talkers (i.e., the difficulty of
the segregation) in the target ear (Brungart & Simpson,
2002, 2004, 2007).

In summary, the “shared resource” model of dichotic atten-
tion predicts that across-ear interference depends primarily on
the difficulty of the within-ear listening task. The “integrated
strategy”” model predicts performance depends on the within-
ear and across-ear target interferer similarity. The most across-
ear interference would occur when the across-ear interferer is
more similar to the target talker than the within-ear interferer
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(for the cases of having interferers in both ears as in Brungart
& Simpson, 2007, not in cases of pure dichotic listening with
no interferer in the target ear, as were performed in our current
study). This is because the optimal strategy to segregate target
and interferer in the attended ear would be suboptimal for
eliminating interference from the unattended ear interferer.
An important prediction for the integrated strategy model is
that for a dichotic listening task with the target in one ear and
the interferer in the other ear, the listener would presumably
choose the optimal strategy of attending to the target ear, and
therefore minimal or no across-ear interference would occur
(Brungart & Simpson, 2007).

Our data appear to be broadly consistent with the data in
Brungart and Simpson (2007), where the most interference
occurred when there was the most similarity between across-
ear target and interferer; this finding partially supports the
integrated strategy model. Our data are also consistent with
Brungart et al. (2005), where performance decreased system-
atically as the number of channels in a vocoder interferer ear
was increased (i.e., there was more interference as the inter-
ferer became more intelligible); this finding partially supports
the shared resource model if it were extended to include both
the difficulty of processing both the target and interferer ears.
Both models could be combined into a “relative salience”
model. In such a model, resources would be allocated to per-
form multiple tasks, like understanding vocoded speech or
allocating space to short-term memory. Resources for segre-
gation would be limited by these other tasks, and signals that
had relatively more similarity would require more resources
for segregation. If those resources are limited by other tasks,
this would produce an increasing number of errors in dichotic
listening.

Specifically, for the data collected in this study, a relative
salience model might explain an optimal listening strategy in
the following way. First, a fixed amount of resources would
need to be allocated to short-term memory. Experiment 2
would have a particularly high memory demand because lis-
teners had to remember two speech streams, each five items
long. Listeners would know how much memory to preallocate
from performing the numerous trials of each experiment.
Second, the level of degradation of the vocoding would make
the listener use different amounts of resources in understand-
ing the speech, more as the signal became poorer in resolution
or had more shift. This allocation would be unknown to the
listener from trial-to-trial given the randomization of vocoding
conditions within blocks. Then, the strict form of the integrat-
ed strategy model suggests that all speech would then be com-
bined and then segregation occurs based on a single best rule.
For all three experiments in the current study, attention to the
target by ear selection should then occur and be constant
across studies. However, the striking nonmonotonicities of
Experiment 3 (Figs. 3 and 4) suggest that the stream segrega-
tion by ear is imperfect. In some cases and studies, there is the
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assumption that ear selection is nearly perfect (e.g., Brungart
& Simpson, 2007, p. 1725), while others acknowledge that
some of the stream in the nonselected ear remains and is only
attenuated (e.g., Brungart & Simpson, 2007, p. 1733;
Treisman, 1964).

It should be noted here that Experiment 3 likely had the
largest task demands for understanding the 6-mm shifted
vocoded speech given the poor performance on this condition,
thus leaving the fewest resources for stream segregation. The
nonmonotonicities in Experiment 3 could be explained if a
secondary segregation were added to the model; the secondary
segregation would be based on pitch differences because the
pitch of the vocoded speech will depend on the amount of
shift. This secondary segregation could occur before the ear
selection and would appear consistent with the idea of having
multiple selection modes, such as early modes based on
acoustic stimulus properties (Wightman et al., 2010) and late
modes based on semantic analysis (Broadbent, 1958;
Johnston & Heinz, 1978). Alternatively, the secondary segre-
gation could occur after that selection if it is imperfect and
leaves some residual trace of an attenuated interferer stream.
A reasonable assumption for having primary and secondary
segregation stages would be that the primary would be the
more effective of the two, perhaps having more resources
allocated to it.

A relative salience model could also explain the lack of
nonmonotonicities in Experiment 1. In that experiment, the
noise vocoder would have produced stimuli that had no ap-
preciable pitch differences (or other salient segregation cue,
assuming intelligibility is not a strong cue) for different reso-
lutions, meaning the stimuli would have sounded very similar
across conditions. This would have provided less of a second-
ary segregation cue, and therefore produced data that lack
non-monotonicities for the matched-resolution conditions.
The fact that there was a hint of nonmonotonicity for PI in
Experiment 2 might be explained by the relatively large short-
term memory demands on a limited amount of available re-
sources before stream segregation, or by the fact that a divided
attention task might naturally have a higher propensity of
responding to the nontarget ear.

There are two alternative explanations that could predict
the nonmonotonicities in Figs. 3 and 4. It could be that lis-
teners were segregating via pitch and not ear; such an expla-
nation would better align with the strict integrated strategy
model where listeners only had the ability to use the single
best rule. Such an explanation is compelling because of its
simplicity and would suggest pitch cues are stronger segrega-
tion cues than spatial cues. Given the assumed ease of dichotic
listening in most cases, however, it is not clear segregation via
pitch would indeed be stronger for these stimuli. It could also
be that the words for the matched shifts had a greater propen-
sity to fuse, yielding the resultant data patterns. Such an ex-
planation would only apply for the tone vocoder of

Experiment 3, and not for the noise vocoder used in
Experiments 1 and 2. As mentioned previously, because the
corpus has different words and different talkers, the envelopes
were quite different across the ears and likely limited the per-
ceived fusion.

In summary, the current data set seems consistent with
many aspects of the shared resource (Brungart & Simpson,
2002) and integrated strategy (Brungart & Simpson, 2007)
models. A combined relative salience model was proposed
that has a finite amount of resources, attends to the intelligi-
bility of both the target and interferer ear stimuli (including the
relative differences across the two ears), and perhaps includes
more than one stream segregation. Such a conceptual frame-
work would appear to explain the lack of nonmonotonicities
in Experiment 1 and the clear existence of them in Experiment
3. Admittedly, this relative salience model is more complicat-
ed than either of the other original dichotic listening models,
but still should capture the effects seen in the studies that
motivated the other models (Brungart & Simpson, 2002,
2004, 2007; Brungart et al., 2005; Brungart et al., 2001;
Gallun et al., 2007a; Kidd et al., 2003; Kidd et al., 2005).

Comparison with Cl performance

While the vocoding in this study only crudely simulates the
degradations of what is actually experienced by real CI lis-
teners, it provided a simple signal processing tool to simulate
functionally asymmetrical hearing. The results from these
simulations could partially explain performance differences
seen in actual CI listeners. For example, most bilateral CI
listeners demonstrate a relatively symmetrical ability to per-
form selective attention; however, there were two of 11 adult
(Goupell et al., 2016) and two of 10 child (Misurelli et al.,
2020) bilateral CI listeners with highly asymmetric perfor-
mance. The data from those studies can be compared with
the simulated asymmetrical selective attention performance
in Experiments 1 and 3 (Fig. 1a and 3/4, respectively). The
larger differences from asymmetry for the real CI listeners
compared with the smaller differences in simulated CI lis-
teners suggest that differences in resolution and/or shift might
only partially explain the CI data. Comparisons between NH
and ClI listeners were directly shown in Experiment 2 (Fig. 2)
for divided attention, for which there was good correspon-
dence in the data sets. Similarly, Goupell, Stakhovskaya,
et al. (2018) intentionally recruited bilateral CI listeners that
could have asymmetrical hearing abilities, and showed in a
speech-on-speech masking task that binaural unmasking and
head shadow were reduced. In the broader literature, individ-
ual bilateral CI and hearing-aid users show variable changes in
performance for adding a second ear; those that show little
benefit or even a decrement may be a result of asymmetrical
hearing (Mosnier et al., 2009; Polonenko et al., 2018; Reeder
et al., 2014; Walden & Walden, 2005).
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Single-sided deafness is arguably the most asymmetrical
listening condition that can be achieved because there is nor-
mal acoustic hearing in one ear and a CI in the other.
Investigations involving real single-sided-deafness CI lis-
teners are relevant from two studies with contrasting results
(Bernstein et al., 2016; Bernstein et al., 2020). They found that
binaural unmasking of speech could be produced if the target
was in the NH ear, but showed that interference could occur if
the target was in the CI ear. Such a result is consistent with the
finding of the current study broadly showing that attending to
a target in a relatively poorer ear is difficult when a clearer
interfering talker is present.

Limitations and future directions

While the current study is an important first step in understand-
ing asymmetrical hearing, dichotic listening is only related to
the cocktail party phenomenon, and is not a realistic configu-
ration that people typically experience. Rather, listeners would
experience the signals from both target and interferer in both
ears. When performing spatial release from masking from more
realistic sound sources, interaurally asymmetrical shifts de-
crease binaural benefits (Goupell, Stoelb, et al., 2018; Xu
et al., 2020). In addition, listeners attend to a functionally better
(i.e., less shifted) ear, even when they experience a worse
target-to-masker ratio (Goupell, Stoelb, et al., 2018), similar
to the main finding of the current study that it is relatively
difficult to ignore clearer speech. Therefore, another avenue
to explore is adapting this type of study to a more realistic
listening situation, such as for different talkers that are realisti-
cally spatially separated. In such cases, a wide range of listeners
report a spatial release from masking. The physics of the head
can introduce interaural time and level differences to convey
spatially separated sound locations. In contrast, the dichotic
listening experiment in this study was effectively an infinite
interaural level difference. The changing of resolution across
ears would affect spatial cues and perceived separation of
sources, but the results of the present study suggest that spatial
release from masking might also be affected by attention
mechanisms.

Another additional important set of conditions that was
omitted in this study was monotic control measurements.
Figure 3 shows that there is a decrease in performance of
10%—-20% from monotic to dichotic listening, similar to the
decrease found in Goupell et al. (2016) and Misurelli et al.
(2020). Monotic control measurements would have explicitly
reflected asymmetries across conditions, which would be
helpful in interpreting effects based on the relative intelligibil-
ity of the target and interferer speech. Such control conditions
would be critical as a baseline for actual CI listeners.

Future work should also consider further characterizing the
NH listeners. There were no questionnaires inquiring about
asymmetrical and chronic ear infection history. In addition,
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use of the left ear only as the target ear in the selective attention
tasks (Experiments 1 and 3) may have affected performance
because of the right-ear advantage (Cooper et al., 1967,
Kimura, 1967). It could be that performance was modulated
more greatly because of this, since intrusions may be more likely
when attending the left ear (Hugdahl et al., 2001). Investigating
ear effects is a possible future direction of this type of work.

One limitation of this study was the use of this particular
corpus, which had sentences that were syntactically correct,
but sometimes semantically irregular. There was also a range
of confusability within word categories (see Table 1).
Confusions within word categories may have decreased PC
and PI slightly. For example, if the target word was “Blue”
and the interferer word was “Old,” and the subject responded
with “Cold,” this would not count as an intrusion, but would
be a legitimate confusion, given the small differences between
“Old” and “Cold,” especially for spectrally degraded speech.
While this is likely a small effect that may particularly alter the
most degraded conditions, future studies could attempt using a
different speech corpus.

Another procedural manipulation that could be explored is
how the different conditions were randomly presented across
trials. This is in contrast to how actual CI users experience
degraded sounds, where they listen to a fixed resolution in
each ear. The results may differ if the vocoder condition were
fixed in blocks.

Broadly, this study shows how the brain prefers to attend to
a more salient signal or one that is easier to understand over a
poorer one. Such work on asymmetries has previously been
studied in the auditory system, particularly when considering
auditory development (Gordon et al., 2015; Kral et al., 2013;
Tillein et al., 2016; Whitton & Polley, 2011). There may be
some similarities to the much more well studied and under-
stood phenomenon of amblyopia, but it remains unclear
whether the effects of asymmetry are more similar or different
when comparing hearing and vision (Gordon & Kral, 2019;
Tillein et al., 2016). What is most interesting from this study is
that effects of asymmetrical processing occur in the absence of
developmental changes.
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