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Abstract

Background: Bilateral inputs should ideally improve sound localization and speech understanding in
noise. However, for many bimodal listeners [i.e., individuals using a cochlear implant (Cl) with a contra-
lateral hearing aid (HA)], such bilateral benefits are at best, inconsistent. The degree to which clinically
available HA and CI devices can function together to preserve interaural time and level differences (ITDs
and ILDs, respectively) enough to support the localization of sound sources is a question with important
ramifications for speech understanding in complex acoustic environments.

Purpose: To determine if bimodal listeners are sensitive to changes in spatial location in a minimum
audible angle (MAA) task.

Research Design: Repeated-measures design.

Study Sample: Seven adult bimodal Cl users (28—62 years). All listeners reported regular use of digital
HA technology in the nonimplanted ear.

Data Collection and Analysis: Seven bimodal listeners were asked to balance the loudness of prere-
corded single syllable utterances. The loudness-balanced stimuli were then presented via direct audio
inputs of the two devices with an ITD applied. The task of the listener was to determine the perceived
difference in processing delay (the interdevice delay [IDD]) between the Cl and HA devices. Finally, vir-
tual free-field MAA performance was measured for different spatial locations both with and without in-
clusion of the IDD correction, which was added with the intent to perceptually synchronize the devices.

Results: During the loudness-balancing task, all listeners required increased acoustic input to the HA
relative to the Cl most comfortable level to achieve equal interaural loudness. During the ITD task, three
listeners could perceive changes in intracranial position by distinguishing sounds coming from the left or
from the right hemifield; when the Cl was delayed by 0.73, 0.67, or 1.7 msec, the signal lateralized from
one side to the other. When MAA localization performance was assessed, only three of the seven lis-
teners consistently achieved above-chance performance, even when an IDD correction was included. It
is not clear whether the listeners who were able to consistently complete the MAA task did so via binaural
comparison or by extracting monaural loudness cues. Four listeners could not perform the MAA task,
even though they could have used a monaural loudness cue strategy.

Conclusions: These data suggest that sound localization is extremely difficult for most bimodal listeners.
This difficulty does not seem to be caused by large loudness imbalances and IDDs. Sound localization is
best when performed via a binaural comparison, where frequency-matched inputs convey ITD and ILD
information. Although low-frequency acoustic amplification with a HA when combined with a Cl may pro-
duce an overlapping region of frequency-matched inputs and thus provide an opportunity for binaural
comparisons for some bimodal listeners, our study showed that this may not be beneficial or useful
for spatial location discrimination tasks. The inability of our listeners to use monaural-level cues to
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perform the MAA task highlights the difficulty of using a HA and CI together to glean information on the

direction of a sound source.

Key Words: cochlear implants, hearing aids and assistive listening devices, hearing science

Abbreviations: Cl = cochlear implant; HA = hearing aid; IDD = inter-device delay; ILD = interaural level
difference; ITD = interaural time differences; MAA = minimum audible angle; MCL = most comfortable
level; PTA = pure tone average; SD = standard deviation

INTRODUCTION

ria have resulted in an increasing number of

unilateral CI users with usable residual hear-
ing in the nonimplanted ear. For many listeners with
significant hearing loss, this residual hearing may be
accessed with a hearing aid (HA; Most et al, 2011) or,
in rarer cases, for listeners with minimal hearing loss
in one ear, without a HA (Sampaio et al, 2011). This con-
figuration, consisting of a CI and a contralateral HA,
has been described as bimodal listening. It has been es-
timated that approximately 60% of all adult CI recipi-
ents today have aidable low-frequency contralateral
hearing thresholds (80- to 85-dB HL at 250 Hz; Dorman
and Gifford, 2010). For such individuals, it has been rec-
ommended that the CI be supplemented with contralat-
eral acoustic input for improved speech understanding
and spatial localization (Ching et al, 2004; Ching et al,
2007; Most et al, 2011). Some bimodal listeners can take
advantage of spatial cues when speech sources are spa-
tially separated through (a) the head shadow effect, a
monaural phenomenon by which the spatial separation
of sources results in an ear with a more favorable signal-
to-noise ratio and, potentially, (b) binaural squelch, an
effect arising from computation of interaural differ-
ences which allows the listener to selectively attend
to a speech signal (Dunn et al, 2005; Morera et al,
2005; van Hoesel, 2012). When speech and noise are
colocated in space, some bimodal listeners are also able
to benefit from binaural summation, increased percep-
tual loudness resulting from central integration of
speech signals (Shallop et al, 1992; Ching et al,
2004; Olson and Shinn, 2008; Schafer et al, 2011;
Kokkinakis and Pak, 2014). Many of these benefits
have been demonstrated in optimized, directly con-
trolled laboratory conditions (Francart et al, 2009b;
Francart et al, 2011a,b) and in comparison to monau-
ral listening with either a CI or HA alone in the con-
tralateral ear.

The purpose of this study was to investigate the de-
gree to which bimodal listeners can identify differences
in broadband sound source location using clinical CI
and HA devices. Based on the known importance of
interaural cues, we aimed to determine if this localiza-
tion ability might be improved after accounting for dif-
ferences in HA and CI timing delays.

E xpanded cochlear-implant (CI) candidacy crite-

Potential Bimodal Listening Benefit

The use of a HA in the nonimplanted ear allows for
acoustic stimulation primarily to low frequencies,
which may improve the quality of sounds, provide use-
ful pitch information, and convey prosodic informa-
tion that can support the perceptual organization of
sound sources (Armstrong et al, 1997; Hamzavi et al,
2004; Gfeller et al, 2007; Nittrouer and Chapman,
2009; Sucher and McDermott, 2009; Most et al, 2011;
Zhang et al, 2013; Crew et al, 2015; Bernstein et al,
2016; Devocht et al, 2017). By contrast, CI input provides
frequency information between about 100 and 8000 Hz,
although this information is typically delivered to neurons
tuned to middle and high-frequency regions of the cochlea
(Landsberger et al, 2015). One potential benefit of inter-
aural overlap is improved sound localization through bin-
aural processing.

Ching et al (2007) reviewed four studies that investi-
gated sound localization performance advantages for
children and adults using bimodal hearing devices.
Across the studies that included adults listening to
broadband noise or speech stimuli, about half of the
listeners showed a significant improvement in sound
localization when comparing unilateral and bilateral
conditions; the other half showed equivalent perfor-
mance. No relationship was identified between lis-
teners’ residual hearing pure-tone average (PTA) in
the HA ear and the degree of benefit in these studies;
however, in most of the studies included, the bimodal
listeners’ acoustic ear hearing was limited (averaged
PTA = 90 dB HL). In another bimodal listener study
including 11 listeners, localization performance ranged
from high accuracy (e.g., 4.5° root-mean square error),
accuracy limited to left-right side discrimination, or no
localization ability at all (Seeber et al, 2004). In contrast
to Ching (2007), Seeber et al found that the three lis-
teners who benefitted most from the bimodal configura-
tion also had the highest amount of residual hearing.
These differences suggest a need for a more specific un-
derstanding of the optimum bimodal listening mode
and strategy.

To localize a sound source in the horizontal plane, in-
dividuals with normal hearing typically use differences
in the timing and intensity characteristics of sound
in one ear relative to the other ear. Interaural time
differences (ITDs) are most salient for sounds with
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low-frequency content (<1500 Hz; Wightman and Kistler,
1992; Macpherson and Middlebrooks, 2002). Interaural
level differences (ILDs) are derived from the head cast-
ing an “acoustic shadow” that results in differences in
intensity between the ears. ILDs increase with increas-
ing frequency (Feddersen et al, 1957), but become non-
monotonic at large azimuths between ~1000 and 4000 Hz
(Macaulay et al, 2010). For a source at 90°, ILDs pro-
duced by the head and pinna are approximately 0.7 dB
at 100 Hz, 5.2 dB at 1000 Hz, and 25.1 dB at 8000 Hz
(Kayser et al, 2009). Although relatively small at low fre-
quencies, this does not preclude listeners from poten-
tially using low-frequency ILDs to localize sounds.
Listeners with normal hearing can discriminate ap-
proximately 1-dB ILDs over headphones across wide
ranges of frequencies (Mills, 1959). When listeners lack
interaural symmetry in audible bandwidth (e.g., because
of unilateral hearing loss), individuals must rely on mon-
aural spectral shape or loudness information (Shaw and
Vaillancourt, 1985). Because many CI and HA processors
do not convey salient spectral-shape cues (Majdak et al,
2011), monaural loudness is likely the main cue used for
sound localization in such cases.

Bimodal Auditory Cue Preservation

The degree to which bimodal hearing preserves bin-
aural and/or monaural cues to facilitate sound localiza-
tion is a question with important ramifications for
speech understanding in complex acoustic environ-
ments. If some localization cues are preserved, it is
not clear whether or not bimodal listeners would use lis-
tening strategies that would use them. Usable acoustic
hearing above about 1-2 kHz is limited in both ears for
most bimodal listeners (Von Ilberg et al, 2011); unaided
thresholds tend to be >90-100 dB HL (or immeasur-
able) above this frequency range (Francart and McDermott,
2013). Despite the significant degree of acoustic ear
hearing loss, it may be possible that even limited over-
lapping frequency regions could support binaural com-
putation of ITDs and ILDs, which may improve sound
localization performance (Francart et al, 2009b; Veugen
et al, 2016b). Sensitivity to ITDs has been demonstrated
in bimodal listeners in laboratory conditions using highly
controlled stimuli (e.g., pulse trains or noise stimuli with
experimental devices under direct computer control of
electrode stimulation patterns; Francart and Wouters,
2007; Francart et al, 2009b; 2011b; Francart et al,
2014). However, another study found that even for indi-
viduals trained on an ITD task (n = 3), they demon-
strated no or little sensitivity to transposed sinusoids
or pulse trains (Lenssen et al, 2011). The degree to which
available binaural cues may be beneficial for sound
source localization may be related to the degree the
loudness is balanced between the HA and CI devices
(Potts et al, 2009; Veugen et al, 2016a,b). Francart et al
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(2011a) investigated localization performance of environ-
mental sounds presented in the sound field using bi-
modal listeners’ own devices in comparison to virtual,
computer-controlled conditions, with and without ILD
enhancement. The mean absolute error averaged over
the six listeners ranged from 31°, 28.4°, and 20.6° for
sound field, virtual presentation without ILD enhance-
ment, and virtual presentation with ILD enhancement
conditions, respectively. The authors suggested that
the individual variability in performance may be re-
lated to ILD sensitivity, differences in the ability to re-
late the ILD to spatial location, and the amount of
residual hearing. Importantly, this study used level
roving to limit the usability of monaural loudness cues
to perform the localization task. The effect of ITD changes
on localization was not examined because of the lack of
synchronization between CI and HA, which likely limits
accessibility to ITD from clinical devices.

The degree to which binaural cues may be available
might also be influenced by the methods used to fit the
CI and HA devices (Potts et al, 2009). In many in-
stances, bimodal listeners are fitted with a standard
HA and a standard CI, without altering either fitting
method to accommodate differences in the devices
(Francart and McDermott, 2013). One method to per-
form a bimodal fit with maximal sensitivity to binaural
cues would be to reduce loudness differences across
ears. Localization performance can improve using de-
vices balanced in loudness relative to unadjusted de-
vices (Ching et al, 2007). Another method to perform
a bimodal fitting might be to compensate for differences
in HA and CI processing delay times (Francart et al,
2009b). For both CIs and HAs, the processing delay
may be subject to both the sampling rate and the algo-
rithm implemented. The delay from a CI varies by de-
vice and can range from 5 to 20 msec (Stone and Moore,
1999). HA processing also produces a delay equivalent
to the device’s delay and the frequency-dependent trav-
eling wave delay (Stone and Moore, 1999). The HA de-
lay is thought to be smaller than the processing delay of
the CI processor, resulting in differences of up to tens
of milliseconds (Francart et al, 2013). For example,
Cochlear-brand Cls include a filtering and coding strat-
egy that causes a delay at the CI ear of about 10.5-12.5
msec relative to simultaneous presentation of the sound
to an acoustical ear (van Dijk, Cochlear, private commu-
nication, 2015). Delays of ~10 msec are likely not a prob-
lem for speech perception (Stone and Moore, 2003), but
they are potentially a problem for tasks requiring neural
computation of binaural cues.

The purpose of the present study was to investigate
functional, real-world benefit of combined HA and CI
listening by compensating for interdevice timing and
loudness differences. Although previous research has
revealed possible localization benefits resulting from
loudness balancing (Ching et al, 2007), the effect of
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attempting synchronization on HA and CI device timing
has not been systematically addressed. The input level
of the HA was first adjusted to match the loudness of
the CI input at the most comfortable level (MCL). Once
the loudness was balanced between two ears, the per-
ceived difference in processing delay, the interdevice
delay (IDD), was assessed using an ITD lateralization
task. Minimum audible angle (MAA) localization perfor-
mance was then measured using a speech stimulus with
broadband spectral content to provide an opportunity
for acoustic and electric stimulation overlap. It was hy-
pothesized that listeners who could lateralize the signal
based on changes in IDD would be better able to dis-
criminate sound source location. Furthermore, it was
predicted that this performance might improve when
we included an IDD correction to compensate for inter-
aural timing delays.

METHODS AND MATERIALS
Listeners

Seven adult bimodal CI users, three males and four
females aged 28-62 years, were recruited from the
Washington, DC and Baltimore area. Six of these lis-
teners used a Cochlear Americas processor (N5, N =
4; Freedom, N = 2). One listener used an Advanced Bi-
onics Harmony processor. All listeners reported regular
use of digital HA technology in the nonimplanted ear.
Reported listening experience and history of each ear
are described in Table 1. Unaided, pure-tone audiometric
data from the nonimplanted ear in Figure 1 show mild/
moderate to severe (N = 2), moderately severe, flat (N =
2), moderately severe to profound (N = 1), and severe to
profound (N = 2) hearing losses. Listeners provided in-
formed consent for participation and were reimbursed
for their time. This study was approved by the Gallaudet
University Institutional Review Board.

Speech Stimuli
A speech token was used in this study because a

broadband stimulus would ensure excitation of inter-
aurally matched inputs—necessary for binaural cue

computation—if such a region exists for each individual
bimodal listener. For all tasks, listeners heard a female
speaker utter the word “hawed” (Hillenbrand et al,
1995), which is part of a stimulus used in previous re-
search to investigate spectral and temporal sensitivity
in CI listeners (Fu et al, 2004) as well as in research in-
vestigating auditory training with CI listeners (Fu et al,
2005). The stimulus was 0.51 sec in duration, had a fun-
damental frequency () of 205 Hz, and had formant fre-
quencies of 408, 1042, 1600, and 2803 Hz.

Stimuli were presented via virtual spatialization. This
was completed by generating recordings using Knowles
Electronic Manikin for Acoustic Research, KEMAR
(GRAS Sound & Vibration A/S) that was placed within
a 14 X 16.25' room about 1/3 of the way from the nearest
the 14’ wall and centered width-wise. The speech stim-
ulus was played through a digital audio compact disc
player, amplified to an approximate 25-30 dB signal-
to-noise ratio, and routed through a mouth simulator
Type 4227 (Briiel & Kjaer, Sound and Vibration Measure-
ment A/S). The mouth simulator was positioned facing
the center of an approximate 5’ radius arc in front of
the acoustic manikin, which was placed approximately
49" from the ground. Stimuli were presented at 17 loca-
tions spanning the front 180° in 11.25° increments along
a fixed radius with the acoustic manikin in the center.
Recordings were generated using a pair of calibrated
B&K prepolarized condenser microphones (type 4101)
placed at the approximate location of a behind-the-ear
HA microphone above the acoustic manikin’s pinnae
(Aronoff et al, 2011). Recordings were amplified and
routed to a two-channel compact disc digital audio sys-
tem, model CDR 308 (Marantz America, Inc.) with
24-bit resolution. Recorded signals were analyzed through
Adobe Audition v. 2.0 (Adobe Systems Inc.).

Experimental Setup and Procedure

Using a Dell Vostro 1220 laptop (Dell Technologies Inc.)
with Windows Vista Business OEMAct 32 bit (Microsoft
Co.) operating system, applications developed in Psycon
software (Kwon, 2012) were used throughout the study.
Stereophonic speech stimuli were delivered to the direct
audio inputs of the HA and CI processors. The output of

Table 1. Listener Demographic and Hearing History Information (years)

Participant ~ Sex  Age Cl Type Age at Implantation Duration of HL ~ CI Experience HA Experience Etiology
B1 M 69 Harmony 54 64 2 5 Unknown
B2 F 77 Freedom 63 52 5 34 Unknown
B3 F 63 Nucleus 5 60 60 3 60 Disease
B4 F 28 Freedom 21 Congenital 5 27+ Genetic
B5 F 63 Nucleus 5 47 Congenital 16 50+ Genetic
B6 M 73 Nucleus 5 72 18-20 1 11 Unknown
B7 F 72 Nucleus 5 70 22 2 22 Genetic
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Figure 1. (A) Participant acoustic ear air conduction audiometric thresholds. The dotted line identifies the cutoff for normal hearing
sensitivity (25 dB HL). (B) Mean acoustic air conduction threshold with standard error.

each channel was verified using Sennheiser HD201
(Sennheiser Electronic GmbH & Co. KG) audio head-
phones. All listeners used a laboratory HA (Phonak
Naida UP IX), programmed according to Phonak’s
recommended fitting algorithm and coupled with a tem-
porary earmold. Nonlinear frequency compression fea-
tures were disabled. The Naida HA was reprogrammed
for each listener based on audiometric data collected
(Figure 1) on the initial day of testing. All listeners used
their own CI speech processor in the everyday program
which was set to receive direct audio input with a 10:1
or an accessory-only mixing ratio.

The experimental procedure consisted of four compo-
nents, included to (a) determine the MCL with the CI,
(b) balance loudness between the HA and CI near the
MCL, (c) measure the interaural delay between the
HA and the CI, and (d) assess MAA performance. Lis-
teners were not given visual prompts or feedback for
any of the four tasks.

CI MCL Task

Before completing the MCL task, efforts were made
to subjectively validate appropriate HA function and
to determine if at everyday volume settings each pre-
sentation of the stimulus was audible and comfortable.
Then, three tracks of an adaptive procedure were used
to estimate each listener’s MCL. More than three rep-
lications were administered if a listener had difficulty
with the task; in these cases, the reported MCL was
recorded as an average of MCL estimates from only
the last three tracks. A loudness scale ranging from
“Just noticeable” to “too loud” was used as a visual
aid to help listeners understand the task and respond
with either “increase” or “decrease” depending on
whether the intensity was below or above their MCL.
The initial step size of the intensity change in the CI

was 5 dB and was reduced to 2.5 dB after three rever-
sals. The MCL estimate for each track was determined
by an average of at least the last four reversals (or in
some cases an even number of reversals greater than
four). The reported MCL is an average of MCL values
from the last three consecutive tracks.

CI-HA Loudness-Balancing Task

After the MCL for the CI ear was determined, the
acoustic and electric loudness percepts were balanced
between HA and CI ears. Using a similar adaptive pro-
cedure, the stimuli were presented sequentially to each
device, and listeners were asked to identify the ear with
the softer presentation. The input level of the HA was
increased or decreased (one-up/one-down) based on the
listener’s response to balance the loudness of the HA
level to the CI MCL for all listeners with exception of
B6, where the HA was used as the reference and the in-
put level of the CI was adjusted. The initial step size of
the intensity change in the HA was 5 dB and was re-
duced to 3 dB after three reversals. The equal loudness
value for each replication was determined by an aver-
age of at least the last four reversals (or in some cases
an even number of reversals greater than four). The re-
ported equal loudness value was recorded as an average
of estimates from three consecutive replications of the
procedure. The outcome of this task was the HA loud-
ness level which was perceived as equal to the CI MCL.

Lateralization Task

The purpose of this task was to estimate the IDD us-
ing listeners’ capacity to detect changes in ITD. It was
predicted that most listeners would have difficulty iden-
tifying changes in ITD because of a lack of frequency-
matched inputs (Francart and Wouters, 2007; Francart
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et al, 2009a; 2011b; Goupell et al, 2013) or from distor-
tions of the ITD by the HA and/or the CI (van Hoesel,
2012). It is also possible that the high and constant
channel stimulation rates used by CI sound processors
may have exceeded the rates usable for ITD resolution.
On the other hand, the ability to consistently complete
the task might indicate the existence of an overlapping
region of frequency-matched neurons between the HA
and CI ears.

Signals previously determined to be balanced in
loudness at the listeners MCL were presented simulta-
neously and in a left/right adaptive procedure; listeners
were asked to identify from which ear the sound seemed
to originate. If the listener perceived that the sound
source was on the HA side, the electric delay was de-
creased and if it was perceived that the sound source
was on the CI side, the electric delay was increased.
The step size was 0.3 msec for the first two reversals
and 0.05 msec for the remainder of the procedure until
an additional four reversals had been obtained; the last
four reversals were averaged to obtain the value for each
replication. The procedure was repeated three times; val-
ues obtained from the three replications were averaged to
identify a final IDD. This value represents the delay be-
tween the HA and CI processors that the listener needed
to achieve a percept of a centered single stimulus (i.e.,
eliminate lateralization due to device asynchrony). Per-
formance for listeners who reported no change in later-
alization of the sound with a maximum ITD of 2 msec,
or who were unable to lateralize consistently (varying
by 0.5 msec or more across three trials), was character-
ized as without sensitivity to ITD.

The evidence basis for establishing a reasonable or
expected IDD value to synchronize bimodal devices is
not yet documented. Much of the literature investigating
bimodal and bilateral sensitivity to timing delays includes
direct, computer-controlled stimuli to specific locations
along the electrode array. Nonetheless, it was predicted
that after 2 msec, which is more than twice the largest
typically occurring ITD produced by the human head of
about 700 ps, the likelihood that listeners were hearing
two auditory stimuli rather than one fused stimulus
would increase and consequently introduce greater ambi-
guity in the use of location cues during the MAA task.

MAA Task

The purpose of this task was to determine whether
listeners could perceive differences in spatial location
and to measure the smallest perceivable angle separat-
ing two sources that listeners could discriminate after
the HA and CI are loudness balanced without and with
the IDD. Listeners completed a MAA task where both
ITDs and ILDs were available, and without level roving,
meaning that monaural loudness cues could also be
used to complete the task. The purpose of this was
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to maximize above chance performance, which would
potentially allow us to better show the effect of the
IDD correction and provide a more ecologically valid
testing scenario. The stimuli consisted of binaurally
recorded speech sounds that were presented virtually
using a method of constant stimuli. Listeners com-
pleted one session of practice trials in each condition
to become acclimated to the task. In condition 1, the
CI-HA loudness-balanced stimuli were used. In condi-
tion 2, the same stimuli were used in addition to an
IDD to compensate for the interaural processing delay.

Listeners were asked to listen to three presentations
of “hawed” and to identify which presentation came
from a location different from the other two. The ran-
domized odd-ball presentation of “hawed” always came
from the listeners’ CI ear (located at an azimuth rang-
ing from 0° to 90°) and the other two reference presen-
tations always came from a 0° reference location. Therefore,
listeners compared presentations of “hawed” separated
by 90°, 78.75°, and 67.5°. The listeners were presented
20 trials per spatial location. To avoid fatigue and di-
minished attention, the 20 trials were divided into two
sets of ten. If results indicated above chance performance
(i.e., percent correct >54%, based on 95% confidence in-
terval for chance performance = 33% and 20 trials) in at
least one of these spatial locations, the listener was
asked to compare more difficult angles separated by
56.25°, 45°, and 33.75°. If listeners continued to per-
form well on the task, the task was completed in the
most difficult comparisons including 22.5° and 11.25°
from the 0° reference location.

Listeners who could not lateralize the signal only
completed the MAA task in condition 1. Listeners
who could consistently identify an IDD in the laterali-
zation task completed the MAA task in conditions 1 and
2 in a random order. Breaks were provided between
each condition.

RESULTS
Loudness-Balancing Task

Figure 2A depicts averaged loudness differences be-
tween the CI MCL and the acoustic input identified as
equally loud for each listener. All listeners required in-
creased acoustic input relative to the CI MCL to achieve
equal loudness between ears. Large variation in acous-
tic gain was observed with three listeners (B2, B3, and
B7) requiring <10 dB and four listeners (B1, B4, B5,
and B6) requiring >10 dB, where one listener (B1) re-
quired up to 40 dB of acoustic gain in the HA ear to
achieve equal loudness relative to the CI ear. A few lis-
teners commented that the CI “overwhelmed” or “dom-
inated” what was heard when listening binaurally. A
Pearson correlation of CI-HA loudness difference and
acoustic ear PTA was significant (r = 0.89, p = 0.006).
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Lateralization Task

Listeners B1, B3, B5, and B6 could not lateralize the
sound using ITDs because, by report, the intracranial
position of the sound did not change with the maximum
ITD of 2 msec and/or delay values required for lateral-
ization varied by =0.50 msec across three trials. For
these listeners, it was reported the sound always came
from the CI side. Two of these listeners, B1 and B5, had
high-frequency thresholds precluding aided audibility
of high-frequency stimuli. Figure 2B shows the aver-
aged IDD for the remaining three listeners (B2, B4,
and B7) who could consistently lateralize the sound.
For these listeners, the average IDDs (the hearing
aid delay relative to the CI) were 0.70, 0.73, and 1.70
msec, respectively. Of note is that the two listeners with
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and 67° locations. Three listeners (B2, B3, and B4) could
complete the task above chance level for at least some
of the spatial locations. Interestingly, for the listeners
who completed all angular comparisons (B2, B3, and
B4), percent correct did not decrease with decreasing
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Figure 3. Individual mean MAA performance is shown in descending order based on accuracy with delay/no delay comparisons included
for participants who could complete the lateralized task. Probability of above chance performance with 95% confidence intervals is denoted

with the dotted line.
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angular separation; no significant differences were
found between means for three easier (90°, 79°, and
67°) and three more difficult (33°, 22°, and 11°) condi-
tions [paired two-tail ¢-test, t16) = 0.24, p = 0.81].
For further analysis, listeners were grouped based on
sensitivity to ITD in condition 1.

No significant differences in mean peripheral angle
(90°, 78°, and 67°) MAA performance were found be-
tween listeners who were sensitive to ITD (B2, B4,
and B7; mean = 55.6, standard deviation [SD] =
25.2) and those determined to be insensitive to ITD
[B1 and B3; mean = 64.2, SD = 24.0; paired, two-tail
t-test; t13) = 0.66, p = 0.51]. Similarly, for these five lis-
teners, no significant relationship was found between
the MAA performance and the CI-HA loudness differ-
ence (r = —0.26, p = 0.67).

In condition 2 (Figure 3), the three listeners who
could lateralize the signal (B2, B4, and B7) repeated
the MAA task with an IDD correction applied in an at-
tempt to perceptually synchronize two devices. For each
condition, average percent correct was calculated for
each listener across spatial locations and the difference
was tested with a paired two-tail ¢-test. No signifi-
cant effect of IDD correction on spatial acuity was
found when we compared group mean MAA error col-
lapsed across peripheral angle comparisons [with IDD
(mean = 54.9, SD = 1.0) and without IDD (mean =
52.8, SD = 4.2); 5, = 0.55, p = 0.63]. It should be noted
that for the listener with the most consistent and accu-
rate MAA performance (B3), the IDD correction could
not be established and the delay correction could not
be applied.

DISCUSSION

he purpose of this study was to determine if ac-

counting for interdevice loudness differences and
IDDs might result in improved perception of spatial dif-
ferences in a MAA task. We measured MAA perfor-
mance with HA and CI devices balanced in loudness
both with and without an IDD correction. We hypothe-
sized that the listeners able to lateralize the signals
based on changes in IDD would be better able to dis-
criminate auditory spatial location. We further hypoth-
esized that the inclusion of the IDD correction would
optimize acoustic and electric synchrony and improve
MAA performance. Our results were not consistent with
these hypotheses. Only three of seven listeners could
perform the ITD lateralization task to measure an
IDD. Only three listeners could perform the MAA task
reliably above chance level. The latter result was sur-
prising, given that the listeners seemingly had access
to monaural level cues to perform the task. Furthermore,
IDD correction provided no consistent improvement
to MAA performance for any individual listener. These
results suggest that conveying localization information

to bimodal listeners necessitates more substantial
changes to device speech processing algorithms and au-
diological fitting procedures than were conducted in this
study.

Interdevice Loudness

Generally, all listeners reported difficulty and
showed high variability in the loudness-balancing task.
Figure 2A shows variations in average intensity-level
differences between the CI ear MCL and HA ear to
achieve equal loudness. It is possible that listeners with
lower acoustic thresholds and smaller loudness differ-
ences between ears were either the recipients of better
fit/mapped devices and/or had hearing configurations
that afforded more overlap to better accommodate com-
bined acoustic and electric stimulation. These ideas are
consistent with recent data showing advantages of
HA-aided thresholds (better than 45 dB HL) for bi-
modal listener sound source direction sensitivity when
automatic gain compression controls are matched be-
tween ears (Veugen et al, 2016a).

Interdevice Delay Measurements

Only three listeners could use the IDD to consistently
lateralize the stimuli (Figure 2B). The reported diffi-
culty and the high intra- and interlistener variability
during these tasks provide evidence that compensating
for CI and HA device delays may not be useful for opti-
mizing interaural comparisons of broadband stimuli.

Group Effects on Detection of
Spatial Differences

Our data suggest that most listeners could not differ-
entiate sound source locations consistently, in agree-
ment with other reports including bimodal listeners
(Potts and Litovsky, 2014; Dorman et al, 2016). During
the MAA task without the IDD, only three of the seven
listeners could consistently perform above chance level,
which is surprising based on the availability of monaural-
level cues. For the few listeners who could complete the
MAA task with consistency, their strategy for doing so
is not clear. One possibility is that listeners could ex-
tract monaural loudness cue information. Neither the
addition of the IDD correction nor changes in refer-
ence angle significantly influenced MAA performance,
which is suggestive of a nonbinaural strategy.

The use of monaural cues to perform tasks that are
thought to be binaural in nature has been studied in
normal-hearing listeners and in listeners with unilat-
eral impairments (Shub et al, 2008). In that study, both
groups could reliably complete monaural MAA localiza-
tion tasks with RMS errors of ~30° when feedback was
provided, and there were no consistent differences in
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localization performance noted between the normal-hear-
ing listeners who listened with only one ear and the lis-
teners with unilateral hearing loss.

In the present study, it was thought that listeners
with the smallest differences in interaural loudness
perception might be best able to use monaural loudness
cues in the MAA task. Listeners B2 and B3 support this
idea, but B7 does not (Figure 3). While identifying the
louder ear might have been a viable strategy theoreti-
cally, it is possible that the means by which HA and CI
devices transmit the high-frequency information sup-
porting ILD cues was too dissimilar, and differences
in automatic gain controls diminished these potential
loudness cues. Synched automatic gain controls (Veugen
et al, 2016a) or enhancement of ILDs at low frequencies
(Brown, 2013) may be viable processing strategy ap-
proaches to this problem.

Differences in hearing history have been used to ex-
plain variation in CI listener binaural listening ability.
For example, sensitivity to ITD has been shown in bi-
lateral CI listeners who were postlingually but usually
not prelingually deafened (Litovsky et al, 2010; see also;
Goupell, 2015). In the present study, listeners B4 and
B5, who have congenital deafness and high acoustic-
ear pure-tone averages (~88 and 76 dB HL), provide
an interesting contrast. Despite the similarity in hear-
ing history in these two listeners, B4 showed superior
performance in the MAA and lateralization tasks. It
is possible that the early age of intervention might have
played a role in preserving some of B4’s sensitivity to
binaural cues in comparison to B5 who was identified
at a later age.

Cls stimulate neural regions corresponding to higher
frequencies most effectively, which is where the input of
HAs is sometimes limited. The interaurally overlapping
frequency ranges necessary to compute binaural cues
may also be limited by hearing loss configuration.
The three listeners (B2, B3, and B4) who met the
65% criteria in the MAA task and moved to more diffi-
cult angular comparisons all have relatively flat hear-
ing losses generally within the moderate to severe
hearing loss range. It is possible that these three lis-
teners accessed a greater range of useable acoustic input
overlapping with electrically stimulated information to
provide more meaningful interaural intensity or tempo-
ral comparisons. This finding is supported by Francart
(2009b) who found that for bimodal listeners, if the av-
erage threshold of the residual hearing at 1 and 2 kHz
is better than about 100 dB HL, lateralization is possible
with ITD cues. Although the findings of Francart
(2009b) were obtained with direct electrical stimulation
(i.e., bypassing the CI sound processor and controlling
the CI with a computer), the contribution of the HA in
the present study may have allowed access to ILDs or
envelope ITDs. It should be mentioned that one listener
(B6), with a similar flat, moderately severe to profound
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hearing loss could not lateralize or complete the MAA
task. This listener demonstrated clear preference for
the HA in comparison to the CI which may have con-
tributed to a limited ability to access interaural cues
for comparison.

It may also be that the potential overlapping fre-
quency region is at nonoptimal frequencies. First, ITDs
are mostly limited to <1400-1500 Hz (Brughera et al,
2013). Second, ILDs are nonmonotonic functions of azi-
muth between 1000 and 4000 Hz (Macaulay et al, 2010)
because of an acoustical bright spot and constructive inter-
ference, meaning that ILDs become smaller for increasing
azimuth beyond ~45°. It may be that even if bimodal lis-
teners had hearing in this frequency range, it may provide
little useful, or even conflicting, location information. Pre-
vious studies have shown difficulties in localizing sounds
(Stevens and Newman, 1936) and performing MAA dis-
criminations (Mills, 1958) in this frequency range.

Individual Performance Data

Listener B1 reported two years of CI listening expe-
rience and comparatively showed the most severe de-
gree of hearing loss in the acoustic ear. This listener
anecdotally described most benefit in the bimodal condi-
tion for awareness of environmental sound and reported
that the CI often dominated the HA. This considerable
difference in loudness percept between ears was demon-
strated during the loudness-balancing task (Figure 2A).
This listener required up to 40 dB of acoustic gain to
achieve equal loudness relative to the CI ear. B1 was un-
able to perceive an IDD consistently and demonstrated at
or below chance performance in the easiest MAA task
comparisons (Figure 3A).

Listener B2 reported five years of consistent CI use in
addition to a HA for improved speech understanding,
environmental awareness, and to better appreciate mu-
sic. This listener’s moderately severe sloping to severe
acoustic threshold configuration was relatively flat in
comparison to the other listeners tested. In both the loud-
ness-balancing and delay tasks, B2 could demonstrate
relative consistency; the loudness difference values be-
tween ears were among the lowest of the group (Figure
2A). During the MAA task, this listener showed a pattern
of relatively high accuracy in the peripheral angular
comparisons (79°, 67°, 56°, and 45°), with exception of
the 90° comparison, and showed difficulty in the central
angular comparisons (Figure 3). When the MAA task
was repeated with an IDD correction, there was limited
evidence to suggest that B2 benefitted from the attempt
to better synchronize devices (11.25° and 33.75°).

A long-term HA user with acoustic thresholds in
the severe to profound hearing loss range, B3, reported
consistent use of the CI in combination with the HA for
the past three years. Although B3 reported difficulty
comparing loudness levels between ears, the loudness
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differences between devices were among the smallest.
The addition of an electric delay had no effect on the
intracranial position of the stimuli for this listener.
During the MAA task, B3 showed consistently high
accuracy in most angular comparisons (Figure 3). When
completing the MAA task weeks later, this consistently
high performance across angular comparisons was con-
firmed. Interestingly, B3’s high performance remained
accurate, even in the more difficult, central angular
comparisons. This finding is surprising if we assume
that the use of interaural cues would make these com-
parisons easier at larger angles and more difficult at
smaller angles. The fact that B3’s performance remained
consistently high might suggest this listener was relying
on monaural cues that are less likely to diminish with
decreasing angular separation in the more central angu-
lar comparisons or that smaller separations were neces-
sary to show a decrease in performance.

As the youngest of listeners included in this study, B4
reported approximately five years of CI listening expe-
rience and with long-term HA use. This listener’s congen-
ital hearing loss was identified at a very young age, at
which time B4 began using HAs. Acoustic hearing thresh-
olds for this listener fell within the moderate to severe
hearing loss range. Although describing overall bimodal
benefit (i.e., the HA provides “fullness and depth to
speech”), this listener anecdotally reported sound source
localization limitations beyond coarse left/right hemifield
representation. This listener perceived the CI as sounding
louder and showed higher variability in the loudness-
balancing task relative to other listeners, which may sug-
gest this was a more difficult task. The lateralization task
was completed with relative consistency, and MAA perfor-
mance remained relatively high across all angular com-
parisons. Interestingly, MAA accuracy did not decrease
as one might expect in the more difficult peripheral angu-
lar comparisons. In most of the MAA angular comparisons
tested with the IDD correction, this listener showed slight
improvement. Although this listener reported a congeni-
tal hearing loss, it is possible that the early age of HA in-
tervention in combination with consistent CI listening
training better preserved neural integrity, which could
have affected MAA performance.

Listener B5 also had a congenital hearing loss, iden-
tified around eight years of age, at which time HA use
started. This listener reportedly listened bimodally for
the past 16 years, but described the CI as sounding “me-
chanical.” Contralateral ear audiometric testing shows
moderate low-frequency sloping to profound sensori-
neural hearing loss. Both the loudness-balancing and
the lateralization tasks were difficult for this listener
based on the perception that the sound was always
louder and originated from the CI side. The island of
low-frequency hearing might suggest that this listener
had the best opportunity to extract ITDs that might
help distinguish spatial locations. However, in the

MAA task, this listener was unable to distinguish angu-
lar locations with 90° separation. It is possible that
childhood years of auditory deprivation limited the
functional utility of existing low-frequency acoustic
hearing.

Listener B6 had the least amount of experience lis-
tening bimodally, with around ten years of HA use
and approximately one year of CI use. This listener
reported heavy reliance on the HA in all listening sit-
uations with moderately severe to severe contralat-
eral acoustic hearing sensitivity. Initially, during
the loudness-balancing task, this listener reported
difficulty comparing loudness levels between ears
and was highly variable in identifying an MCL in
the CI ear. Based on the difficulty establishing an
MCL in the CI ear, the MCL in the HA ear was iden-
tified and used as a reference in the loudness-balancing
task. This listener reported that the loudness-balancing
task was difficult because sounds were too different to
compare. Lateralization tasks were attempted with the
addition of a delay in the CI ear and in the HA ear with
reports of no change in intracranial position. Like B5,
this listener’s MAA performance showed very limited
ability to distinguish angular locations in the easiest
comparisons (0° in comparison to 90°). It is possible that
this listener’s limited CI listening experience contrib-
uted to the difficulty demonstrated in all listening
tasks.

Listener B7 also reported relatively limited bimodal
listening experience of two years, with longer term HA
experience of 22 years. This listener reportedly listened
consistently in the bimodal condition, with mild sloping
to profound contralateral acoustic thresholds. In com-
parison to the other listeners, B7 perceived the smallest
intensity difference between ears at the MCL. This lis-
tener could perceive a change in intracranial position
with an electric delay, although performance was more
variable in comparison to B2 and B4 (Figures 2A and B).
Despite the sensitivity demonstrated in these tasks,
this listener showed difficulty completing the MAA
tasks in the easiest conditions with performance around
chance level.

There are a few limitations to the present study. All
listeners were fit with a Phonak Naida UP IX HA to
represent a bimodal configuration currently used by pa-
tients, while also controlling for major differences in lis-
tener’s own HA technology. The CI MCL was identified
before adjusting the contralateral HA to a level equal in
loudness. Because the actual range of levels used, as
computed via direct audio input to sound pressure level,
was not measured, it is difficult to estimate the amount
of compression incurred for each device in each listener.
Nonetheless, it is estimated that listeners likely identi-
fied MCL at a level similar to normal, conversational
speech, which is expected to be below the level that pro-
duces infinite compression.
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Variability in degree of hearing loss and in reported
MCL meant that each listener completed the lateralization
and MAA tasks at different presentation levels, which
likely means that the level of compression was different
for each listener. Differences in compression may have con-
tributed to greater variability in loudness perception. Be-
cause compression ratios vary as a function of hearing loss,
this problem may have been minimized to some degree had
we focused on bimodal listeners with defined degree of re-
sidual acoustic hearing loss. Another attempt at resolving
this issue may have been to alter the fitting formula; how-
ever, to explore which temporal or intensity characteristics
are perceptible through currently available clinical proces-
sors programmed as recommended by the manufacturer,
we decided not to alter the programming.

Another limitation to the present study is that ampli-
fication was not adjusted to match the targets of vali-
dated prescriptive methods using real-ear verification
data. We initially validated that the fitting of the HA
resulted in a comfortable level through subjective re-
port and further attempted to match loudness through
psychophysical means (i.e., left/right adaptive loudness
comparison). Inclusion of real-ear verification would
have undoubtedly strengthened the fitting procedures
of this study. In an effort to improve this aspect, the
authors retroactively obtained simulated real-ear mea-
sures using average adult real-ear to coupler difference
values (Ching and Dillon, 2003) and each individual par-
ticipant’s acoustic audiometric thresholds measured at
the time of testing. Output levels were measured on a
Fonix 7000 hearing aid analyzer (Frye Electronics, Inc.)
the Frye Box using a 60-dB SPL composite input signal
and compared with Phonak propriety standard fitting tar-
gets. Simulated gain measures verified audibility above
targets at 0.25, 0.5, and 1 kHz for all participants with ex-
ception of B1 (with limited audibility at 1 kHz). For three
participants (B4, B4, and B6), acoustic audibility was ex-
tended from 0.25 to 3 kHz. For one participant (B2), acous-
tic audibility was extended from 0.25 to 4 kHz. For all
participants, the simulated acoustic gain approximated
at the frequencies of the speech stimuli (Fy of 205 Hz,
and formant frequencies of 408, 1042, 1600, and 2803 Hz)
was greater than that required for loudness balancing
with the CI ear. It should also be noted that in the CI
ear, we did not measure aided thresholds before the ex-
periment. Because of this failure to document CI-aided
thresholds, neither audibility (overall or across-frequency)
nor best fitting clinical practices can be verified. We as-
sumed that programming parameters in this ear were
appropriate for audibility based on speech-perception
performance.

Other limitations of this study include the relatively
small sample size, and the reduced subset of partici-
pants with measurable and usable higher frequency
acoustic hearing. The proposed hypotheses would have
best been tested had there been greater overlap in the
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frequencies of usable hearing and that of the broadband
speech stimulus. Under ideal circumstances, data col-
lection would have taken place for listeners with similar
bimodal listening experience.

CONCLUSION

his study shows that for most of the bimodal lis-
teners tested, it was both subjectively (as anecdot-
ally reported) and objectively (per MAA task score)
difficult to differentiate a signal presented from 0°
and 90°, even after attempting to compensate for IDDs
and loudness differences. A few listeners could distin-
guish differences in sound source location across all azi-
muth positions, as small as between 0° and 11.25°.
The listeners who could complete the MAA task with
accuracy may have done so via binaural processing of
ITDs and/or ILDs. For listeners with usable low-to-
mid frequency acoustic hearing, CI and HA stimulation
patterns might allow for benefit from tonotopic overlap.
This overlap in stimulation may facilitate perceptual
fusion between ears and the ability to distinguish the
sounds at different spatial locations. Alternatively, lis-
teners who consistently completed the MAA task may
have extracted monaural loudness cues. A monaural
strategy was the more likely explanation based on
the high variability and general difficulty demonstrated
in tasks requiring binaural comparisons. Between-ear
differences in automatic gain compression likely limited
the ILD cue that might have been useful for differenti-
ating angular location and may have rendered monau-
ral extraction of loudness cues a more useful strategy.
We conclude that bimodal listeners may benefit from
bimodal processing, but fitting strategies need to con-
vey spatial cues with better fidelity. Future research
should elaborate on these findings with greater atten-
tion to providing the opportunity for useful binaural
comparisons. More useful binaural comparisons should
support superior functional listening advantages more
so than the monaural listening strategies likely used
in this study.
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