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Research Forum: Advances in Research on Auditory Attent
Results: A remote microphone provided the largest
improvement in speech understanding. Visual information
and adaptive beamformers ranked next, while bimodal
fittings, bilateral fittings, and hearing preservation provided
significant but less benefit than the other interventions or
sources of information. Only bilateral CIs allowed listeners
high levels of speech understanding when signals were
roved over the frontal plane.
Conclusions: The evidence supports the use of bilateral
CIs and hearing preservation surgery for best speech
understanding in complex environments. These fittings, when
combined with visual information and microphone technology,
should lead to high levels of speech understanding by CI
patients in complex listening environments.
Presentation Video: http://cred.pubs.asha.org/article.
aspx?articleid=2601622
esearch forum contains papers from the 2016 Research
osium at the ASHA Convention held in Philadelphia, PA.
This r
Symp

I n this article, we review recent research from our two
laboratories on speech understanding by cochlear
implant (CI) recipients when speech signals are pre-

sented in complex listening environments or, more gener-
ally, environments involving noise. Our aim is to evaluate
different approaches to improving speech understanding in
these environments.

The Problem
CIs can restore high levels of sentence understanding

in quiet for a majority of listeners (e.g., Wilson, Dorman,
Gifford, & McAlpine, 2016). However, this is not generally
the case for signals presented in a noise background (e.g.,
Spahr, Dorman, & Loiselle, 2007). Moreover, even listeners
who achieve a high level of performance in noise report in-
creased listening difficulty and effort (Gifford et al., 2017).
Figure 1 displays sentence understanding in quiet and in
noise in a standard audiological test environment that used
collocated speech and noise (multitalker babble) at 0° azi-
muth. The data in Figure 1 are from adults with normal
hearing and adults with CIs. The listeners with normal
hearing (n = 82) ranged in age from 20 to 70 years. The
CI recipients (n = 65) had at least one year of experience
with their devices and were a superset of patients described
in Spahr et al. (2007). It is important to note that all had
consonant-nucleus-consonant word scores of 50% correct or
higher and, thus, were either average or better-than-average
performers.

For the listeners with normal hearing, noise presented
with a signal-to-noise ratio (SNR) of +10 or +5 dB had
very little effect on performance, with scores in quiet, +10 dB,
and +5 dB SNR averaging 99%, 99%, and 97% correct,
respectively. Statistical analysis revealed no difference in
Disclosure: The authors have declared that no competing interests existed at the time
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Figure 1. Speech understanding in quiet and in noise (multitalker babble) by normal hearing listeners and by cochlear
implant (CI) recipients. Error bars represent ±1 standard deviation. AzBio = sentence material; SNR = signal-to-noise
ratio; NH = normal hearing.
sentence recognition in the quiet and noise conditions. Noise,
however, had a large effect on the CI listeners. Performance
in quiet, although poorer than normal, was high with a mean
score of 82% correct. In noise, performance plummeted to
54% correct at +10 dB SNR and 36% correct at +5 dB
SNR. Statistical analysis revealed a significant effect of
listening condition with scores in quiet, +10 dB, and +5 dB
all being significantly different from one another. Thus, noise
levels that cause no deficits in performance for listeners with
normal hearing produce significant deficits for CI listeners.

The Mechanism
In broad outline, signal processing for CIs involves

stages of (a) bandpass filtering of the signal into n continuous
bands, (b) estimation of the energy in the bands, and (c) gen-
eration of pulses that are proportional to the energy in filter
bands (for reviews, see Wilson et al., 2016; Zeng, Rebscher,
Harrison, Sun, & Feng, 2008). The pulses are directed to
electrodes in tonotopic fashion; that is, the outputs of
filters with high center frequencies are directed to more
basal electrodes and the outputs from filters with lower
center frequencies are directed to more apical electrodes.

Modern CIs have 12–26 physical electrodes and can
create many more virtual pitch percepts and/or channels
(e.g., Donaldson, Dawson, & Borden, 2011; Wilson,
Lawson, Zerbi, & Finley, 1992). If cortical processing
regions responded to the energy at each electrode as a
separate channel of stimulation and information, then it
is very likely that the problem of speech understanding
in noise, illustrated in Figure 1, would be very much less-
ened. However, this is not the case.

For example, Fishman, Shannon, and Slattery (1997)
configured a CI signal processor to output to one, two,
four, seven, 10, or 20 electrodes. Sentence understanding
reached approximately 70% correct with four electrodes
activated, and performance did not increase significantly
with seven, 10, or 20 electrodes activated. Replications
and extensions of this experiment have reported asymp-
totic performance, most generally, with activation of four
3020 Journal of Speech, Language, and Hearing Research • Vol. 60 •
to eight electrodes (e.g., Friesen, Shannon, Baskent, & Wang,
2001; Kiefer, Von Ilberg, Rupprecht, Hubner-Egner, &
Knecht, 2000; Lawson, Wilson, & Zerbi, 1996; Wilson,
1997). Thus, the number of functional or independent
channels in a CI is far fewer than the physical number of
electrodes. This is relevant to the problem of speech under-
standing in noise because tests in noise with listeners with
normal hearing using vocoder simulations of CIs show that
the fewer the channels, the greater the impact of a fixed
level of noise (e.g., Dorman, Loizou, Spahr, & Maloff,
2002). If CI listeners have access to only four to six chan-
nels of information, then, in the absence of other technolo-
gies, performance in noise will be poor.

In the following sections, we describe approaches to
improving speech understanding in noise by CI recipients.

Add Visual Information
In the United States, speech understanding in quiet,

or in noise, by CI listeners is evaluated, with very few
exceptions, in auditory-only test environments. On the
other hand, CI listeners report that, most of the time, they
can see the face of the person with whom they are conversing
(Dorman, Liss, et al., 2016). It is difficult to imagine any
listener, especially one with hearing loss, purposely closing
their eyes in a restaurant or cocktail party, indeed in any
noisy environment, while attempting to understand speech.

Visual information provides significant value for
speech understanding in noise with improvements up to
15 dB in speech reception threshold even for listeners
with normal hearing (Sumby & Pollack, 1954). Figure 2,
using data from Dorman, Liss, et al. (2016), displays speech
understanding in a multitalker babble environment (with
collocated speech and babble) for unilateral and bilateral
CI recipients in auditory-only and in audiovisual condi-
tions. The data indicate that improvements of 30 to 40 per-
centage points in sentence understanding in noise can be
obtained when visual information is added to the auditory
information (e.g., Desai, Stickney, & Zeng, 2008; Gray,
Quinn, Vanat, & Baguley, 1995; Kaiser, Kirk, Lachs, &
3019–3026 • October 2017



Figure 2. Percent sentence recognition for cochlear implant listeners
in noise (multitalker babble) in an audio-alone condition and in an
audio-plus-visual condition (data from Dorman, Liss, et al., 2016).

Figure 3. Speech understanding in noise for cochlear implant
listeners in a diffuse noise field (restaurant noise) and in a field
with point sources for noise (different talkers) at ±90° to the listener
(i.e., the cocktail party environment). Dotted line separates data
collected in the two listening environments. Error bars represent
±1 standard deviation. Omni = omnidirectional microphone; Adaptive =
adaptive beamformer.
Pisoni, 2003). It is important to note that visual information,
as shown in Figure 2, can improve scores even when the
scores in auditory-only test conditions are very high, for
example, between 80% and 90% correct.
Add a Noise Reduction Strategy
The signal processors in the most recent generation of

CIs have access to the outputs of two omnidirectional micro-
phones mounted on a single CI case. The difference in time
of arrival of a noise source at the two microphone locations
can be used to steer maximum sensitivity to the front of the
listener and to attenuate inputs to the side and back. Devices
of this type are termed beamformers and have long been
available for hearing aids (e.g., Peterson, Wei, Rabinowitz,
& Zurek, 1990) and more recently for CIs (e.g., Buechner,
Dyballa, Hehrmann, Fredelake, & Lenarz, 2014; Spriet
et al., 2007; Wolfe et al., 2012). In an adaptive beamformer,
phase information is used to steer a null, or maximum atten-
uation, toward a noise source, and the location of the null
will vary as a function of the noise location. For a review
of noise reduction strategies for CIs, see Kokkinakis, Azimi,
Hu, and Friedland (2012).

Adaptive beamformers are most effective with well-
defined noise sources and less so with diffuse noise sources.
This is shown in Figure 3, which displays the sentence under-
standing scores of 10 unilateral CI recipients using the MED-
EL ASM 2.0 microphone system in two noise environments.
Results from a diffuse noise environment are shown in the
left-hand panel (redrawn from Dorman, Natale, & Loiselle,
in press). In this environment (the R-SPACE listening envi-
ronment; Revitronix, Braintree, VT), directionally appro-
priate noise (recorded in a restaurant) was output from eight
loudspeakers surrounding the listener, including the speaker
from which the target sentences were presented. Noise levels
were adjusted for each listener to drive performance in the
omnidirectional microphone condition down to less than
50% correct. Implementation of the adaptive beamformer
produced a 23-percentage-point advantage in speech un-
derstanding relative to an omnidirectional microphone.

In Figure 3 (right-side panel), data are shown for a
complex environment in which two noise sources were
used. In this environment, termed the cocktail party, target
sentences (female talker) were output from the front loud-
speaker, whereas continuous distracter sentences (two dif-
ferent male talkers) were output from speakers at ±90°.
Implementation of the adaptive beamformer improved
performance by 37 percentage points relative to an omni-
directional microphone.

The largest gains in intelligibility in noise can be
obtained when CI listeners have access to a remote micro-
phone system. Figure 4 shows the performance of 10 ex-
perienced unilateral CI recipients fit with an adaptive
beamformer (Phonak UltraZoom; Hehrmann, Fredelake,
Hamacher, Dyballa, & Büchner, 2012) and a digital mod-
ulation microphone system (Roger Pen, Phonak AG). The
R-SPACE restaurant environment was used but with no
noise at 0°, that is, from the speaker from which the target
sentences were output. Noise levels were adjusted for each
listener to drive performance in the T-Mic condition down
to less than 50% correct. At this noise level, implementa-
tion of the adaptive beamformer produced a 21-percentage-
point improvement in performance. The Roger Pen afforded
an impressive 42-percentage-point improvement—a score
that doubled the benefit provided by the beamformer and
was within 10 percentage points of the listeners’ performance
in quiet. For other reports using remote microphones, see, for
example, Schafer and Thibodeau (2004) and Wolfe, Morais,
Schafer, Agrawal, and Koch (2015).
Dorman & Gifford: Listening in Complex Environments 3021



Figure 4. Speech understanding by cochlear implant listeners
in a modified restaurant noise using three microphone systems.
Unpublished data from Arizona State University. Error bars
represent ±1 standard deviation.
Add Hearing in the Ear Contralateral to the CI
A very large body of literature attests to the value

of low-frequency acoustic hearing in the ear contralateral
to the CI, that is, a bimodal fitting (e.g., Ching, Incerti, &
Hill, 2004; Gifford, Dorman, McKarns, & Spahr, 2007;
Kong, Stichney, & Zeng, 2005; Mok, Grayden, Dowell, &
Lawrence, 2006). For bimodal recipients, the magnitude of
the improvement in performance is especially large for sen-
tences in noise. Figure 5, adapted from data in Dorman
et al. (2015), shows the percentage point gain in performance
in CI plus contralateral hearing aid relative to the CI-alone
Figure 5. Percentage point benefit in speech understanding in a
bimodal test condition relative to a cochlear implant (CI)-alone
condition. The x-axis is the CI-alone score. The parameter is the
mean low-frequency threshold in the ear with acoustic hearing. The
speech material was the AzBio sentences presented at +5 dB SNR.
The noise signal was multitalker babble. The dotted function is the
95th confidence limit for the test material. Figure reproduced with
permission from Dorman et al. (2015).
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condition. The x-axis is the CI-alone score. The listeners
were unilateral CI recipients and were tested at +5 dB in
multitalker babble—a common real-world SNR (Pearsons,
Bennett, & Fidell, 1977; Smeds, Wolters, & Rung, 2015).
One group had low-frequency hearing thresholds (aver-
age thresholds at 125, 250, and 500 Hz) of 40 dB HL or
better. A second had thresholds between 41 and 60 dB HL,
whereas the third group had thresholds greater than 61 dB
HL. For the group with low-frequency thresholds better
than 41 dB HL, the mean improvement in performance
was 28 percentage points, and about two thirds of the
recipients showed benefit. For the group with thresholds
between 41 and 60 dB HL,the mean improvement was
significantly less, 17 percentage points, whereas for the group
with thresholds greater than 60 dB HL, the mean improve-
ment was only 6 percentage points. Thus, if CI recipients
have relatively good low-frequency hearing in the ear con-
tralateral to the CI, and if they are appropriately aided, then
speech understanding in noise will be significantly better.

Add Low-Frequency Hearing in Both the
Contralateral and the Operated Ear

A recent advance in the CI field has been the design
of electrodes and surgical procedures that allow the preserva-
tion of acoustic hearing in the cochlea in which the CI is
inserted (Hunter et al., 2016; Lenarz et al., 2013; Skarzynski
et al., 2014; von Ilberg et al., 1999). When hearing is pre-
served, the recipients commonly have low-frequency acoustic
hearing in both the ear contralateral to the CI and in the
ear with the CI. In a recent experiment Loiselle et al. (2016)
tested a group of unilateral CI recipients with excellent hear-
ing preservation in the operated ear (i.e., the mean threshold
at 250 Hz was 30 dB HL and thresholds were within 15 dB
of the thresholds in the ear contralateral to the CI). The test
environment was the cocktail party described earlier (i.e., a
female talker in front and continuous male talkers at ±90°).
Figure 6 (left panel) shows the performance of the listeners
in two conditions: (a) CI plus contralateral acoustic hearing
or bimodal hearing and (b) bimodal hearing configuration
plus ipsilateral acoustic hearing (i.e., aiding the preserved
acoustic hearing in the CI ear). Performance in the latter con-
dition was significantly higher—18 percentage points—than
performance in the bimodal condition. Thus, in a complex
listening environment, hearing preservation surgery can be
of significant value for speech understanding. The theorized
mechanism underlying benefit is the retention of low-frequency
timing cues (e.g., Gifford et al., 2013, 2014). Retention of
interaural timing differences (ITDs) affords the listener a
central comparison of the ITDs associated with the compet-
ing noises as compared to the target that, when placed at 0°,
will have a 0-μs ITD. This benefit is commonly referred to
as squelch or binaural unmasking of speech.

Add a Second CI
Recipients fit first with a single CI and who then

receive a second CI report a significant improvement in
3019–3026 • October 2017



Figure 7. Mean TIMIT (Texas Instruments Massachusetts Institute
of Technology) sentence recognition (in percent correct) as a
function of the target signal azimuth for bimodal and bilateral
cochlear implant (CI) listeners. Error bars represent ±1 standard
error of mean. HA = hearing aid.

Figure 6. Speech understanding in a cocktail party noise environment
by hearing preservation recipients (left) in two conditions, cochlear
implant (CI) plus contralateral acoustic hearing (contra Ac) and CI plus
acoustic hearing in both ears (bilat Ac), and by bilateral CI recipients
(right) in two conditions, better CI alone and bilateral CIs. Error bars
represent ±1 standard error of mean. Figure redrawn from Loiselle
et al. (2016).
quality of life (Bichey & Miyamoto, 2008). Part of this
improvement is related to the improvement in speech
understanding in complex listening environments, which
is attributed to both summation (e.g., Buss et al., 2008;
Litovsky et al., 2006; Schleich, Nopp, & D’Haese, 2004) and
the value of interaural level differences (ILDs; Grantham,
Ashmead, Ricketts, Haynes, & Labadie, 2008). Figure 6
(right panel) shows the gain in speech understanding for
bilateral CI listeners in test conditions identical to those
used for the hearing preservation recipients described ear-
lier. The mean improvement in score from the single CI
condition to the bilateral CI condition was 20 percentage
points. Thus, as was the case for hearing preservation and
bilateral, low-frequency acoustic hearing, bilateral CIs can be
of significant value in noise. Note, however, that the bilat-
eral CI recipients use different cues (ILDs) than the hearing
preservation recipients (ITDs) to achieve this benefit.

Another set of test conditions may more accurately
demonstrate the value of bilateral CIs in real-world listen-
ing situations. These conditions test speech understanding
in a diffuse restaurant noise with a roving target signal. In
communicative environments involving group gatherings,
there will rarely be a single talker. Rather, listeners partici-
pate in group conversation in which the target signal moves
among the group participants.

We recently assessed the effect of a roving target on
speech understanding for both bilateral and bimodal adult
listeners. For each listener group, performance was assessed
for the poorer ear alone, the better ear alone, and the bilat-
eral, best-aided condition (bimodal or bilateral CI). The noise
environment was provided by the R-SPACE system with
restaurant noise originating from all speakers except the one
presenting the target signal. SNR was individually determined
to drive performance in the better ear condition to approxi-
mately 50% correct. Mean data are shown in Figure 7.
For the better ear conditions, both groups demonstrated
source effects, with the highest performance originating
when the signal was to the side of the better ear and signifi-
cantly poorer performance for a signal originating from
both 0 and toward the contralateral ear. It is important to
note that, for the bilateral CI listeners in the bilateral CI
condition, speech understanding scores were not signifi-
cantly different across the three source azimuths. That is,
the bilateral CI users overcame the deleterious effects of ear
asymmetry and source azimuth that significantly influenced
the bimodal listeners because they had access to better ear
listening on both sides. One real-world implication of these
data is that bilateral CI users will be less dependent upon
preferential seating in group communicative environments.
Conclusions
The opportunities for improving speech understand-

ing for CI recipients in complex listening environments
are much greater today than a decade ago. Beamforming
technology and digital, remote microphone systems are
now available for CIs. Clinicians routinely recommend a
bimodal hearing configuration or bilateral cochlear implan-
tation. In cases of both unilateral and bilateral implanta-
tion, recipients may have acoustic hearing preservation in
the implanted ear. As a result, most CI recipients listen with
two ears.
Dorman & Gifford: Listening in Complex Environments 3023



In less complex listening environments, that is, with
low-level background noise and a stationary target at 0°,
each of the interventions discussed earlier is capable of
improving speech understanding. However, in more com-
plex environments with nonstationary sound sources, there
is a clear advantage to having two CIs or two ears with
low-frequency acoustic hearing. Thus, bimodal listeners
who have restricted high-frequency audibility and signifi-
cant asymmetry in speech understanding across the ears
will be better served by a second implant. In the bimodal
configuration, these recipients will not have access to either
ITDs or ILDs in both ears, placing them at a significant dis-
advantage in complex listening environments (e.g., Dorman,
Loiselle, Cook, Yost, & Gifford, 2016; van Hoesel, 2015).

With advancements in (a) electrode design, (b) phar-
maceutical interventions to ameliorate inflammation and for
delivering neurotrophins to the inner ear, and (c) surgical
techniques, the ability to preserve hearing in the operated
ear will improve in the future. Indeed, the number of recipi-
ents with bilateral CIs and bilateral low-frequency acoustic
hearing (e.g., Dorman et al., 2013) is already growing. This
is the intervention of the future. It will afford listeners the
greatest possibility for restoration of audibility, speech qual-
ity, speech understanding in various complex environments,
and spatial hearing abilities. If fit with the latest microphone
technology, these patients will achieve very high levels of
speech understanding in many complex, real-world listening
environments.
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