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Abstract Background Both the Roger remote microphone and on-ear, adaptive beamforming
technologies (e.g., Phonak UltraZoom) have been shown to improve speech under-
standing in noise for cochlear implant (CI) listeners when tested in audio-only (A-only)
test environments.
Purpose Our aim was to determine if adult and pediatric CI recipients benefited from
these technologies in a more common environment—one in which both audio and
visual cues were available and when overall performance was high.
Study Sample Ten adult CI listeners (Experiment 1) and seven pediatric CI listeners
(Experiment 2) were tested.
Design Adults were tested in quiet and in two levels of noise (level 1 and level 2) in A-
only and audio-visual (AV) environments. There were four device conditions: (1) an ear
canal-level, omnidirectional microphone (T-mic) in quiet, (2) the T-mic in noise, (3) an
adaptive directional mic (UltraZoom) in noise, and (4) a wireless, remote mic (Roger
Pen) in noise. Pediatric listeners were tested in quiet and in level 1 noise in A-only and
AV environments. The test conditions were: (1) a behind-the-ear level omnidirectional
mic (processor mic) in quiet, (2) the processor mic in noise, (3) the T-mic in noise, and
(4) the Roger Pen in noise.
Data Collection and Analyses In each test condition, sentence understanding was
assessed (percent correct) and ease of listening ratings were obtained. The sentence
understanding data were entered into repeated-measures analyses of variance.
Results For both adult and pediatric listeners in the AV test conditions in level 1 noise,
performance with the Roger Pen was significantly higher than with the T-mic. For both
populations, performance in level 1noisewith theRogerPenapproached the level of baseline
performance in quiet. Ease of listening in noise was rated higher in the Roger Pen conditions
than in the T-mic or processor mic conditions in both A-only and AV test conditions.
Conclusion The Roger remote mic and on-ear directional mic technologies benefit
both speech understanding and ease of listening in a realistic laboratory test environ-
ment and are likely do the same in real-world listening environments.
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In a review of their assessment of approaches to improving
cochlear implant (CI) recipients’ speech understanding in
noise, Dorman and Gifford1 reported that the largest gains in
performance, over 40 percentage points, were obtained
using a wireless remote microphone, that is, the Roger
technology. The Roger (Phonak, Stäfa, Switzerland) is a
digital, adaptive, wireless, remote microphone technology
that transmits a speaker’s voice to a hearing aid or CI sound
processor. Audio signals are digitized and transmitted in
short packets (160 µs) at different channels between 2.4
and 2.4835 GHz, thereby avoiding interference issues. Addi-
tionally, the gain at the receiver is increased adaptively from
0 dB (when ambient noise levels are below 56 dB sound
pressure level [SPL]) to amaximumofþ20 dB (for an ambient
noise level exceeding 76 dB SPL). The benefits of Roger
technology have been well-documented in adults and pedi-
atric CI recipients.2–6

A second technological approach that produces large
gains in speech understanding in noise is on-ear adaptive
beamforming. Dual microphones mounted on a hearing aid
or a CI sound processor allow phase, or time of arrival, at the
two mics to be compared; maximum sensitivity is steered
to the front of the listener and the null, or maximum
attenuation, is steered adaptively toward the dominant
noise source(s) located on the sides and back of the device
user.7 Studies with CI recipients have reported improve-
ments of up to 37% or 6 dB in presence of noise source(s)
located on the side(s) and/or back of the listener8–10 and up
to 23% or 5.3 dB in diffused noise.7,11–14 The benefit of
adaptive beamforming has also been demonstrated in chil-
dren (5.8 dB improvement).15

The speech perception data reported above have mainly
been collected in sound-alone test environments.While infor-
mative, their relevance to performance in the real-world
environments of CI listeners can be questioned. CI listeners
report that inmostenvironments, theycan see thepersonwith
whom they are talking.16,17 This allows the listeners to use
both visual and auditory information for lexical access.18–20

When both visual and auditory information are available
(audio-visual [AV]), performance is commonly high even at
poor signal-to-noise ratios (SNRs) for normal hearing listen-
ers21 and for CI recipients.16,22–24 For hearing aid (HA) users
with sloping sensorineural hearing losses (on average, mild to
severe), Wu and Bentler25 concluded that the benefits of
directional microphones can be overestimated in laboratory
tests in audio-only (A-only) test conditions.

The central issue in this study, therefore, was whether the
Roger technology (the Roger Pen) is of value to adult CI
listeners (Experiment 1) and pediatric CI listeners (Experi-
ment 2) when visual information is available. Additionally,
we assessed the value of a T-mic relative to an omnidirec-
tional behind-the-ear mic for children and the value of
directional beamformer (UltraZoom) relative to a T-mic for
adults. The T-mic is a concha-level, omnidirectional micro-
phone which, because of its location, provides access to
beamforming cues of the pinna.26,27 Two outcome measures
of value or benefit were obtained: (1) speech perception
scores and (2) subject ratings of “ease of listening.”

Experiment 1: Adult CI Listeners

Method
Institutional Review Board (IRB) approval: This research was
reviewed and approved by the IRB at Arizona State University.

Listeners: The listeners were 10 adult CI patients (7 male,
3 female) fit with Advanced Bionics CIs and the Naida Q90
processor. The listeners’mean agewas 63 years and they had
an average of 6.1 years of experience with their CI. In
everyday conditions, five used bilateral CIs and five were
bimodal (CI with HA in the contralateral ear). For this
experiment, all were tested CI only. For bilateral patients,
testing was conducted with both CIs active. For the bimodal
patients, the ear with partial hearing (non-CI ear) was
plugged and muffed.

Test environment: Listeners were tested in the R-SPACE
environment (Revitronix, Braintree, VT).28 This environment
consists of an eight-loudspeaker array placed in a circular
pattern around the subject. Each speaker is 60 cm from the
subject’s head with speakers separated by 45 degrees. Direc-
tionally appropriate restaurant noise, that is, noise recorded in
a large restaurant with 8 microphones set in a circular array
pointing outward at every 45-degree angle around the circle,
was output from 7 of the 8 loudspeakers. Noise was not
presented from the loudspeaker from which the signal was
presented, that is, at 0 degrees azimuth. A video monitor was
mountedjust below the loudspeaker at 0 degrees azimuth. The
Roger Penwas suspended vertically in lanyard mode, 6 inches
below the cone of the speaker.

Test stimuli: The stimuli were female voice AV sentences
drawn from the AzAV test corpus.16 The sentences are a re-
recording of the AV sentences created by MacLeod and
Summerfield.29,30 There are 10 lists of 15 sentences each
with equal auditory intelligibility and equal gain from the
addition of visual information across lists. Two lists were
used in each test condition.

Test conditions: Stimuli were presented in A-only and in
AV test conditions in quiet and in noise. For the noise
condition, two levels of SNRs were used. The first SNR was
chosen individually so that performance in thebaseline noise
condition would be between 30 and 50% correct. The mean
SNR in this conditionwasþ4.3 dB (range of –2 dB toþ10 dB).
This is the range of SNRs found in common environ-
ments.17,31 The second noise level was set by lowering the
individualized SNR further by 5 dB to simulate a noisier
restaurant or social gathering.

Withineachcondition, listening testswere conductedusing
a T-mic26 as a baseline condition and with (1) an adaptive
beamformer—Phonak UltraZoom,8 and (2) the Phonak Roger
Pen.2 The Roger Penwas programedwith 70% direct input and
30% environmental input, simulating the use case where
listeners desire to primarily focus on the target speaker while
maintaining awareness of the acoustic environment.

Ease of listening: Ease of listening was assessed following
each test condition using a 5-point numerical scale printed on
a visual schematic with 1¼ extremely difficult, 2¼ difficult,
3¼moderate, 4¼ easy, and 5¼ extremely easy. Responses
were given orally.
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Results

The sentence understanding results from Experiment 1 are
shown in ►Fig. 1A and in ►Table 1. Input modality (A-only
and AV), noise level (level 1 and level 2), and microphone
technology (T-mic, UltraZoom, Roger Pen) were entered into
a three-way, repeated-measures (RM) analysis of variance
(ANOVA). The RM ANOVA showed a main effect for modality
(F(1, 9)¼ 175.4, p< 0.0001), amain effect for noise level (F(1,
9)¼ 58.97, p< 0.0001), a main effect for microphone tech-
nology (F(2, 18)¼ 174.5, p< 0.0001), and significant
interactions.

Posthoctestswereconductedusing theHolm–Sidakmethod
for multiple comparisons. Four of the tests were of particular
importance.Considerfirst, innoise level 1, themeanscore in the
T-mic AVcondition (70.4% correct) versus themean score in the
UltraZoom AV condition (85.5% correct). The difference was
significant indicating that, even when visual information was
available, the UltraZoom allowed higher scores than the T-mic.
The second comparison was the T-mic AV condition (70.4%
correct) versus the Roger Pen AV condition (90.6% correct). The
difference was significant and, as was the case for the Ultra-
Zoom, even when visual information was available, the Roger
Pen allowed higher scores than the T-mic.

A third test compared the mean score in the Roger Pen in
noise AV condition (90.6% correct) and the mean score (93.3%
correct) in the T-mic in quiet AV condition. At issue here was
whether the Roger Pen in noise brought performance up the
level of the T-mic in quiet. The difference in scores was not
significant but both scores were near the performance ceiling.

In the fourth test, the mean score in the UltraZoom in
noise AVcondition (85.8% correct) was comparedwith the T-
mic in quiet AV condition (93.3% correct). The means were
significantly different indicating that the UltraZoom in noise
did not bring performance up the level of the T-mic in quiet.

Consider now scores in level 2 noise. The four post hoc
tests described above for level 1 noise were also conducted
for performance in level 2 noise. The mean scores in the AV
UltraZoom condition (68.3% correct) and in the AV Roger Pen
condition (84.8% correct) were higher than themean score in
the AV T-mic condition (46.4% correct). Thus, in level 2 noise,
even when visual information was available, both the Ultra-
Zoom and Roger Pen allowed higher scores than the T-mic.

Finally, neither the Roger Pen (84.8% correct) nor the
UltraZoom (68.3 correct) in noise brought performance to
the level of the T-mic in quiet (93.3% correct).

Analyses of the ease of listening data indicated that
listening with the T-mic in level 1 noise in the AV condition
was rated as “difficult” (mean rating 2.79), whereas for the
UltraZoom the rating was “relatively easy” (mean rating
3.68) and for the Roger Pen the rating was “easy” (mean
rating 4.4). In level 2 noise, similar but lower ratings were
observed. The ratings for the Roger Pen in level 1 and level 2
noise were similar (mean rating 4.4 and 4.0).

Interim Discussion
In the introduction,wenoted that (1)most CI listeners report
that in most listening environments they can see the person
with whom they are conversing and (2) providing visual
information in a speech understanding experiment com-
monly brings speech understanding scores to a relatively
high level. This was the case in level 1 noise where the mean
score in the T-mic AV condition was 70.3% correct. At issue
was whether two microphone technologies, a beamformer
(UltraZoom) and a remote microphone (Roger Pen), would
provide benefit to speech understanding in an AV test
condition when performance in a baseline condition (AV
T-mic) was already high. This was, in fact, the case. In both
the UltraZoom condition (85.5% correct) and the Roger Pen
condition (90.6% correct) performance was higher than in

Fig. 1 Performance by adult cochlear implant (CI) listeners on the
AzAV sentences when using auditory information (black bars) and
when using both auditory and visual information (gray bars). (A)
Speech understanding scores. Ease of listening ratings are shown in
(B). Error bars¼�1 standard deviation.

Table 1 Mean percent correct score in each test condition for
adults

Quiet Noise level 1 Noise level 2

A AþV A AþV A AþV

T-mic 84 93 35 70 17 45

UltraZoom 56 86 44 68

Roger Pen 77 91 69 85
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the T-mic condition (70.3% correct). Moreover, performance
in the Roger Pen condition in noise condition (90.6% correct)
was as high as performance in the T-mic in quiet condition
(93.3% correct). However, because both sets of scores were
near the ceiling, the absence of a difference in performance is
difficult to interpret.

Analyses of the ease of listening datawere consistent with
the analyses of the percent correct scores. In level 1 noise,
listening with the T-mic in noise in the AV condition was, on
average, rated as “difficult” whereas for the UltraZoom the
rating was “relatively easy” and for the Roger Pen the rating
was “easy.” In level 2 noise, scores for the T-mic and the
UltraZoom were poor as would be expected when the SNR
decreased. However, the score for the Roger Pen (mean rating
4.0) was close to the score in level 1 noise (mean score 4.4).
Thus, there is reason to believe that both technologies will be
of value to adult CI patients in real-world situations and not
just in the laboratory.

Experiment 2
The aim of Experiment 2 was to determine whether changes
in speech understanding in AV test conditionswith the use of
the Roger Pen, found for adult CI listeners in Experiment 1,
could be found for pediatric CI listeners.

Method

IRB approval: This research was reviewed and approved by
the IRB at Arizona State University.

Listeners: The listeners were seven pediatric CI patients
(three male, four female) fit with Advanced Bionics CIs and
Naida Q90 processors. Their mean age at implantation was
3.9 years (range 1.4–8.1 years) and, on average, were 13.4
years old (range 9.2–16.2 years) at the time of testing. They
had an average of 9.5 years (range 2.6–13.4 years) of experi-
encewith their CI. In everyday conditions, four used bilateral
CIs, two were bimodal and one used a single CI only. For this
experiment, all were tested with a single CI. For bilateral
patients, the better CI, in terms of score on the AzBio
sentence material in quiet, was used. For the bimodal
patients, the ear with partial hearing was plugged and
muffed.32

Test environment and test stimuli: These were the same
as for Experiment 1.

Test conditions: As in Experiment 1, signals were pre-
sented in both A-only and AV test conditions in quiet and in
noise. For the noise conditions, the SNRwas determined as in
Experiment 1 (noise level corresponding to 30–50% of speech
understanding in quiet). Only one level of noise was used.
Within each condition, listening tests were conducted using
the processor mic as a baseline condition in quiet and in
noise. Tests in noise were also administered using a T-mic
and a Roger Pen. In contrast to Experiment 1, only one noise
level was used and the UltraZoom condition was omitted.
Both changes were driven by the relatively short attention
span of children.

Ease of listening: As in Experiment 1, ease of listeningwas
assessed via subjective ratings.

Results

The sentence understanding results from Experiment 2 are
shown in ►Fig. 2A and ►Table 2. A two-way RM ANOVA
revealed a significant main effect for modality (F(1,
6)¼ 56.04, p< 0.0003), for microphone type (F(2, 12)¼ 35.61,
p< 0.0001), and a significant interaction (F(2, 12)¼ 8.58,
p< 0.0049).

In the A-alone condition, post hoc tests showed that the
mean score in the T-mic in noise condition (59% correct) was
significantly higher than themean score in the processor mic
condition (45% correct) and that performance in the Roger
Pen condition (85% correct) was higher than in either the T-
mic or processor mic conditions. Performance in the Roger
Pen in noise condition (85% correct) was significantly differ-
ent fromperformance in the processormic in quiet condition
(94% correct).

In the AV condition, post hoc tests indicated that perfor-
mance levels in the processor mic (73% correct) and T-mic
conditions (79% correct) did not differ significantly. However,

Fig. 2 Performance by pediatric cochlear implant (CI) listeners on the
AzAV sentences when using auditory information (black bars) and
when using both auditory and visual information (gray bars). (A)
Speech understanding scores. Ease of listening ratings are shown in
(B). Error bars¼�1 standard deviation.
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performance in the Roger Pen condition (93% correct) was
higher than in the processor mic and T-mic conditions. The
mean performance levels in the processor mic in quiet
condition (98% correct) and in the Roger Pen in noise condi-
tion (93% correct) were not significantly different.

The ease-of-listening ratings indicated that listening in
the processor mic and T-mic AV conditions in noise was
moderate in difficulty (3.3 and 3.6, respectively) but listening
in the Roger Pen in noise condition was easy (4.1).

General Discussion

As suggested in the introduction, testing with AVmaterials is
not common in the CI field because visual information adds
so much to speech intelligibility that there is little room to
showbenefit from, for example, a change in signal processing
or from a new microphone technology.25 For that reason,
testing using auditory input alone is preferred. However, this
condition does not pass one test of ecological validity, that is,
that the test environment reflects common, real-world lis-
tening situations.

As described in the introduction, the Roger Pen is one
example of a remote microphone technology that produces
very large increments in speech understanding scores in
noise in A-alone test conditions. The UltraZoom, an example
of an on-ear adaptive dual microphone beamformer, also
improves speech understanding scores significantly. At issue
in this article was whether the UltraZoom and the Roger Pen
would continue to show benefit in an ecologically plausible
test environment—with restaurant noise surrounding the
listener and when the listener could see the talker.

The results from Experiment 1, using adult listeners, and
from Experiment 2, using older pediatric listeners, were simi-
lar. In the critical AV test conditions, when baseline perfor-
mance in noise was relatively high, the Roger Pen improved
speech understanding significantly. For adults the gains were
21 percentage points in level 1 noise and 22 percentage points
in level 2 noise. For children the gainwas 19 percentage points
in level 1 noise. Moreover, ease of listening mirrored the
improvement for speech understanding for both adults and
pediatric patients. Thus, the microphone technologies evalu-
ated in the present study pass two ecological validity
requirements for demonstrating improvements in speech
understanding for CI listeners, that is, the technologies lead
to improved performance (1) in the presence of noise from a
crowded restaurant and (2) when the listener can see the face
of the talker. Clinicians can be comfortable recommending
these technologies for use in the real world.

Limitations: Many other test conditions could have been
implemented in our experiments. For example, the bimodal
patients could have been tested in bimodalmode rather than
CI-alone mode. We chose the CI-alone mode because our
interest was the value of microphone technologies for
patients who use electrical stimulation. A bimodal test
conditionwould have added to the generality of our findings.

We could have used different microphone settings for our
experiments. We used a 70 to 30% direct input to environ-
mental input setting but could have used 50 to 50%—espe-
cially with pediatric patients. For young children, hearing
other children’s language input is very valuable and the 50 to
50% setting could facilitate that. A test in a 50 to 50%
condition would have added significantly to the generality
of our findings.
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