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Abstract

Background: Cochlear implant (CI) users are affected more than their normal hearing (NH) peers by the
negative consequences of background noise on speech understanding. Research has shown that adult

CI users can improve their speech recognition in challenging listening environments by using dual-
microphone beamformers, such as adaptive directional microphones (ADMs) and wireless remote

microphones (RMs). The suitability of these microphone technologies for use in children with CIs is
not well-understood nor widely accepted.

Purpose: To assess the benefit of ADM or RM technology on speech perception in background noise in
children and adolescents with cochlear implants (CIs) with no previous or current use of ADM or RM.

Research Design: Mixed, repeated measures design.

Study Sample: Twenty (20) children, ten (10) CI users (mean age 14.3 yrs) who used Advanced Bionics

HiRes90K implants with research Naida processors, and ten (10) NH age-matched controls participated
in this prospective study.

Intervention: CI users listened with an ear-canal level microphone, T-Mic (TM), an ADM, and a wireless

RM at different audio-mixing ratios. Speech understanding with five microphone settings (TM 100%,

ADM, RM 1 TM 50/50, RM 1 TM 75/25, RM 100%) was evaluated in quiet and in noise.

Data Collection and Analysis: Speech perception ability was measured using children’s spondee
words to obtain a speech recognition threshold for 80% accuracy (SRT80%) in 20-talker babble where

the listener sat in a sound booth 1 m (3.289) from the target speech (front) and noise (behind) to test five

microphone settings (TM 100%, ADM, RM1 TM 50/50, RM1 TM 75/25, RM 100%). Group performance-
intensity functions were computed for each listening condition to show the effects of microphone config-

uration with respect to signal-to-noise ratio (SNR). A difference score (CI Group minus NH Group) was
computed to show the effect of microphone technology at different SNRs relative to NH. Statistical analysis
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using a repeated-measures analysis of variance evaluated the effects of the microphone configurations on

SRT80% and performance at SNRs. Between-groups analysis of variance was used to compare the CI
group with the NH group.

Results: The speech recognition was significantly poorer for children with CI than children with NH in
quiet and in noise when using the TM alone. Adding the ADMor RM provided a significant improvement in

speech recognition for the CI group over use of the TM alone in noise (mean dB advantage ranged from
5.8 for ADM to 16 for RM100). When children with CI used the RM75 or RM100 in background babble,

speech recognition was not statistically different from the group with NH.

Conclusion: Speech recognition in noise performance improved with the use of ADM and RM100 or

RM75 over TM-only for children with CIs. Alhough children with CI remain at a disadvantage as compared
with NH children in quiet and more favorable SNRs, microphone technology can enhance performance

for some children with CI to match that of NH peers in contexts with negative SNRs.

Key Words: children, cochlear implant, microphone technology, remote microphones

Abbreviations: ADM5 adaptive directional microphone; ANOVA5 analysis of variance; CI5 cochlear

implant; CRISP 5 children’s realistic index of speech perception; DM 5 directional microphone; FM 5

frequency modulated; NH 5 normal hearing; RM 5 remote microphone; SNR 5 signal-to-noise ratio;

SRT 5 speech recognition threshold; SHARP 5 situational hearing aid response profile; TM 5 T-mic

INTRODUCTION

C
hildren have difficulty understanding what

they cannot hear clearly, a particularly problem-

atic fact among young children with impaired
hearing (Smaldino and Crandell, 1999; Crandell and

Smaldino, 2000). Research has consistently shown that

children with impaired hearing are at a distinct disadvat-

natge for speech understanding in quiet as well as in noisy

environments when compared with normal hearing (NH)

peers (Finitzo-Hieber and Tillman, 1978; Crandell, 1993;

Schafer and Thibodeau, 2006).

Children with impaired hearing, such as their NH
peers, spend many hours in school. Classrooms, how-

ever, are notoriously noisy places. In early studies, the

range of background noise typical of classrooms was re-

ported as 53–74 dB SPL, with noise levels in occupied

public school classrooms averaging 60 dB SPL (Pearsons

et al, 1977; Olsen, 1998). In a recent study, A-weighted

sound measurements of the activity noise levels during

elementary and middle school class lessons averaged
57 dBA, with input ranging from 42 to 67 dBA (Lyberg

Åhlander et al, 2014).

Recent studies have also shown that the level of the

teacher’s voice changes too. Teachers rely heavily on

their voices to deliver educational material, overcome

large talker-to-listener distances, manage classroom

acoustics, and to deal with student behavior (Schmidt

and Morrow, 2016). The teaching tasks at elementary
and middle schools can vary from soft facilitating talk,

to singing, reading aloud, lecturing, and shouting during

recess or gym class (Lyberg Åhlander et al, 2014). As a

result, the teachers’ vocal intensity levels during any given

workday can range from 50 to 1001 dB SPL with median

levels between 55 and 75 dB SPL (Lyberg Åhlander et al,

2014; Titze and Hunter, 2015). The recommended signal-

to-noise ratio (SNR) for classrooms is 115 dB or greater

(Crandell and Smaldino, 2000), however, average SNRs

in most learning environments are between 26 dB and

16 dB (Olsen, 1998,Knecht et al, 2002;Nelson et al, 2008).

Research has shown that children with ear-level hear-
ing aids (HAs) can meet many listening challenges in

classroom settings by using microphone technology. For

example, directional microphones (DMs) (for a recent re-

view seeMcCreery et al, 2012; also seeRicketts et al, 2010;

Pittman and Hiipakka, 2013); adaptive beamforming di-

rectional microphones (ADMs) (Ricketts and Picou, 2013;

Ricketts et al, 2017; Wolfe et al, 2017); and remote micro-

phones (RMs) (e.g., Lewis and Eiten, 2011; Norrix et al,
2016).

Although DM, ADM, and RM were originally devel-

oped to limit the negative effects of noise on speech

understanding for HA users in challenging listening envi-

ronments, they are now incorporated into cochlear im-

plants (CIs). DMs allow input from sound sources in

front of the listener while simultaneously reducing ampli-

fication for sound sources at the sides and behind the lis-
tener. Directionality can be achieved on Advanced Bionics

CI devices in two ways. First, by using the T-mic (TM), a

single microphone, located at the opening of the ear canal.

Or second, by using an ADM system such as UltraZoom,

which consists of dual-microphones at different locations

on the sound processor that facilitate beamforming. ADM

automatically switches the directional pattern based on

the location of the predominant noise source.
Although DM and ADM technologies are effective in

reducing background noise for CI users, they may not

sufficiently allow for satisfactory communication in many

real-world listening contexts (James et al, 2002; Dawson

et al, 2004; 2011; Wolfe et al, 2009; Gifford and Revit,

2010). Remote microphone (RM) systems offer the op-

portunity to further enhance the SNR by providing direct
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audio input to theCI. Themostwidely studiedRMsystem

used by children is the frequency modulated (FM) system

which has a long history of use in educational contexts

(e.g., Hawkins, 1984; Lewis, 1994; 2008; Boothroyd and
Iglehart, 1998; Anderson and Goldstein, 2004; Anderson

et al, 2005). Another option for RM, and the type of

RM used in the current study, uses the Bluetooth� codec

to transmit audio directly to a ‘‘streamer,’’ worn around

the neck of the CI user. The streamer translates the Blue-

tooth� signal to a proprietary wireless, short range, near-

field magnetic induction signal that is sent to the CI

(Rodemerk and Galster, 2015). The RM can be worn by
a specific talker or placed strategically making the voice

of the specific talker more intense compared with the sig-

nals at the CI user.

Another desireable feature of RM systems is the ability

to simultaneously activate the CI microphone in addition

to the RM, allowing the CI user to hear his or her own

voice and the voices of those nearby, in addition to the per-

son at the RM. The contribution of the RM verus the CI
microphone can be adjusted via mixing ratios. It is not

known how thesemixing ratios affect speech understand-

ing in pediatric CI users. Early FM research with pediat-

ric HA users revealed a significant degradation of speech

recognition thresholds (SRTs) in noise in RM1HAmicro-

phone conditions, when compared with RM-only, that did

not differ significantly fromHA-only (e.g., Hawkins, 1984;

Fabry, 1994). However, amore recent study that assessed
four different RM systems (Norrix et al, 2016) showed a

significant improvement in speech recognition threshold

(SRT) with RM 1 HA microphone cofigurations over

HA-only for pediatric listeners with impaired hearing.

Theuse ofDM,ADM, andRMtechnology in adultswith

CI devices has been found to significantly improve speech

understanding when listening in challenging acoustic en-

vironments (Gifford andRivet, 2010;Buechner et al, 2014;
Mauger et al, 2014;Geißler et al, 2015;Kolberg et al, 2015;

Wolfe, Morais, and Schafer, 2015; Wolfe, Morais, Schafer,

et al, 2015; Vroegop et al, 2017). Results from DM, ADM,

and RM studies in adults with CI may not apply to a pe-

diatric population with CI, therefore, the suitability of

these microphone systems for use in children and adoles-

cents with CI is not well-understood nor widely accepted

(Plasmans et al, 2016). Children, unlike adults, undergo
ongoing auditory and language skills development while

communicating in the acoustically complex environments

in which they must listen and learn. Because children

generally experience greater degradation in speech un-

derstanding from background noise than adults (e.g., Hall

et al, 2002; Johnstone and Litovsky, 2006; Baker et al,

2014), the degree to which the negative consequences of

background noise can be limited by RM may have a
greater impact on how children with CI can function in

noisy environments than an adult population with CI.

The present study sought to investigate the effect of

TM, ADM, and RM technology on SRT in background

noise, in school-age children at a short distance (1 m/

3.289) from the talker. Participants identified spondee

words presented in background babble while listening

under TM, ADM, and RM conditions. For RM condi-
tions, various mixing ratios were used where the signal

was transmitted through the RM and TM with equal

emphasis. For instance, a 50/50 mixing ratio, half of

the signal was transmitted through the RM and the

other 50% was transmitted through the TM. Using

RM 1 TM mixing ratios of 50/50 (RM50), 75/50 (RM75),

and 100/0 (RM100) allowed us to better understandwhich

settingmaybe optimal for listeningwithRMtechnology in
children while in noise and also provided a comparison

with performance using the ADM.

METHODS

Participants

Twenty pediatric native speakers of American En-
glish with no known cognitive or learning deficits par-

ticipated in the study. Ten children (mean age 14.3 yrs/

SD 4.72) were recipients of at least one Advanced Bion-

ics Corporation HiRes90K and/or CII cochlear implant.

All of the children used TM at home. One child (partic-

ipant AAP) used a RM (Roger Pen) at school. The other

nine participants had no experience with FM, ADM, or

RM at home or at school. They all had a history of pre-
lingual onset of deafness and had at least six months of

experience with their CI before participation. One child

(participant AAV) attended a residential school for the

deaf and used total communication, and nine were

mainstreamed in public or private schools and used

auditory-oral communication. Demographic and hearing

history for each participant with a CI is displayed in

Table 1. The remaining 10 participants were typically-
developing children (mean age 14.2 yrs/SD 4.8) with

NH sensitivity, chronologically age-matched to the CI

group (mean age 14.3 yrs/SD 4.7). The NH participants

had thresholds at or below 20 dB HL at 500, 1000, 2000,

and 4000 Hz bilaterally. All testing procedures and

materials were approved by the Institutional Review

Board at the University of Tennessee Health Science

Center before the onset of data collection.

Stimuli and Test Protocols

The same standard-issue research Naida CI Q70 (Ad-

vanced Bionics, Valencia, CA; Sonova, Stäfa, Switzer-

land) processor was used for testing all participants

with CIs. The participant’s preferred map from their

personal CI was transferred to the research Naida CI
Q70 processor. ClearVoice was set to medium for all

participants to isolate performance with microphone

configuration alone. Five programs that corresponded to

five different microphone configurations were created
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and added to the program slots: (1) 100% TM, (2) Ultra-

Zoom 100% (ADM), (3) RM 1 TM 50/50 mixing ratio

(RM50), (4) RM 1 TM 75/25 mixing ratio (RM75),

and (5) RM 100% (RM100). A ComPilot (Phonak, Zurik,
Switzerland) neck-loop was worn by the participant to

allow direct streaming of input from a clip-on, omnidi-

rectional RM (Phonak) to the CI sound processor. The

default level was used for the RM and ComPilot across

all participants.

Before testing, all participants were familiarized

with all target stimuli (two-syllable children’s spondee

words) used during the test trials. For the familiariza-
tion procedure, each token spondee word was presented

at 65 dB SPL with the corresponding picture presented

on a computer screen. The participant was instructed to

repeat the spondee that was heard. Then, the picture

was presented via the computer screen and the partic-

ipant was asked to label it. Any word the participant

was unable to consistently identify was not used during

testing. Following familiarization, a practice test was
presented using only the TM program. Participants

did not need to meet set criteria to continue to the test

conditions as the practice test was only used to familiar-

ize the child with the test procedures.

For testing, the child faced a single-cone, Cambridge

SoundWorks Center/Surround IV loudspeaker (Crea-

tive, Singapore) in a sound-attenuated booth, 1 m away,

at 0� azimuth with the RM placed 60 (15.24 cm) be-
low the center of the loudspeaker. Target stimuli con-

sisted of a closed set of 25, two-syllable children’s

spondee words (Children’s Spondee Word List; Auditec,

St. Louis, MO), spoken by a male talker at 0� azimuth.

Target spondees were recorded in a sound booth with a

male talker who was instructed to place equal emphasis

on each syllable of the spondee word. Root-mean-square
equalization was done to facilitate accurate calibration.

The root-mean-square values of each spondee were

equalized by measuring the peak amplitude of the

speech signals and then changing the amplitude to cre-

ate equal amplitude across the various vowel sounds.

The competing background noise was 20-talker bab-

ble (Auditec), presented via a single-cone loudspeaker

(Cambridge SoundWorks Center/Surround IV; Crea-
tive) placed at 180� azimuth, 1 m behind the partici-

pant. The target spondee words and the 20-talker

babble were calibrated to 60 dB SPL at 1 m (the location

of the listener).

Preceding each target spondee was the carrier phrase

‘‘Ready, point to the. . .’’ also spoken by a male talker. In

listening conditions with background babble, the inter-

fering noise started before the carrier phrase and con-
tinued for approximately 1–2 sec following the target

word (Johnstone and Litovsky, 2006). Following each

stimulus presentation, a four-alternative forced-choice

task was presented on a computer monitor to collect

participant responses. Children used a computer mouse

to click on the picture that best matched the target

spondee word heard. A puzzle piece was presented

for reinforcement following each response regardless
if the participant’s response was correct or not, such

that one piece of the puzzle would appear until the condi-

tion was complete. Figure 1 depicts the test configuration.

Table 1. Participant Demographic Information

Participant

Code

Age

(yrs, mo)

Implanted

Ear Etiology

Duration of CI Use (yrs, mo)
Implant Model

Personal

Processor Type

Right Ear Left Ear

AAA 19, 07 Left Unknown — 06, 04 HiRes 90K Naida CI Q 70

AAB 17, 08 Left Unknown;

congenital

— 10, 05 HiRes 90K Naida CI Q 70

AAD 19, 06 Bilateral Unknown 07, 07 12, 02 HiRes 90K Naida CI Q 70

AAF 14, 11 Bilateral Auditory neuropathy;

congenital

11, 05 03, 05 HiRes 90K Naida CI Q 70

AAH 06, 00 Bilateral Unknown; congenital 00, 06 01, 00 HiRes 90K

Advantage

Naida CI Q 70

AAP* 16, 09 Left Connexin 26;

congenital

00, 02 03, 03 HiRes 90K Naida CI Q 70

AAQ 12, 04 Left Unknown;

congenital

— 00, 03 HiRes 90K

Advantage

Naida CI Q 70

AAR 08, 10 Right Unknown; family Hx;

congenital

00, 10 — HiRes 90K Naida CI Q 70

AAS 18, 10 Bilateral Unknown 15, 00 16, 03 HiRes 90K Harmony

AAV† 13, 10 Bilateral Unknown; congenital 05, 11 09, 09 HiRes 90K Naida CI Q 70

Mean (yrs, mo) 14, 08 04, 06 06, 05

SD (yrs) 4.72 3.70 5.66

*Uses Roger Pen at school.

†ASL/Total Communication is primary mode of communication.
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The TM and ADM are ear-level microphones on the CI

processor, and therefore, are colocated with the listener

(1 m from the loudspeaker presenting the target spondee

words in front and 1 m from the loudspeaker presenting
the interfering babble frombehind). TheRMwas fastened

15.24 cm below the loudspeaker presenting the target

spondee words and 2 m from the loudspeaker presenting

the 20-talker babble.

All listening conditions, in the current study, started

with the target stimulus presented at 70dBSPL.The level

of the target stimuli adaptively varied following a 3 down-

1upalgorithmto attain anSRTof 79.4%correct (SRT80%)
(Levitt, 1971). The competing noise was presented at a

fixed level of 60 dB SPL (for a detailed description of

the children’s realistic index of speech perception (CRISP)

algorithm see Litovsky, 2004; 2005). An adaptive method

that varies the level of the target speech to measure an

SRT in fixed interfering noise has been used in pediatric

HA research assessing FM and RM (e.g., Fabry, 1994;

Lewis et al, 2004;Norrix et al, 2016); in research regarding
children with bilateral CIs (e.g., Godar et al, 2004; Litovsky,

Johnstone, et al, 2004; Litovsky, Parkinson, et al, 2004;

Litovsky, Johnstone, andGodar, 2006, Litovsky, Johnstone,

Godar, et al, 2006); with adult CI users (e.g., Gifford and

Revit, 2010) and with adult HA users (e.g., Rodemerk

and Galster, 2015). The SRTmeasurement used in the cur-

rent study is clinically relevant. The Children’s Spondee

WordList isubiquitous inpediatric clinics inNorthAmerica,
and audiologists understand how an SRT is measured clin-

ically. An SRT in noise, in the clinical setting, is typically

performed by lowering and raising the level of the spondees

(as is done in quiet) while keeping the noise level fixed. Ex-

perimentally, measuring an SRT avoids the floor and ceil-

ing effects obtained when measuring percent correct

(Nilsson et al, 1994).

Table 2 shows themeasured sound levels of the target

stimuli and the background babble at the location of the

various microphones used in this study. The levels for

the target spondee words at the RM are higher than the
level at the ear-level microphones because it is located

much closer to the target loudspeaker at a distance rec-

ommended for actual use. Conversely, the level of the

background babble at the RM is lower than the ear-level

microphones because it is located twice the distance

from the babble loudspeaker than the listener.

Estimates of SRT80% were made following the meth-

ods used by Johnstone and Litovsky (2006). Briefly, a
three-vector data matrix was created from each adap-

tive track. One vector contained all the levels visited

during the adaptive track, the second vector contained

the proportion correct at each level visited, and the

third contained the total number of trials at each level

visited. These data matrixes were fit to a logistic func-

tion and the inverse of the function taken at a specific

probability level to estimate SRT at 80% accuracy
(Johnstone and Litovsky, 2006). Level was then con-

verted to SNR during noise tracks, and the same pro-

cess used to estimate SRT80% with reference to SNR

instead of target level. To create group psychometric

functions, all of the adaptive-track data matrixes

for a specific listening condition were combined across

participants.

EachSRT80%wasmeasuredusing theCRISP (Litovsky,
2004, 2005). CRISP was chosen because (1) it is an easy

and rapid test that many children with NH or with CI

can perform over a wide range of SNRs (Litovsky, 2004;

2005; Litovsky, Johnstone, and Godar, 2006; Litovsky,

Johnstone, Godar, et al, 2006; Johnstone and Litovsky,

2006); (2) it avoids ceiling and floor effects by measuring

SRT; and (3) a performance-intensity (PI) function can

Figure 1. A schematic drawing of the test environment is shown. The listener was situated 1 m (3.289) from each loudspeaker. The front
loudspeakerwas located at 0� azimuth and the rear loudspeaker was located at 180� azimuth. The remotemicrophonewas placed 15.24 cm
(60) below the front loudspeaker. The monitor was placed in front of listener and the below the remote microphone at 0� azimuth.
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be created from the adaptive trials and reliable SRT es-
timates derived (Johnstone and Litovsky, 2006). These

SRTs can be averaged across participant groups to com-

pare various technologies and listening conditions.

Table 3 provides a concise summary of the seven test

conditions used to measure SRT80%. Two test condi-

tions measured SRT80% in quiet (TM; RM50) and five

test conditions measured SRT80% with competing

20-talker babble (TM; ADM; RM50; RM75; and RM100).
All seven listening configurations were randomly ordered

across participants. All stimuli were routed through a

Tucker-Davis Technologies (Alachua, FL) System III.

Software for the stimulus presentation and data collection

were operated via a custom MATLAB (MathWorks, Inc.,

Natick, MA) program (Litovsky, 2005; Johnstone and

Litovsky, 2006) on a Dell Optiplex 9020 (Round Rock,

TX) computer.

RESULTS

Effect of Microhphone Technology in Quiet

Figure 2A and B show the group average PI functions

for each listening condition in relation to chance perfor-

mance (25% accuracy) and the SRT80%. The results for
the quiet condition are pictured in Figure 2A. Children

with CI achieved 100% accuracy in quiet at 54 dB SPL

with the RM50 and at 62 dB SPL with the TM. Overall,

the use of the RM50 improved thresholds in quiet over

use of the TM alone by an average of 6 dB for the chil-

dren with CI. On average, children with NHhad perfect

performance (100% accuracy) for spondee words at

38 dB SPL in quiet.

Figure 3A and B show individual and mean group
SRT80% data. A between-subjects ANOVA was used

to compare quiet SRT80% between children with CI

and children with NH. When listening in quiet, CI

participants showed significantly higher (poorer) SRT

80% with TM (F[1,18] 5 63.51, p , 0.0001) or with

RM50 (F[1,18] 5 27.77, p, 0.0001) when compared with

the NH group (see Figure 3A). Despite an average 6dB

improvement in SRT80%with the RM50when listening
in quiet there was no significant difference in SRT80%

between TM and RM50 (F[1,9] 5 3.29, p 5 0.103) as

revealed by repeated-measures ANOVA.

Effect of Microphone Technology in

Background Babble

When background babble was introduced, the RM100
allowed children with CI to achieve perfect performance

(100% correct) between 16 and 18 SNR. However, for

children with CI, Perfect performance was not recorded

at any SNRwith any othermicrophone used (see Figure

2B). It was also noted that at a 110 SNR the RM100

showed PI roll-over that was not evident for any other

microphone configuration tested.

At a 0SNRwhenusingTMalone, performancewas poor
particularly when compared with ADM or RM technology.

At less favorable SNRs (220 to25), the use of RMwas crit-

ical for childrenwith CI and allowed them tomatch perfor-

mance with peers with NH when the SNR was poorest.

Interestingly, Children with NH showed the greatest lis-

tening advantage over children with CI when SNRs were

most favorable. ChildrenwithNHhadperfect performance

(100% correct) at all SNRs better than25 (see Figure 2B).

Table 2. Microphone Distances and Measured Sound Levels

Speech Target and Noise Calibrated to 60 dB(A) at 1 m

Mic Option

Distance from Speech

Target Loudspeaker

Distance from Noise

Loudspeaker

Starting Level (dBA) of Target at Mic

(110 SNR @ Listener)

Fixed Level (dBA)

of Noise at Mic

TM 1 m 1 m 70 60

ADM 1 m 1 m 70 60

RM 15.24 cm 2 m 84 54

Note: ADM 5 adaptive directional mic; RM 5 remote mic; TM 5 T-mic.

Table 3. Summary of Test Conditions

Test Condition Noise Configuration Mixing Ratio

1 Quiet TM None RM (Transmitter Off) 1 TM TM 100%

2 Quiet RM50 None RM 1 TM 50/50

3 TM 20 talker babble RM (Transmitter Off) 1 TM TM 100%

4 ADM 20 talker babble RM (Transmitter Off) 1 TM (Off) 1 ADM ADM 100%

5 RM50 20 talker babble RM 1 TM 50/50

6 RM75 20 talker babble RM 1 TM 75/25

7 RM100 20 talker babble RM 1 TM (Off) RM 100%

Note: ADM 5 adaptive directional microphone; RM 5 remote microphone; TM 5 T-mic.
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The effect of the different microphones on individual

SRT80% is shown in Figure 3B. To assess the effect of

microphone technology on SRT 80%, a repeated mea-

sures ANOVA was done for the CI group. A significant

main effect for microphone technology was found

F[4,36]5 11.82, p, 0.0001. Post hoc repeated-measures,

one-way ANOVA revealed how ADM and RM options

significantly improved performance relative to TM

alone. When listening in noise, statistically significant

lower (better) SRT 80% where measured when the CI

Figure 2. (A) Group performance-intensity functions in quiet and (B) group performance-intensity functions when background babble
was present. Circles represent the performance of the CI groupwith variousmicrophone technologies. The triangles show the performance
of the NH group. Chance performance was set at 25% for a four-alternative forced choice for both groups. A SRT was estimated for 80%
accuracy (SRT80%). When background babble was present, the noise was presented at a fixed level of 60 dBA. An adaptive three-down,
one-up algorithm (Litovsky, 2004; 2005) was used to measure thresholds in quiet and in noise.

Figure 3. (A and B) SRT80% for each individual participant for the quiet and noise listening conditions (respectively) as well as group
means and standard deviations (black circles). The horizontal line at zero represents 60 dBHL, the sound level at 1 m/3.289 from the
loudspeakers (the location of the listener). SRT80% was significantly higher (poorer) for children with CI than children with NH in quiet
and in noise when using the TM alone. Adding the ADM or RM provided a significant lowering (improvement) of SRT80% for the CI group
over use of the TM alone in noise (mean dB advantage in parentheses). When children with CI used the RM75 or RM100 in background
babble, the SRT80% was not statistically different than the group with NH.
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group listened with ADM (F[1,9] 5 18.52, p , 0.005),

RM50 (F[1,9] 5 10.3, p , 0.01), RM75 (F[1,9] 5 21.58,

p , 0.001), RM100 (F[1,9] 5 31.936, p , 0.0001) when

compared with performance with TM. In addition,
SRT80% was statistically significantly lower (better)

when listening with RM75 (F[1,9] 5 11.23, p , 0.01)

and RM100 (F[1,9] 5 15.08, p, 0.005) as compared with

ADM. Finally, SRT80% was statistically significantly

lower (better) when using RM100 than RM50 (F[1,9] 5

5.16, p , 0.05). There was no significant difference in

SRT80% between RM75 and RM100 (F[1,9] 5 1.048,

p 5 0.33).
To compare the effect of microphone options available

to the CI group on SRT80% as compared with children

with NH a one-way, between-subjects ANOVA was per-

formed. During the noise experiment, children with CI

had statistically significantly greater (poorer) SRT80%

than children withNHwhen using TM (F[1,18]5 36.725,

p , 0.0001) or ADM (F[1,18] 5 4.668, p , 0.05). There
was, however, no significant difference in SRT 80% be-

tween childrenwithCI and theNHgroupwhen the chil-

dren with CI used RM50 (F[1,18] 5 1.226, p 5 0.283),

RM75 (F[1,18] 5 0.259, p 5 0.617), or RM100 (F[1,18] 5

0.943, p 5 0.005).

Figure 4 shows individual data depicting the im-

provement (in dB) of the various microphone technolo-

gies and mixing ratios over TM alone. Participant data
for the RM50 are rank ordered from greatest benefit to

least. The same participant order is maintained for the

other RM mixing ratios tested as well as for ADM.

Figure 4. The average difference in performance in the CI group as compared with the control group with NH is shown. The horizontal
line represents performance of children with NH. Bars that extend below the line show performance in the CI group that was poorer than
the control group. Bars that extend above the line show performance in the CI group that was better than the control group. At a 0 SNR
children with CI got 60% fewer words correct when using the TM alone than children with NH. The performance with TM alone was
significantly poorer than the other microphone technologies tested at 0 SNR. At negative SNRs, the relative benefit of TM as compared
with othermicrophone technologies could not bemeasured because average CI performance fell below chance levels when using TMalone.
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Although some children clearly benefited from any RM

mixing ratio used, as compared with TM alone, others

showed improvement with only one.

Effect of SNR on Benefit

To better understand spondee perception at various

SNR, a difference score was computed by subtracting

the average percent correct for the NH group from

the CI Group at seven SNRs (220, 215, 210, 25, 0,

15, 110). Figure 5 shows the average difference in

spondee perception of children with CI as compared
with children with NH (the horizontal flat line) across

the seven SNRs. Statistical analysis of the difference

scores, using mixed ANOVA revealed a statistically sig-

nificant main effect for microphone configuration

F[4,36] 5 4.733, p , 0.005; and SNR F[2,18] 5 4.538, p , 0.05.

A significant microphone x SNR interaction was also

found F[8,72] 5 3.77, p , 0.001.

At SNRs less than zero, performance did not ex-
ceed chance when using TM alone. Post hoc one-way,

repeated-measure ANOVA showed that performance

was statistically significantly improved beyond ADM

at 210 and 215 SNR with RM75 (F[1,9] 5 7.018,

p , 0.05; F[1,9] 5 6.210, p , 0.05, respectively) and

RM100 (F[1,9] 5 6.320, p , 0.05; F[1,9] 5 6.210,

p , 0.05, respectively). At more favorable SNRs (0,

15, 110) Post hoc one-way, repeated-measure ANOVA
showed a statistically significantly improved perfor-

mance at 0 SNR with ADM (F[1,9] 5 7.732. p , 0.05);

RM50 (F[1,9] 5 12.64, p , 0.01); RM75 (F[1,9] 5

8.127, p , 0.05; and RM100 (F[1,9] 5 13.675, p ,

0.005) as compared with TM alone. However, at 15

and 110 SNR, there were no significant differences

in performance between the TM and ADM or RM

technologies.

DISCUSSION

The current study provides support for the use of mi-

crophone technology in children and adolescents

who use CI. The use of RM technology, specifically,

allowed the children with CI to maintain their best per-

formance in recognizing familiar words across a wide

range of SNRs at a short distance and to perform in

some instances comparably to children with NH. Al-
though both RM75 and RM100 allowed for comparable

best performance, many participants spontaneously re-

ported that they did not like RM100 mixing ratio be-

cause of the inability to hear themselves speak. Also,

the RM100 showed some evidence of degraded perfor-

mance at the highest input levels for some children—

although none complained of degraded sound quality.

Communication with Advanced Bionics confirmed that
the RM output saturated at input levels above 75 dBA.

It is not known how the nonlinearity of the RM at high

levels of input impacts sound quality. Interestingly, the

pattern of degraded performance at the highest input

levels was not measured for any other microphone con-

figuration tested. With all the other microphone config-

urations tested (TM, ADM, RM75, or RM50), children

with CI typically showed best performance at the high-
est input level (best SNR) when background babble was

present. Perhaps performance could be made even bet-

ter with an RM that adaptively increased target gain at

high input levels (e.g., the Roger microphone).

The results of this study provide evidence that both

ADMandRM technology can improve speech recognition,

Figure 5. Individual data depicting the improvement (in dB) of the various microphone technologies over TM alone are shown. Par-
ticipant data for the RM50 are rank ordered from the greatest benefit to least. The participant order is maintained for the other RM
mixing ratios tested as well as ADM. This allows one to better appreciate the benefit variability within- and between-subjects. Although
some children clearly benefited from any RM mixing ratio as compared with TM alone, others showed improvement with only one.
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as comparedwith TMalone, even at a short distance (1m/

3.289) from the talker when background noise is present.

The significant difference found between children with CI

and children with NH in quiet or in the presence of low-
levels of background noise, however, points to the real

challenge facing those who seek to improve speech recog-

nition in CI users. At best, most children with CI have

hearing thresholds in quiet that are consistentwith amild

sensorineural loss. Too often the impact of this mild hear-

ing loss on speech recognition at close distances is not ap-

preciated. Clinical tools that allow audiologists to predict

audibility for a variety of speech spectra over different dis-
tances for children with CIs do not currently exist. Per-

haps, programs developed to fit HAs on infants and

toddlers could be adapted somehow for CI use: for exam-

ple, the Situational Hearing Aid Response Profile

(SHARP) (Stelmachowicz et al, 1993; Boys TownNational

Research Hospital, 2013). SHARP allows a clinician to cre-

ate a visual representation of aided speech envelopes and to

estimate the aided audibility index at various distances
(e.g., when an infant/toddler is held at hip position—very

close to talker; versus when the child is farther away at

4 m/13.129 from the talker). This type of program does not

currently exist for use when evaluating/verifying/predicting

theperformanceofCIs for childrenbecauseSHARPdepends

on simulated real-earmeasurements which are not applica-

ble to CI technology. The current study suggests, however,

that providing an estimate of the best possible CI audibility
index (perhaps using behavioral thresholds, CI map data,

andmeasurements of spread of excitation)might be of great

value in clinical settings. Our study shows that children

with mildly elevated thresholds secondary to CI implanta-

tion cannot match the performance of their NH peers at

a short distance from a talker in quiet or at more favor-

able SNRs. Thus, the impact of themildly elevated hearing

thresholds, commonly associated with CIs and the positive
impact of ADM and/or RM technology, on incidental learn-

ing might be considerably greater than currently thought:

particularly in situations where the distance between the

pediatric CI recipient and the talker is at least 39.

Finally, this study has a few notable limitations. In-

herent to most studies that test pediatric CI listeners, is

the constraint of a small sample size. Only one CI man-

ufacturer and one RM microphone arrangement (Com-
Pilot with clip-on RM)were included. Other arrangements

mayprovidemore significant benefits. Testingwas done at

one short distance—performance may decline as distance

increases for children with CI. Also, only recognizable

spondee words were used for speech recognition purposes.

One would predict that performance would decline with

use of less familiar and more complex speech tokens. Fi-

nally, it is difficult to capture the dynamics of the class-
room acoustics in a laboratory setting. In our study, we

chose to keep the background noise at a fixed level and

adaptively changed the level of the target talker. In reality,

research has shown that the level of the background noise

and the target talker (teacher) change throughout the

course of the school day depending on the context. Future

studies in actual classrooms may provide additional in-

sight into the actual benefits afforded to children with
CI by use of RM and ADM technology.

CONCLUSION

Children with CIs should be given the option to use

Adaptive Digital Microphone and Remote Micro-

phone technology to improve performance in noise

and in quiet. Although children with CI remain at a dis-

advantage as compared with NH children in quiet and

more favorable SNRs, microphone technology can en-
hance performance for some children with CI to match

that of NH peers in contexts with negative SNRs.
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Büchner A. (2015) Speech reception threshold benefits in cochlear
implant users with an adaptive beamformer in real life situations.
Cochlear Implants Int 16(2):69–76.

Gifford RH, Revit LJ. (2010) Speech perception for adult cochlear
implant recipients in a realistic background noise: effectiveness of
preprocessing strategies and external options for improving
speech recognition in noise. J AmAcad Audiol 21(7):441–451, quiz
487–488.

Godar SP, Litovsky RY, Johnstone PM, Agrawal SS. (2004) In:
Miyamoto R, ed. Cochlear Implant Plus Hearing Aid: Measuring
Binaural Benefit in Children. International Congress Series. Vol.
1273. Elsevier, 219–222.

Hall JW 3rd, Grose JH, Buss E, Dev MB. (2002) Spondee recogni-
tion in a two-talker masker and a speech-shaped noise masker in
adults and children. Ear Hear 23(2):159–165.

HawkinsDB. (1984) Comparisons of speech recognition in noise by
mildly-to-moderately hearing-impaired children using hearing
aids and FM systems. J Speech Hear Disord 49(4):409–418.

James CJ, Blarney PJ, Martin L, Swanson B, Just Y,
Macfarlane D. (2002) Adaptive dynamic range optimization for co-
chlear implants: a preliminary study. Ear Hear 23(1, Suppl):
49S–58S.

Johnstone PM, Litovsky RY. (2006) Effect of masker type and age
on speech intelligibility and spatial release from masking in chil-
dren and adults. J Acoust Soc Am 120:2177–2189.

Knecht HA, Nelson PB, Whitelaw GM, Feth LL. (2002) Back-
ground noise levels and reverberation times in unoccupied class-
rooms: predictions and measurements. Am J Audiol 11(2):65–71.

Kolberg ER, Sheffield SW, Davis TJ, Sunderhaus LW, Gifford RH.
(2015) Cochlear implant microphone location affects speech recog-
nition in diffuse noise. J Am Acad Audiol 26(1):51–58, quiz
109–110.

Levitt H. (1971) Transformed up-down methods in psychophysics.
J Acoust Soc Am 49:467–477.

Lewis DE. (1994) Assistive devices for classroom listening: FM
systems. Am J Audiol 3:70–83.

Lewis DE. (2008) Trends in classroom amplification. Contemp Is-
sues Commun Sci Disord 35:122–132.

Lewis DE, Eiten L. (2011) FM systems and communication access
for children. In: Seewald R, Tharpe AM, eds. Comprehensive Hand-
book of Pediatric Audiology. San Diego, CA: Plural, pp. 553–564.

Lewis MS, Crandell CC, Valente M, Horn JE. (2004) Speech per-
ception in noise: directional microphones versus frequency modu-
lation (FM) systems. J Am Acad Audiol 15(6):426–439.

LitovskyRY. (2004)Method and system for rapid and reliable test-
ing of speech intelligibility in children. J Acoust Soc Am 115:2699.

Litovsky RY. (2005) Speech intelligibility and spatial release from
masking in young children. J Acoust Soc Am 117(5):3091–3099.

Litovsky RY, Johnstone PM, Godar SP. (2006) Benefits of bilateral
cochlear implants and/or hearing aids in children. Int J Audiol
45:(Suppl 1):S78–S91.

Litovsky RY, Johnstone PM, Godar S, Agrawal S, Parkinson A,
Peters R, Lake J. (2006) Bilateral cochlear implants in children:
localization acuity measured with minimum audible angle. Ear
Hear 27(1):43–59.

Litovsky RY, Johnstone P, Parkinson A, Peters R, Lake J. (2004)
In: Miyamoto R, ed. Bilateral Cochlear Implants in Children: Ef-
fect of Experience. International Congress Series. Vol. 1273. Elsev-
ier, 451–454.

Litovsky RY, Parkinson A, Arcaroli J, Peters R, Lake J,
Johnstone P, Yu G. (2004) Bilateral cochlear implants in adults
and children. Arch Otolaryngol Head Neck Surg 130(5):648–655.
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