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Sentence recognition was evaluated for ten children with cochlear implants (ClIs) in quiet, noise, and in four
FM system arrangements: desktop soundfield, body-worn, miniature direct-connect, and miniature cord-connect.
The CI speech processors remained at user settings during testing, and the children adjusted the volume controls
on the FM receivers to comfortable levels while listening to running speech. No significant differences were found
in thresholds for speech-weighted noise obtained across the four FM system arrangements, which suggested that
the children were able to adjust the volume settings on the FM system receivers to relatively equal perceptual
levels. When listening with their implant alone, the children’s senfence recognition was significantly affected by
the presence of the background noise. The use of all four FM system arrangements resulted in significanfly im-
proved performance in noise relative to the implant-alone condition. There were no significant differences in

average speech recognition scores across the FM systems.

Introduction

Persons with hearing loss and hearing aids experience
speech-recognition difficulties in the presence of noise and
reverberation (Dubno, Dirks, & Morgan, 1984; Erber,
1971; Finitzo-Hieber & Tillman, 1978; Ross & Giolas,
1971). Adults with cochlear implants (Cls) also experience
reductions in speech recognition in noise and may expeti-
ence up to a 60% reduction in adverse listening conditions
as compared to performance in quiet (Battmer, Reid, &
Lenarz, 1997, Hamzavi, Franz, Baumgartner, &
Gstoettner,, 2000; Fetterman & Domico, 2002). Class-
rooms are difficult leaming and Hstening environments for
children with hearing loss because of the presence of noise,
reverberation, and distance from the teacher. One recom-
mendation for reducing these negative effects is use of an
FM systern in the classroom. FM systems improve the
signal-to-noise ratio (SNR) to a child because of the
relative distance of the transmitter microphone from the
speaker’s mouth at three to six inches. This close proxim-
ity results in an increase in the signal level arriving at the
FM microphone compared to a hearing aid or C1 micro-
phone at a typical distance of three feet (Flexer, 1997;
Lewis, 1995).

These FM systems provide significant benefit for
children with Cls in educational settings, but there are
significant challenges in both the physical connections to
the various CI devices and verification measures. Connect-
ing FM systems to CI speech processors may be difficult
because processors have different impedances, and there-

fore require different cords for interfacing FM systems. In
general, FM system options for persons with CIs may
involve soundfield or electrical coupling. Soundfield
coupling may include wall-mounted, ceiling-mounted, or
desktop systems, while electrical coupling includes body-
worn and miniature direct-connect or cord-connect devices,
Body-worn devices are the size of a typical pager (3”x4")
and connect to CI speech processors with cords and adap-
tors. Miniature direct-connect and cord-connect devices
are smaller receivers (17x1”) and are plugged directly into
body-worn speech processors or are connected with a cord
to ear-level speech processors.

Several researchers have evaluated speech-recognition
performance of persons with Cls with different FM systems
arrangements, buf results have been variable in determining
benefit (Aaron, Sonneveldt, Arcaroli, & Holstad, 2003;
Crandell, Holmes, Flexer, & Payne, 1998; Davies, Yellon,
& Purdy, 2001; Hanin & Adams, 1996; Ludena &
Thibodeau, 1993; Schafer & Thibodeau, in press). Two
studies involved evaluation of speech recognition by
persons with cochlear implants when listening via wall-
mounted soundfield FM systems (Crandell et al., 1998,
Hanin & Adams, 1996). Hanin and Adams (1996) evalu-
ated percent correct speech-recognition performance in
noise (+6 SNR) in a simulated classroom for six children
with ClIs, ages six to ten years. The children’s speech
recognition was tested with and without the use of a wall-
mounted soundfield FM system. Average speech-recogni-
tion performance improved by 12% while using the
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soundfield FM system in noise as compared to the implant-
alone condition, Hanin and Adams recommend using
soundfield systems for persons with Cls because of re-
ported electrical interference experienced when using an
electrically-coupled FM system. Crandell et al. (1998)
measured speech recognition in quiet and noise (+6 SNR)
for eight school-aged children and ten adults with Cls while
using a wall-mounted classroom soundfield system. The
authors hypothesize that the reverberation in the classroom,
frequency response of the FM system, and/or participant
speech processor settings may have contributed to the lack
of significant improvements in speech recognition in the
quiet or the noise condition while using the soundfield FM
system.

Evaluation of speech recognition for persons with Cls
while using electrically-coupled FM systems was addressed
in four studies (Aaron et al., 2003; Davies et al., 2001;
Ludena and Thibodeau, 1993; Schafer and Thibodeau, in
press). Ludena and Thibodeaun (1993) evaluated percent
correct sentence recognition in noise (+10 SNR) for two
young adults with Cls while using four body-worn FM
systems (Telex, Comtek®, and two types of Phonic Ear®).
Use of all of the systems resulted in improvements in
speech recognition ranging from 34% to 52% as compared
to performance with their CI alone.

Davies et al. (2001} used the Hearing in Noise Test
(HINT) sentences (Nilsson, Soli, & Sullivan, 1994) fo
measure sentence recognition in noise (0 and -3 SNR) for
14 children using a Nucleus® cochlear implant and a body-
worn FM system (Phonic Ear Solaris) in a typical class-
room setting (area 53.28m?, RT=.20 sec.). Speech recogni-
tion in noise declined from the quiet condition by 20% and
28% for the 0 and —3 SNRs, respectively. Percent correct
performance significantly improved by up to 15% in both
SNRs while using the FM system, and the children with
previous FM experience received even more benefit on
average (4%). The latter finding suggests that the children
with previous experience might have selected higher FM
volume levels or were more accustomed to functioning in a
better SNR.

Aaron et al. (2003) evaluated percent correct sentence
recognition with the Hearing in Noise Test for Children
(HINT-C) (Nilsson, Soli, & Gelnett, 1996) and multi-talker
babble for 12 children with Nucleus 24 Cls and SPrint
processors. Children were tested in quiet and noise with
their implant alone and in noise with a Phonak MicroLink
CIL. The noise significantly degraded speech recognition
and the FM system significantly improved performance for
11 of the 12 participants when their speech processors
remained at user settings.
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Schafer and Thibodeau (in press) determined speech
recognition in noise (+5 SNR) for eight adults with
Nucleus Cis using three FM system arrangements: desktop
soundfield (Phonic Ear Toteable), body-worn (Phonic Ear
Easy Listener), and direct-connect (AVR Logicom CI).
Although use of the desktop soundfield condition resulied
in an average speech-recognition increase of 6% from the
no-FM noise condition, this improvement was not signifi-
cant compared to the 22% and 28% increase in speech
recognition obtained with the Easy Listener and Logicom,
respectively.

In summary, persons with Cls can benefit from using
EM systems when listening in noise. Four studies showed
benefit with electrically-coupled receivers, but there are
some concerns regarding electrical interference and a
child’s ability to provide reliable subjective feedback
(Hanin & Adams, 1996). In addition, technological
developments have allowed for the miniaturization of FM
receivers for persons with Cls (miniature cord-connect and
direct-connect), but there is little evidence regarding the
benefit of these receivers for children. Furthermore, when
working with children with Cls and FM systems, it is
difficult to verify the relationship between the level of the
FM signal and the environmental signal, often referred to
as “andio mixing”. The purpose of this study was to
determine the effects of noise and the potential benefits of
the use of four FM system arrangements on the speech-
recognition abilities of children with Cls. Ten children
were asked to participate in four consecutive phases of the
study in which the following research questions were
addressed:

1. Audibility Matching: Can children with CTs select
equivalent volume settings across FM receivers?

2. Volume Verification: Can equivalency of volume
settings be verified by measuring a threshold for speech-
weighted noise in a sound booth?

3. Speech Recognition with the CI Alone: Do sentence
recognition scores significantly decline in the presence
of background noise when children listen with their C1
alone?

4, Speech Recognition with the CI and FM Systems: Do
sentence recognition scores significantly differ for
children with CIs across four FM system arrangements:
desktop soundfield, body-worn, miniature direct-
connect, and miniature cord-connect? Which of the four
FM arrangements did the children with Cls prefer?
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General Methods

Participants
Participation was limited to children who were English
speaking, had receptive vocabulary levels equivalent to six
years of age, and had implant use for at least six months.
In addition, the children with implants had to achieve a
speech-recognition score 50% or higher with their implant
alone on one list from the Hearing in Noise Test for Chil-
dren (HINT-C) in quiet {Nilsson et al., 1996). Although a
total of 16 children were screened for participation, six
were excluded because of inadequate vocabulary or device
failure. :
Demographic data are provided in Table 1 for the ten
children, ages 6 to 12 years, with profound hearing impair-
ment and CIs. All of the children had congenital hearing
loss and were therefore prelingually deafened before the
age of one. Six of the ten children had Nucleus 22, and
three of the children had
Nucleus 24 cochlear
implants. Six used ESPrit

22 ear-level speech proces- with Cochlear Implants.

processors depending on the CI programming. The user
can control both the sensitivity and volume settings on the
Tempo speech processor. All of the speech processors
allowed for audio mixing, i.e., the processor microphone
remained active when the FM system was connected.

The children’s duration of deafness ranged from 2;0 to
6;0 years with an average duration of 3;6 years. The age at
speech processor hook-up ranged from 20 to 6;0 years
with an average age of 3;5 years. Duration of implant use
at the time of the study ranged from 3;0 to 8;8 years with
an average use of 5:4 years. Seven of the children were
receiving speech-language therapy, and all but one of the
children had previously used an FM system at school.

'The HINT-C has a vocabulary level equivalent to that
of an average six-year-old child. In order to determine that
each child had adequate vocabulary levels for use of the
HINT-C, the children’s receptive vocabulary levels were
screened using the Peabody Picture Vocabulary Test- TIT

Table 1. Demographic Information and Receptive Vocabulary Scores for Children

sors and three children used Age  Yrs.
Nucleus ESPrit 3G ear-level D Age DOD Implant/Cod.  Proc. Cl Cl Sen, Vol. SLT Etiology FM PPVT
speech processors. The
remainjng child had a MED 1 8.0 2;0 N22/SPeak ESPHt22 20 6,0 Default 25 Dis. Unknown + 6,3
EL C40+ implant with ' : :
Tempo ear-level speech 93 23 N22/SPeak ESPrit22 2,3 7,0 Default Default y  CMV - + 65
processor. The speech -
processor coding strategies 118 3;0 N22/SPeak ESPrit22 30 88 4  Default Dis. Genetic + 134
and volume and sensitivity
levels are also provided in 4 7.8 32 N22/SPeak ESPrt22 32 . 46 Defalt 3 y Unknown + 67
Table 1. '
M 3

The Chﬂdre‘}SSPeeCh 5 120 4,0 N22/SPeak ESPrit22 40 80 Defaut 3 y Unknown + 89
processors remained at user
settings for all the speech-

g. . D! 8 85 2;0 N2/ SPesk ESPrit22 27 57 Default Default n Meningitis + 7,2

recognition tasks: { the:
Nucleus behind-the=ear:
Speech processors allow for 7 97 6,0 N24/Ace 3G 6.0 3;7 Default 6 y Unknown - 10;3
programming of either
volume or sensitivity. 8 6;8 2,06 N24/SPeak 3G 2,0 4,1 Default 8 y  Unknown - + 7.7
When set for sensitivity, the : |
volume setting defaults to a 9 7:8 47 N24/ Ace 3G 4,7 32 Default Default y Unknown + 60
fixed level, which is 100% ,
of the electrical dynamic - 10 8;0 50 CA0+ CIS+ Temps 50O 30 500 Y y CMV + 63

range. When set for
volume, the sensitivity
setting defaults to a fixed
level, which varies across

Note. ID=participant number; DOD=duration of deafhess; Cod.=Coding Strategy; Proc.=processor; Age
Cl=age received cochlear implant; Yrs. CI=Years of cochicar implant use; Sen.~processor sensitivity;
Vol=processor volume; PPV T=Peabody Picture Yocabulary Test, SLT=currently speech-language
therapy; FM=previons FM use; Default=setting internally programmed ia participant’s map;
CMV=cytomegalovirus; Dis.=dismissed; y=yes; n=no; +=previous FM use; - = ne previous FM use.
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(PPVT) (Dunn & Dunn, 1997). As shown in Table 1, the
children’s receptive vocabulary levels ranged from 6;0 to
13;4 vears. The average receptive vocabulary age was 7,9
years with a standard deviation of 2;3 years. As determined
by PPVT normative data, seven of the ten children showed
deficits in receptive vocabulary that were greater than one
standard deviation away from the mean for a child their
chronological age. The deficits in receptive vocabulary for
these seven children ranged from 1;1 to 3;1 years with an
average deficit of 2;0 years. The remaining three children
(#3, #7, and #8) had vocabulary age levels ranging from 7;7
to 13:4 years and scored an average of nine months above
their chronological age.

Equipment

A Technics Compact Disk (CD) Changer (SL-PD887)
and a Crown D60 amplifier were used to play the HINT-C
stimuli from a CD. An Optimus speaker (XTS 36) was used
to present the sentences, and two ATWA speakers were nsed
to present the noise during speech-recognition testing. All
speakers had a single cone and had a flat frequency response
with 24 dB deviation. A Quest Technologies Type 1 sound
level meter (Model 1800) was used for calibration and noise
measurements, and a Communications Company Reverbera-
tion Timer (RT-60B) was used to measure reverberation.
For verification of volume levels and measurement of
behavioral thresholds with the FM system, a Grason Stadler
Clinical Audiometer and Grason Stadler 8-ohm speakers
were used. -

Stimuli

Speech recognition was evaluated using
the HIN'T-C, which includes 13 lists of 10
sentences each (Nilsson et al., 1996). Each
list of 10 sentences had approximately 50
words., The HINT-C sentences were phoneti-
cally balanced, and the lists of sentences were
equated for intelligibility and difficulty. The
speech noise from the HINT CD was spec-
trally matched to the long-term spectrum of
the IINT sentences and was gated with each
sentence presentation. Calibration for the
HINT-C sentences and noise was performed
using the speech-weighted noise provided on
the CD. The sentences were presented at a
constant level of 65 dBA as measured at the
participant’s head and at approximately 80

Noise

the speech noise was fixed at either 60 or 65 dBA depend-
ing on performance.

For matching audibility across FM systems, the Davy
Crockett Story from the VA Medical Center CID was
presented at 65 dBA (Wilson, 1989, tracks 27-35). The
speech-weighted noise from the audiometer was used
during the volume verification phase for measurement of
thresholds.

Testing environments

All but one phase of the study was performed in a 23 x
19 foot classroom as described by Schafer and Thibodean
{(in press) and shown in Figure 1. The classroom had two
dry-erase boards mounted on the front and right walls, 35
desks in rows, carpeted flooring, and acoustic-tiled ceiling,
Reverberation times in the classroom, measured with an
impulse sound, were 0.98, 0.85, 0.68, 0.86, and 1.02
seconds at 250, 500, 1000, 2000, and 4000 Hz, respec-
tively. The sound level in the unoccupied classroom was
45 dBA. The volume verification phase of the study was
performed in a double-walled sound booth and the quiet
space adjacent fo the booth with an unoccupied noise level
of 39.2 dBA as measured at'the location of the participant’s
head. During the volume verification phase, the focus of
the study is relative comparisons across FM systems.
Therefore, the actual noise levels in the environment are
not significant factors because they remained constant
across the conditions to be compared.

Figure 1. Equipment set-up for the classroom

Speaker

Signal
Speaker

Ch 1 Ch.2
~&— (D Player/
Amplifier on Cart
M Microphoneﬁ!;

|10 feet

Noise -
Speaker

dBA at the location of the transmitter micro-
phone. During sentence recognition testing,
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Note. Classroomn was the same set up as Schafer and Thibedeau {in press) and diagram was adapted from a
figure in this manuscript, Ch,= channel,




Speech-Recognition Performance of Children Using Cochlear Implants and FM systems

FM systems

Four types of FM
system arrangements were
evaluated: desktop
soundfield, body-worn,

Table 2. Cords and Adaptors for Connecting Electrically-Coupled FM Systems
to Ear Level Speech Processors

o ; Speech FM System 1 FM System 2: FM System 3:
rmmatmte .dlreCt_ConneCt’ Processor Easy Listener - Logicom — MicroLink --
and a miniature cord- Phonic Ear 300T; Phonak Campus S; Phonak Campus S;
connect. The desktop Phonic Ear 300R. AVR Sonovation Phonak
soundfield was a Phonic Logicom CI MicroLink CI
Ear Toteable, which
consisted of a PE 300R ESPrit 22 Cochlear IM2-ETM  Cochlear Accessory Cochlear Accessory
: _ Cable (Z77089) Adaptor Cable Adaptor Cable
Iﬂif;giﬂi igggkgf‘ilj ) (Z77081), Audio Cover  (Z77081); Audio
i ) (Z77015) Cover (£77015);
6.5x 5 x 3 inch bag Phonak MicroLink
(ATO723- version released Cord — Blue
in 2002). Cords, accesso- {(MLCI-0010)
ries, and adaptors for
connecting the electrically- ESPrit 3G mgm;:gx{x}g;& ;}?(I}vl igchlear éz{;essory i{échlearCA;c;essury
Cable (. : aptor Cable aptor Cabie
Cﬁ.‘;filed M Sysfms o tf‘e Accessory Adaptor  (Z77081); 3G (Z77081);
CRUIGIEN's speccll proces (Z60121) Accessory Adaptor 3G Accessory
sors are provided in Table (Z60121) Adaptor (Z60121);
2. The body-worn system Phonak MicroLink
was the Phonic Ear Fasy Cord - Blue (MLCI-
Listener, which included 0010)
the same 2.5 x 3.5 ich PE Custom Cable: Plag~ Custom Cable: Plug~ Phonak MicroLink
, empo ustom Cable: :
300R and PR 3OQT. as the ’ Configuration of Configuration of Cord ~Red
Toteable. The miniature Tempo Adaptor Plug  Tempo Adaptor Plugto  (MLCI-0014)

direct-connect device was

t0 3.5 mm Mono Plug

3.5 mm Input Socket

the AVR Sonovation
Logicom-Cl receiver, a 0.5
% 0.75 x 0.75 inch cube,
The Phonak Campus S
transmitter was used with the Logicom receiver. The cord-
connect device was a Phonak MicroLink CI+,a 1.5x 0.5 x
(0.5 inch rectangular device, which was used with the
Phonak Campus S transmitter. Phonak recommends
specific MicroLink cords for each iype of speech processor
(Table 2) to account for impedance differences. Ommidi-
rectional lapel microphones from each respective manufac-
turer were used with the FM transmitters.

Listening checks were performed on all FM systems
prior to testing. The listening checks for the Toteable and
Easy Listener were performed by speaking into the trans-
mitter microphone when the receiver was coupled to
Toteable speaker. The listening checks for the Logicom
and MicroLink were performed by plugging them into the
input jack of a Radio Shack Mini Amplifier Speaker (Cat.
No. 277-1008C) and speaking through the transmitter
microphone.

Note. Customn cables were ordered from Bob Mendoza of Rohnert Park, CA.

Phase 1: Audibility Matching
Rationale. The purpose of the andibility-matching

phase was to determine the children’s ability to adjust FM
receiver volume controls to comfortable loudness levels
while listening to running speech.

Method. Audibility matching was done in the class-
room with the participant seated near the front of the room
(Figure 1). The Davy Crockett Story on CD was presented
through the signal speaker at a 0-degree azimuth at a
distance of ten feet. The CD player and amplifier were
placed on a cart in the front of the room and were attached
to the signal speaker. The FM systems were connected to
the child’s speech processor (electrically coupled) or placed
on the student’s desk (Toteable). Speech processors
remained at user settings and all processors allowed for
audio mixing of the input from the processor and FM
system microphones. The FM transmitters were placed
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approximately six inches from the signal

Table 3. Selected Volume/Gain Settings on the FM receivers

‘speaker at the front of the room, which

resulted in a signal level at the transmitter ) ,Easy ) . .

microphone of approximately 80 dBA. 1D Device Toteable Listener Logicom MicroLlink
Comfortable volume levels of the FM (1-9) (1:9) (RABIYIG) (1-4)

receivers were determined by using a .

toudness chart from Cochlear Corporation. 1 Esprit2z 4 5 Red 2

This chart has faces, numbers, words, and .

colored dots to represent levels of loudness 2 Esprit22 7 6 Yellow/Green 2

ranging from a whisper to a very loud 3 Esprit22 5 5.5 Biue 15

sound. The child was asked to point to the

region of the chart related to their level of 4  Esprit22 55 5 Biue - 1.5

comfort while the Davy Crockett story was :

presented to the transmitter microphone. 5 Esprit 22 5 4 Red/Blue 2

The receiver volume was adjusted up from

zero, or the lowest setting, in an ascending 6 Esprit 22 B 4 Blue/Yeliow 2 b

procedure to find the level on the chart

representing "just right." The ascending 7 3G 8 7 BluefYellow 2

procedure was repeated twice for each

child and the average of the two measure- 8 3G 5 6 Red/Blue 16

ments was recorded. The order of the FM

systems was randomized for each child. 9 3G 5.5 4 Blue/Yellow 1.5
Results. All of the children seemed to

understand how to use the loudness-scaling = 10 Tempo 7 7 Yellow/Green 2

chart, and many of the children reported
that they had used similar charts in CI
programming sessions. The range of
volume levels available on the FM receivers as well as
children’s selected volume levels for the receivers are
shown in Table 3. The nominal volume control on the
Toteable and the Easy Listener ranged from 1 to 9 while
gain settings on the Logicom were represented with colored
dots on a trim pot with the lowest to highest gain settings
progressing from red, to blue, (o yellow, and to green. The
range of the volume control on the MicroLink was 1 to 4.
The children’s selected volume levels for the Toteable and
the Basy Listener were similar and ranged from 4 to 7. The
average sctting on the Toteable was 5.6 (SD=0.9), and the
average setting on the Easy Listener was 5.4 (SD=1.2).
Gain settings on the Logicom ranged from red to green
with an average of half way between blue and yellow
(SD=0(.9). Volume settings on the Microl.ink ranged from
1.5 to 2.0 with an average of 1.8 (SD=0.3). Although
demographic information suggests that all but one child had
used an FM system before, the type of FM system used was
not specified.

G= green.

Phase 2: Volume Verification
Rationale. The purpose of the volume verification
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Note, ID=participant number; R= red; B~ blue; Y=yellow;

phase was to determine that the child was receiving mput
from the FM microphone and speech processor microphone
simultanecusly when the FM systems were in use. In
addition, this procedure was done to verify that the children
could reliably set the volume controls on the FM receivers
to similar perceptual levels. Therefore, speech-recognition
testing would not be affected by differences in FM receiver
settings. The child’s ability to select similar perceptual
volume levels on the EM receivers was evaluated by
comparing thresholds for speech-weighted noise across the
EM systems for input to the FM microphone and input to
the processor microphone separately.

Method. This procedure was done in the sound booth
and the space adjacent to the sound booth. Two thresholds
were obtained for each of the four FM systems. Thresholds
were measured for each participant for (1) the input to the
FM microphone first (FM thresholds) and then for (2) the
input to the environmental microphone of the speech
processor (processor thresholds). The order of the TM
systems ('loteable, Easy Listener, Logicom, and
MicroLink) was randomized for each microphone condi-
tton.
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The first set of thresholds with input to the FM trans-
mitter microphone was obtained by seating the participant
in the space outside the sound booth facing the opposite
direction of the examiner who was seated af the audiometer.
For these thresholds, the electrically-coupled FM receivers
were connected to the child’s speech processor, and the
Toteable was placed in front of the participant on a desk.
The volume/gain controls on the FM receivers were set by
the examiner to the levels selected in the audibility-match-
ing phase. The transmitter microphone was attached fo a
stand placed in the calibrated location in the sound booth (3
feet from the speaker). A threshold for speech-weighted
noise was obtained using the andiometer and an up-down
bracketing procedure in two-dB steps. The participant was
asked to either raise his or her hand or say “yes” when
hearing the speech noise to determine the thresholds in
response to input to the transmitter microphone.

The second set of thresholds was obtained in response
to input to the environmental microphone on the speech
processor while the FM receivers were still connected and
active. Becanse the Toteable did not require a direct
electrical connection, the processor threshold for this
condition was measured with the Cl alone. During this
procedure, participants were seated in the sound booth at
the calibrated location (three feet from the speaker). The
transmitter microphone was receiving no input and was
placed outside the booth in.a quict chamber. The same
procedure was used to obtain the thresholds in
response o speech-weighted noise input to the
environmental microphone of the speech
Processor.

Results. Eight thresholds for speech-

ences in microphone sensitivity as well as placement in the
soundfield. In the audibility-matching procedure the
children adjusted the FM systems to have relatively equal
perceptual levels when the FM microphone was placed six
inches from the speaker receiving an input of approxi-
mately 80 dBA. Meanwhile, speech processors were at
approximately one meter from the speaker receiving an
input of approximately 65 dBA. In the volume verification
procedure, the FM microphone was placed at the same
distance as the child’s speech processor microphone.
Therefore, the FM microphone was not given the typical
advantage of a close proximity to the speaker. The FM
thresholds measured in this way are expected to be higher
(poorer) than the processor thresholds.

Two repeated measures ANOVAs were performed on
the I*M thresholds and the processor thresholds across the
M systems to determine if the children had selected
perceptually similar volume levels on the FM receivers in
the audibility-matching phase. Analyses revealed no
significant differences across FM thresholds, F(3, 27)=1.72,
p=0.19 and no significant differences across processor
thresholds, F(3, 27)=1.74, p=0.18. The lack of threshold
differences for input to the FM transmitter microphone or
input to the speech processor microphone supports the
conclusion that the children selected volume levels on the
FM receivers that resulted in relatively equivalent percep-
tual levels in the audibility-matching phase.

Figure 2. Children’s thresholds for separate inputs to the FM
transmitter and processor microphones

@ M

B Processor

weighted noise were collected from each 45
participant. Average threshold responses with 40 -
standard deviations are shown in Figure 2. The
measurement of separate thresholds for the _ 351
___input to the transmitter microphone and the g
“processor microphone allowed for the verifica- g 30
tion of volume levels for all of the participants. % 25 |
Average FM thresholds while using the <
Toteable, Easy Listener, Logicom, and E 20
MicroLink were 35, 33, 37, and 35 dB HL, a
respectively. Average thresholds for input to 15 -
the processor while the Toteable, Easy Listener, 10

Logicom, and MicroLink receivers were still
active, were 29, 30, 29, and 29 dB HL, respec-
tively. The differences in FM and Processor

Toteable Easy Listener Logicom Microlink

FM System

thresholds are expected based on the differ-

HNote. Dotted and solid fines represent ¥M and processer standard deviations; FM= FM micrephone;

Processor=processor imicrophone.
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Phase 3: Speech recognition with the CI alone
' Rationale. The purpose of the speech recognition with

CI alone phase was to quantify the effect of noise on speech
recognition for these children and to obtain a baseline for
comparison to their performance with FM systems in noise.

Methods. Speech-recognition testing using HIN'T-C
sentences was done in the classroom with the participant
seated near the front of the room as shown in Figure 1. The
signal speaker was placed at a O-degree azimuth to the
participant’s head at a distance of ten feet, and the noise
speakers were placed at a 90-degree azimuth to the
participant’s head at a distance of nine feet. A CD player
and amplifier were used to present the stimuli and were
located at the front of the room on a cart.

Sentence recognition for this phase was evaluated using
a randomly selected HINT-C sentence list (ten sentences) in
a consecutive quiet and noise condition. The participants
were given two practice sentences in quiet and noise before
each respective condition began. The sentences were
presented at 65 dB SPL at the listener’s ear and the speech
noise was presented 60 or 65 dB SPL depending on their
performance as described below. ‘

Tn the first condition, the participant was asked to
repeat sentences presented in quiet with their implant alone.
The participant had to achieve at least 50% of words
correct in the quiet condition to continue with the speech-
recognition testing. In the second condition, speech noise
from the HINT-C CD was added at 60 dB SPL, resulting in
a +5 SNR. The intensily of the noise was increased to 65
dB SPL (0 SNR) for two children in order to cause at least
a 25% decrease in performance relative to the quiet condi-
tion (participants 7 and 10).

The participants were asked to repeat every word that
they heard. The responses were recorded graphically and
via audiotape, and responses were scored based on the
number of words the child repeated correctly. The percent
correct score for a condition was calculated by dividing the
number of words that the participant repeated correctly by
the total number of words. As indicated in the HINT
manual, certain words have multiple correct responses (e.g.
a/the).

Results Individual and average performance based on
the raw scores are shown in Table 4 and Figure 3, respec-
tively. The mean percent correct score in quiet was 80%
with a standard deviation of 13.44%. The average speech-
recognition score at the +5 SNR was 45% with a standard
deviation of 12.98%. The two children, participants 7 and
10, who were tested at 0 SNR scored 34% and 38%,
respectively.

In order to account for the unequal variances that occur
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with percent correct scores, Scores were arcsine trans-
formed before statistical analysis (Studebaker, 1985). On
average, there was a significant effect of the noise on
speech recognition for the children with their Cis alone as
shown by a paired t-test, t(9) = 2.26, p <0.001.

Phase 4: Speech recognition with KM systems
Rationale. The purpose of this phase was to evaluate

whether FM systerns are beneficial to children with Cls
when listening in noise as compared to performance with
their implant alone. In addition, comparisons of speech-
recognition scores were done to determine if there were
differences across four types of FM arrangements: desktop
soundfield, body-worn, miniature direct-connect, and
miniature cord-connect.

Method. Speech recognition with the FM systeras was
evaluated in the classroom with the same arrangement
described in the speech recognition with CI-alone phase. -
The same signal and noise intensities were also used for the
HINT-C stimuli as discussed in the previous phase. The
presentation level for the noise was the level that resulted in
at least a 25% decrease in speech recognition relative to the
quiet condition. When the FM transmitters were used, the

- omnidifectional lapel microphones were placed six inches

in front of the signal speaker supported by tripod. The
input to the transmitter microphone was approximately 80
dBA.

Speech recognition was evaluated with the FM systems
using four lists of HINT-C sentences. The sentence lists
and the FM system were randomly selected for each
condition. The participants received three practice sen-
tences with each FM system before the testing began. The
volume or gain settings on the FM receivers were set
according to loudness preferences chosen by the partici-
pants in the audibility-matching phase. The cochlear
implant speech processors remained at user settings. After
the testing, the participant was asked which FM system he
or she preferred. Approximately ten percent of the audio-
recorded participant responses (ten lists) were randomly
selected and analyzed by a second scorer after testing was
completed to determine scoring reliability.

Resulis. Individual and average raw speech-recogni-
tion scores are shown in Table 4 and Figure 3. Mean
percent correct speech-recognition scores for the partici-
pants while using the Toteable, Basy Listener, Logicom,
and MicrolLink were 70%, 75%, 67%, and 72%, respec-
tively. For scoring reliability, approximately 10% (ten lists}
of the audio recordings were randomly selected and ana-
lyzed by a second person. The comparisons between
scorers show that eight of the ten lists were scored within £
6% correct.
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As before, speech-tecognition scores were arcsine
transformed before statistical analysis. Paired t tests were
used to compare scores obtained with CI alone in noise and
with the different FM systems to determine if each FM
system allowed for a significant increase in speech recogni-
tion. The multiple comparisons were accounted for by
using the Bonferroni correction. On average, children
received significant improvements in speech recognition
using all the FM systems as compared to the noise condi-
tion with their CI alone, Toteable (t(9) = 2.26, p =0.001),
Easy Listener (1(9) = 2.26, p <0.001), Logicom (§(9) = 2.26,
p =0.003), MicroLink (¢9) = 2.26, p =0.002).

To statistically compare the benefit across the FM
Systems, a one-way repeated measures analysis of variance
on the arcsine-transformed scores was performed. There
was no significant difference across FM systems, F(3,27)=
1.18, p=0.33. Asshown in Table 3, five of the children
preferred usmg the MicroLink, two preferred the Easy
Listener, two preferred the Toteable, and one preferred the
Logicom. Iu general, thete was agreement between the
children’s preference and their performance when differ-
ences between scores are interpreted relative to Thornton

Figure 3. Average percent correct speech-recogni-
tion scores in quiet, noise, and using four FM
systems.
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(1978). Only one child (#3) preferred an FM system (the
Toteable) that resulted in a SIgmflcantly lower recognition
score than with the FM system (Ea‘;y L1stener) that resulted

and Raffin critical difference ranges for a 50-word list in his hlghe?'t specch recognition score.

Discussion
The children i
Table 4. Percent Correct Speech-Recognition Scores for the Quiet, Noise and FM this stu dye;g;s 6?) 11112
Conditions and FM System Preference had Nucleus 22,
ID Processor Quiet +5 0 Toteable Easy Logicom Micro Preference Nucleus24, or MED EL
SNR SNR Listener Link C40+ cochlear implants,
Years of implant use
1 Esprit22 720 380 - 40.0 56.0 731 69.8  MicroLink ranged from 3;0 years to
‘ . o 80 years, and the chil-
2  Esprit22 86.7 3380 - 72.2 T 82.0 70.0 79.0  MicrolLink dren had receptive
3 Esprit22 940 480 - 827 983 680 736  Toteable vocabulary levels ranging
from 6;0 to 13;4 years
4 Esprit22 868 389 - 70.0 82.7 706 780 Easy Listener with an average receptive
_ vocabulary level of 7;9
5 Esprit22 gt7y 333 - 51.0 58.0 66.7 74.0  MicroLink years. The children were
able 1o select FM re-
6 Esprit22 8965 471 - 80.0 80.0 69.8 74.0  Toteabie ceiver volumes using a
" foudness chart to indicate
7 3G 804 8620 340 754 64.8 60.8 58.0  MicroLink comfortable levels when
8 3G 902 540 - 930 833 760 840  MicroLink listening to running
speech presented to the
9 3G 623 26.0 - 75.4 68.0 78.0 87.0  Logicom transmitter microphone.
The children’s ability to
| 10 Tempo 62.3 66.7 38.0 62.0 74.5 40.0 45.1 Easy Listener hear input from the FM
| and speech processor
| Note. SNR=Signal-to-noise ratio; ID=participant number; the highest FM scores are indicated in bold. microphones simulta-
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neously was verified by measuring thresholds for speech-
weighted noise when input was directed to each of the
microphones separately. Two separate repeated measures
ANOVAs, comparing thresholds across FM systems for
input to the FM and speech processor microphones showed
no significant differences across thresholds for input to
either microphone. These findings suggest that children
were able to set the receiver volumes at perceptually
similar levels.

Tt is important to consider the performance level with
the FM system in noise relative to that obtained with the
cochlear implant alone in quiet given previous concerns
that the electrical coupling may disrupt the signal quality.
Using critical difference ranges for percent correct scores
by Thomton and Raffin (1978) for a 50-word list, the
highest FM score each child obtained was not significantly
different from their score with their implant alone in quiet
with one exception. Participant #9 actually scored signifi-
cantly higher with the MicroLink FM system (87.0%) than
with his cochlear implant alone in quiet (62.3%). Although
not statistically supported, it appears that six of the children
scored higher (2.8 to 24.7 %) with the FM system in noise
than with the CI alone in quiet. Additionally, it appears that
seven of the participants obtained their highest score with
an electrically-coupled FM system. These findings indicate
that FM systems used in this study could be electrically
coupled to cochlear implants without degrading the signal.

Results of the sentence recognition with CI-alone phase
of the study suggest that children with Cls experience
significant difficulties listening to speech in the presence of
background noise with their implant alone. Performance in
noise declined on average by 35% as compared to the quict
condition. In the final experimental phase, the average
performance with cach of the FM systern arrangements was
significantly improved relative to the average performance
in the implant-alone noise condition. Performance with the
FM systems improved on average by 26%. No significant
differences in sentence recognition performance were
found across the four FM system arrangements, but half of
the children preferred using the MicroLink. When asked
why they preferred this system, some liked the way it
looked and some did not know why.

This study was performed with the children’s speech
processors at user settings. It is important to note that
changes to the sensitivity setting or the programming in
speech processors may alter the andio-mixing ratio, i.e., the
relative intensity of the FM signal to the processor signal.
It is possible that adjustments to the mixing ratio to allow
for higher FM input could have resulted in significant
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differences in speech-recognition performance across the
FM systems. Because FM systems are usually fit by
educational audiologists in the school setting rather than the
audiologist who fit the implant, they often do not have
input and/or knowledge on how the processor is pro-
grammed. Aundiologists who fit the cochlear implant
should consider programming one map on a child’s proces-
sor to allow for control of sensitivity. A collaboration
between educational and implant audiologists would allow
for optimal setting of the CI and FM system in the educa-
tional setting. Further research is needed to determine how
changes in sensitivity will affect speech-recognition
performance in noise.

Tt.is important for audiologists to quantify the difficul-
ties that these children may experience in the classroom
through speech-recognition testing in noise. Educational
recommendations, including use of an FM system, may be
supported by speech-recognition testing in noise to simu-
late classroom listening performance. The creators of
HINT-C suggest that the test is appropriate for children as
young as 6;0 years. Although Elle HINT was originally
developed to be used in an adaptive paradigm, a fixed-level
presentation of the HINT, in a percent correct format, is
often used (Davies et al., 2001; Schafer & Thibodeau, in
press). 'This may be because the standard adaptive HINT is
too difficult for children with Cls. Several other research-
ers have used the HINT in a similar percent-correct manner
for evaluating speech-recognition performance of persons
with CIs (Dorman, Loizou, & Fitzke, 1998; Parkinson,
Aracoli, Staller, Arndt, Cosgriff & Ebinger, 2002;
Waltzman, Cohen, & Roland, 1999). Several children who
were screened for participation in the current study could
not be included because of receptive vocabulary levels
below this criterion.

According to the results in the present study, many
children with Cls have significantly delayed receptive
vocabulary. In fact, those with speech-recognition levels of
a typical six-year-old child had the lowest performance in
quiet with their CI alone as compared to children with
higher receptive vocabulary levels. This highlights the
need for speech-recognition materials for younger children.
Alternatively, speech recognition in noise may need to be
assessed with parent inventories or questionnaires, Many
children with hearing impairment begin school at the age of
three subjecting them to the negative effects of noise,
reverberation, and distance from the teacher at an important
time for speech and language development. Therefore, it is
imperative that research efforts are directed toward evaluat-
ing speech recognition in young children to determine
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performance in classroom-like listening situations. Testing
should also be incorporated to evaluate optimal strategies
for improving speech recognition in noise.

Conclusions

Results of this investigation show that use of a loudness
chart is an effective way to have children set FM receiver
volume levels, and that the children with CIs in this study
selected similar volume settings on the receivers regardless
of the type of speech processor or implant they had. Audio
mixing, or dual FM and processor microphone input to the
CI, was verified by measuring thresholds for speech-
weighted neise for inputs to the FM and processor micro-
phone for each FM system. Comparisons of the speech-
weighted noise thresholds across the systems verify that the
children were able to select similar perceptual FM receiver
volume levels regardless of the FM system in use. The
speech-recognition performance of the children with Cls
was significantly affected by the presence of background
noise, but the use of all four FM system arrangements
included in this study resulted in significantly improved
speech recognition. Future research should focus on the
creation of speech recognition in noise materials appropri-
ate for younger children with Cls and testing with a variety
of CI speech processors. Research is needed to examine
how changes to audio-mixing ratios affect speech recogni-
tion particularly with new ear-level bootable FM receivers
for persons with Nucleus 3G processors (Phonak
MicroLink Ci-S). Clinical guidelines on fitting and evalu-
ating FM systems for persons with Cls should be estab-
lished, since currently published guidelines do not address
the specific needs and challenges of verifying FM systems
for this population.

Acknowledgements

This project was funded by grants from the Educational
Audiology Association and the American Academy of
Audiology. Appreciation is expressed to Phonic Ear, AVR
Sonovation, and Phonak for the loan of the FM systems
used for this study. Appreciation is also expressed to Paul
Dybala for his assistance with scoring.

References

Aaron, R., Sonneveldt, V., Arcaroli, J., Holstad, B. (April,
2003). Optimizing microphone sensitivity settings of
pediatric Nucleus 24 cochlear implant patients using a
Phonak MicroLink CI+ FM system. Poster presented
at the 9th Symposium: Cochlear Implants and Children,
Washington, D.C.

Battmer, R.D., Reid, J.M. & Lenarz, T. (1997).
Performance in quict and noise with the Nucleus
Spectra 22 and the Clarion CIS cochlear implant
devices. Scandinavian Audiology, 26, 240-246.

Crandell, C.C., Holmes, A.E., Flexer, C. & Payne, M.
(1998). Effects of soundfield FM amplification on the
speech recognition of listeners with cochlear implants.
Journal of Educational Audiology, 6, 21-27,

Davies, M.G., Yellon, L., & Purdy, 8.C. (2001). Speech-
in-noise perception of children using cochlear implants
and FM systems. The Australian and New Zealand
Journal of Audiology, 23, 52-62.

Dorman, MLE, Loizou, P.C., & Fitzke, J. (1998). The
identification of speech in noise by cochlear implant
patients and normal-hearing listeners using 6-channel
signal processors. Ear and Hearing, 19, 481-484.

Dubno, J.R., Dirks, D.D., & Morgan, D.E. (1984). Effects
of age and mild hearing loss on speech recognition in
noise. Journal of the Acoustical Society of America,
76, 87-96.

Dunn, I.M. & Dunn, LM. (1997)._Peabody Picture
Vocabulary Test — Third Edition. Circle Pines:
American Guidance Service.

Erber, N.P. (1971). Auditory and audiovisual reception of
words in low-frequency noise by children with normal
hearing and by children with impaired hearing.
Journal of Speech and Hearing Research, 14, 496-512,

Tetterman, B.L. & Domico, E.H. (2002). Speech
recognition in background noise of cochlear implant
patients. Otolaryngology-Head and Neck Surgery, 126,
257-263.

Finitzo-Hieber, T., & Tillman, T.W. (1978). Room
acoustics effects on monosyllabic word discrimination
ability for normal and hearing-impaired children.
Journal of Speech and Hearing Research, 21, 440-458.

Flexer, C. (1997). Individual and sound-field FM systems:
rattonal, description, and use. The Volta Review, 99,
133-162.

Hamzavi, J., Franz, P., Baumgartner, W.D. & Gstoetttner, W.
(2000). Hearing performance in noise of cochlear
implant patients versus severely-profoundly hearing-
impaired patients with hearing aids. Audiology, 40, 26-
31.

Hanin, L. & Adams, S. (1996). Use of sound-field FM
systems with multi-channel cochlear implants. Paper
presented at the American Academy of Audiology
Convention, Salt Lake City, UT.

Lewis, D.E. (1995). FM systems: a good idea that keeps
getting better. The Volta Review, 97, 183-196,

25




Journal of Educational Audiology 11 (2003)

Ludena, L. & Thibodeau, L. (1993). Evaluation of the
benefits of FM systems with cochlear implants. Paper
presented at the American Speech-Language-Hearing
Association, Anaheim, CA.

Nilsson, M.J., Soli, 8.D., & Gelnett, D.J. (1996).
Development and norming of a Hearing in Noise Test
for Children, House Ear Institute Internal Report.

Nilsson, M., Soli, S.D. & Sullivan, J.A. (1994).
Development of the hearing in noise test for the
measurement of speech reception thresholds in quiet
and noise. Jouwrnal of Acoustical Society of America,
95(2), 1085-1098

Parkinson, A.J., Arcaroli, J., Staller, S.I., Arndt, PI..,
Cosgriff, A., & Ebinger, K. (2002). The Nucleus 24
Contour cochlear implant system: adult clinical trial
results. Ear and Hearing, 23, 415-488S.

Ross, M., & Giolas, T.G. (1971). Effect of three classroom
listening conditions on speech intelligibility. American
Annals of the Degf, 116, 580-584.

Schafer, E.C. & Thibodeau, L.M. (in press). Speech
recognition abilities of aduits using cochlear implants
interfaced with FM systems. Journal of the American
Academy of Audiology. .

Studebaker, G.A. (1985). A “ratlonahzed” arcsine trans-
form. Journal of Speech and Hearing Research, 28,
455-462.

Thornton, A.R., & Raffin, M.J.M. (1978). Speech
discrimination scores modified as a binomial variable.
Journal of Speech and Hearing Research, 21, 507-518.

Waltzman, S.B., Cohen, N.L., & Roland, J.T. (1999). A
comparison of the growth of open-set speech
perception between the Nucleus 22 and Nucleus 24
cochlear implant systems. The American Journal of
Otology, 20, 435-441.

Wilson, R.H. (1989). The Davy Crockett Story {Produced
by Audiology Section VA Medical Center]. Speech
Recognition and Identification Materials, Disc 1 [CD].
Long Beach, California: Department of Veterans
Affairs.

26




