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ABSTRACT

Two groups of cochlear implant (CI) listeners wiergted for sound source
localization and for speech recognition in comgistening environments. One group
(n=11) wore bilateral Cls and, potentially, hadesscto interaural level difference (ILD)
cues, but not interaural time difference (ITD) cuHse second group (n=12) wore a
single Cl and had low-frequency acoustic hearinigath the ear contralateral to the ClI
and in the implanted ear. These 'hearing preservdisteners, potentially, had access to
ITD cues but not to ILD cues. At issue in this digation was the value of the two types
of information about sound sources, ITDs and ILfds]ocalization and for speech
perception when speech and noise sources wereasegphan space. For Experiment 1,
normal hearing (NH) listeners and the two group€llisteners were tested for sound
source localization using a 13 loudspeaker arraytite NH listeners, the mean RMS
error for localization was 7 degrees, for the lelat Cl listeners, 20 degrees, and for the
hearing preservation listeners, 23 degrees. Thesdor the two Cl groups did not differ
significantly. Thus, both CI groups showed equiagl®&ut poorer than normal,
localization. This outcome using the filtered ndisends for the normal hearing listeners,
suggests ILD and ITD cues can support equivalemideof localization. For Experiment
2, the two groups of Cl listeners were tested p@egh recognition in noise when the
noise sources and targets were spatially separatedimulated ‘restaurant’ environment
and in two versions of a 'cocktail party' envirominét issue was whether either CI
group would show benefits from binaural hearing, ibetter performance when the noise
and targets were separated in space. Neither @ltgeoups showed spatial release from
masking. However, both groups showed a signifibamaural advantage (a combination



of squelch and summation), which also maintaingdusgion of the target and noise,
indicating the presence of some binaural processirignmasking' of speech in noise.

Finally, localization ability in Experiment 1 wastcorrelated with binaural advantage in

Experiment 2.
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BENEFITS OF BINAURAL HEARING

General Background

Cochlear implants have proven to be a very effediigatment for the restoration
of hearing in people with significant hearing legso receive poor or minimal benefit
from hearing aids. It is estimated that 219,000ppeworldwide have received a cochlear
implant. The FDA estimates that 42,600 adults &d@ children have received
cochlear implants in the United States (NIDE@L1). Until relatively recently, a single
ear was implanted. The difficulties associated witiHateral hearing are: 1) difficulty
understanding on the impaired side when the noeaiateceives competing noise, 2)
difficulty understanding on the impaired side evdren the normal ear receives no
competing noise, and 3) difficulty understandingjinet or noise regardless of location
of the source of sound in the azimuth or horizoptahe (Giolas and Wark 1967, Bess
and Tharpe 1986). For people with a unilateral msrhimplant, the difficulties would be
the same except that the “normal” side would bé& thgplanted side with no usable
hearing contralateral to the implant. Just as ni@aying impaired people use two
hearing aids rather than one, an increasing nuwiqezople have been implanted

bilaterally, potentially to offset the difficultiesf listening with one ear.

Patients with Bilateral Cls

Bilateral implantation has gained momentum as pliogi superior benefits
compared to a single CI. In response to third paatyers seeking justification for
bilateral Cls, the William House Cochlear Implata®/ Group (CISG) reviewed the

benefits of bilateral implantation and issued atpws statement in 2008, “Bilateral Cl is

1



now considered as an accepted medical practiceileWe merits of bilateral cochlear
implants are not in question, there is a scientibtigation to determine if two really are

better than one for all potential candidates.

The benefits for bilateral users are well documemieerms of speech
understanding compared to a unilateral implant.@xample, Buss et al. (2008) reported
an 11% increase in CNC word scores for bilaterafsisompared to their better
unilateral ear. Chang et al. (2010) reported CN&2excfor bilateral users of 65% at 24
months post implantation which is approximatelypdcentage points higher than
average scores for a unilateral implant. They rgabthat across studies bilateral scores
are 5-20% better than unilateral scores. Additidreadefits obtained using two implants
include better sound source localization and imedospeech understanding both in quiet
and in noise, often referred to as benefits of tniabprocessing (Buss et al., 2008; Dunn
et al., 2008; Eapen et al., 2009; Grantham e2@07; Litovsky et al., 2006; Ricketts et

al., 2006; Tyler, 2006).

Patients with Bilateral Low Frequency Hearing and ne CI

A new group of cochlear implant (Cl) users has gy@ér These patients benefit
from hearing preservation surgery and have lowueegy (LF) acoustic hearing in the
implanted ear as well as LF hearing in the conteadd ear. Both MED-EL Corp. and
Cochlear Corp. have clinical trials to preserverimggand refer to their users as: EAS®
for electric and acoustic stimulation in the sarmelsyy MED-EL Corp. and Hybrid,
referring to the combined use of electric and atogsimulation in the same ear by

Cochlear Corp. Others are implanted “off labelpteserve hearing but have not

2



participated in either manufacturer’s clinical Isialro simplify for clarity in the
remainder of this paper patients who receive botlustic and electric stimulation in the
same ear and continue to use acoustic, low frequeearing contralateral to the CI will

be referred to as ‘hearing preservation’ patients.

The reported benefits of hearing preservation coethto bilateral (two CIs)
and/or bimodal (CI + contralateral HA) benefit anexed. To date, there is a paucity of
research on binaural processing in hearing presenvasers. Gifford (2010) has data
using R Space™, a surround sound setting usingptauiioise sources (Revitt et al.,
2007). Speech reception thresholds (SRT) weremddan R Space™ using the Hearing-
in-Noise-Test (Nilsson et al., 1994) sentences tivkp. Results were not significantly
different between bilateral and bimodal users whvele in contrast to results obtained
in traditional testing paradigms. Gifford also &sktisteners with hearing preservation.
This group showed the greatest benefit. The addafdow frequency hearing from both
ears provided a significant improvement of 2.9dBtfe hearing preservation group
compared to either the bimodal or bilateral grolitevsky et al. (2006) showed that a
change of 3dB in the signal-to-noise ratio (SNRuHed in an improvement in

understanding of 28%.

Mechanisms Underlying the Benefits of Binaural Heang

If one looks at the attributes of listening withotwarsvs.one ear in normal
hearing (NH) individuals, benefits of binaural hagrinclude better understanding in
noise, spatial release from masking, and the wnlhditocalize(Hirsh,1948; Licklider,

1948; Hirsh,1950; Koenig,1950; Kock,1950; Cherr$39Duralch,1963; Bronkhorst and
3



Plomp,1988; Yost, Dye, and Sheft,1996; see Bror&th@000; Middlebrooks and Green,
1991). Other benefits include the head shadow ef@taural summation or redundancy,
and binaural squelch (Durlach & Colburn,1978; Sichlet al., 2004; Middlebrooks and

Green,1991; Koenig,1950; Shaw, Newman, & Hirsh,}947

The head shadow effect is a physical, monaurat#act and typically is not
thought of as a central effettowever the listener must attend to the ear wightibtter
SNR to receive benefit indicating there is a adrtomponent. It has also been called the
better ear effect. Middlebrooks and Green (199uipébthat the head shadow could
create as much as a 35dB difference between thedavsowhen a noise source was
presented from the side (90°). Results indicatatttie head shadow can provide a great
deal of damping and may be very beneficial in neibere one ear is shadowed from the
noise and enjoys an improved SNR. Bronkhorst ancthpl(1988) described head
shadow based on the angle of the noise presentetharype of noise used. They
reported head shadow benefit averaged over fieedbangles of presentation of noise.
Head shadow ranged from 8.1dB with free filed ept5 dB using noise with ILD
information, and 4.6dB with noise using ITD inforiioa. Litovsky et al. (2006) reported
head shadow benefit of approximately 5dB in bilt€l patients which is less than the
8dB reported for normal hearing listeners with fiie&d noise by Bronkhorst and Plomp

(1988).

The binaural summation effect , or binaural redumgais the advantage of
listening with two ears versus one when the signhpftesented diotically. Binaural

summation does not require the target to be segzhiatspace from the masker. There is

4



a binaural component, not just a better ear eff€bie auditory system is able to have
two “looks” at the signal, and therefore, can esttraore information than if it receives a
single "look,” assuming the looks are independeat,(@ maximum gain would be 3dB).
Shaw, Newman, and Hirsh (1947) reported that tfierdnce between monauns.
binaural intelligibility for speech is 3dB. Schdhiet al. (2004) calculated the summation
effect for normal hearing listeners based on thekweb Bronkhorst & Plomp,1989; Cox
et al.,1981; and MacKeith & Coles,1971. Schleichleestimated summation to be in the
range of 1.1 — 1.9dB. Litovsky et al. (2006) digeld a figure which estimates that ClI

listeners had summation effects of approximately.2d

Binaural squelch, also known as binaural intelligjodifference or binaural
unmasking, is an improvement in speech understgndinoise due to spatial separation
of the speech from the noise (Schleich et al., 200Aderstanding is improved when
adding in the ear with the poorest SNR, e.g. tleéa@ard the noise. The importance of
binaural squelch is the ability to “unmask” speeth background of noise. The binaural
squelch effect is due to a central processing nréshraand necessitates the processing of
interaural time and level differences between e ears. Senn et al. (2005) contended
that “central processing of interaural time anceledifferences between the two ears is
mandatory to take advantage of the binaural squedfelet.” For normal hearing listeners
Bronkhorst and Plomp (1988) reported that squeddged from 2 — 9 dB depending on
the speech materials used. Squelch was lower doosyllabic words, 1.9 - 3.7dB,
medium for SRT, 4 — 7dB, and highest for numbersfa limited set, 5 — 9dB. Schleich

et al. (2004) estimated the squelch effect is @rtinge of 2 — 4.9dB based on the work



of Arsenault & Punch,1999; Carhart,1965; and MatK&i Coles,1971. Litovsky et al.

(2006) reported squelch for bilateral Cl listenatrslose to 2dB.

ILDs and ITDs

Interaural level differences (ILD) and interauiaté differences (ITD) are known
to provide NH listeners with the ability to locadiand are thought to be the underlying
mechanisms that provide spatial release from mgsk&patial release improves
understanding in noise when the speech and nasseparated in space compared to
speech and noise emanating from a single locdfl@s provide an unambiguous cue in
the low frequencies (LF) below 800Hz. ILDs are &ang the high frequencies (HF)
above 1500Hz and very small, less than 5dB, ub@@eHz (Blauert,1997). If sounds are
filtered eliminating high frequency components (oh¢he operations in this
dissertation), the assumption is that ITD cuedlaecues used for sound source
localization. Conversely, if low frequency compotseof a sound are eliminated, then

ILD cues would underlie sound source localization.

Differential Access to ILDs and ITDs by Bilateral  and Hearing Preservation

Listeners

Grantham et al. (2007) measured sound sourceZatiah abilities to noise
stimuli in bilateral MED-EL, Combi 40+ patients. FBverror was calculated for
unilateral and bilateral listening. Errors were 8f°bilateral ClI listeners, 76° for
unilateral ClI listeners (chance was 72°), and i7déomal hearing listeners. In a second
experiment, stimuli were filtered to determine tdoatribution of ILD and ITD cues to

sound source localization. The logic was thatriitig limits access to cues. As explained
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previously, low-pass (LP) filtering would forcetlmers to use ITD cues. High pass (HP)
filtering would force listeners to use ILD cues. BMrrors were not provided but
adjusted constant error scores of approximatelyvEse reported for HP stimuli. When
LP information was removed from the stimulus, perfance doubled with errors of 29°.

The inference is that ITD cues are not availableiliteral Cl listeners.

Hearing preservation patients should have accedftaues given their bilateral,
low frequency, acoustic hearing. Indeed, Gifforale(2013) reports hearing
preservation listeners are able to resolve ITORpalgh not as well as normal hearing
listeners. Because hearing preservation listerars high frequency hearing only in the
implanted ear, not in both ears, they should neelacess to ILD cues. A study by
Dunn et al. (2010) reported that Cochlear Corpaying preservation patients could
localize with errors similar to those found forabéral Cl patients, estimated at 25
degrees of error. That study did not report thguesmcy composition of the sound
sources used making it difficult to definitivelytdemine which cues were used in sound
source localization. However, due to the absendegbf frequency hearing in the

unimplanted ear, one can infer that only ITD cuesenavailable.

A New Coding Strategy May Allow Access to ITD Cuebor Bilateral CI Listeners

As described earlier, nature has provided groug®odiilear implant patients who,
in theory, have access to either ITD or ILD cues,rot both. Bilateral Cl users appear
to use ILD cues for sound source localization baklaccess to ITD cues (Grantham et
al., 2007). However, access to ITD cues may chgnga a new speech coding strategy

from MED-EL Corporation termed Fine Structure Pssieg (FSP™ ). That strategy was
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not available when Grantham et al., (2007, 2008 sueed sound source localization. To

date, there have been no reports on whether taiggy can provide ITD cues.

One of the features of FSP™ s to expand the &equrange down to 70Hz to
capture the fundamental frequency. FSP™ providepaeal cues, in addition to,

envelope cues in the low frequency region of theeesh signal.

The standard implementation of Cls is based onimootis interleaved sampling
or the CIS strategy (Figure 1). “The CIS stratefigrls incoming sounds into bands of
frequencies with a bank of bandpass filters (1b&2ds depending on the manufacturer).
Envelope variations in the different bands areesgnted at corresponding electrodes in
the cochlea with modulated trains of biphasic elegk pulses. The envelope signals
extracted from the bandpass filters are compresgtach nonlinear mapping function
prior to the modulation, to map the wide dynamiega of sound into the narrow
dynamic range of electrically evoked hearing. Thipat of each bandpass is directed to
a single electrode, with low to high channels assibto apical to basal electrodes, to
mimic... the frequency mapping in the normal cochléee pulse trains for the different
electrodes are interleaved in time to eliminatendeainteraction.” (Wilson and Dorman,

2012).

In the early 1990’s the Research Triangle Institmeated the precursor to what is
now MED-EL Corporation’s new speech coding stratdigye structure processing or
FSP™. In the early representation of FSP™, fingctiire was represented using

stimulus pulses at the times of the detected peakero crossings in the output of the



bandpass filters on channels with low center fregies (Wilson and Dorman 2012). At

that time it was called a “peak picker/CIS” strateg

In the standard implementation of cochlear implathts pulse train is continuous.
In the current FSP™ strategy, bursts of pulse @adollow the zero crossing shown in
Figure 2. This may better define the intervalshi@a time domain and possibly provide a
better timing cue between ears. The marking ok#re crossings is to cue the auditory
system to the rate of incoming low-frequency soutsther words, rate is a cue in

addition to the place of stimulation being a cue.

One of the goals in this dissertation was to tdstther FSP™ does, in fact, allow

bilateral Cl listeners to access ITD cues for sosmarce localization.

Aims and Hypotheses

The operating hypotheses of this dissertation weag(i) bilateral Cl and hearing
preservation listeners would localize using différeues, i.e. bilateral Cl listeners would
demonstrate access to ILD cues and hearing preégerVigteners would demonstrate
access to ITD cues, and (ii) hearing preservatgiariers would demonstrate binaural
processing abilities, particularly for “unmaskinggeech in noise due to ITD cues, but
that the bilateral ClI listeners would not demortstiznefit from binaural processing due

to a lack of ITD cues.

The specific aims of this research were to detegr{iinwhich cue, ITD or ILD, is
available to bilateral Cl users and hearing prestéa users by evaluating sound source

localization abilities using filtered noise sourcdglifferent spectral content: low-pass
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(LP), high-pass (HP), and wideband (WB) stimtxperiment 1), (ii) if either group
benefits from binaural hearing§Xperiment 2) and whether access to ITD or ILD cues is
more beneficial, (iii) whether bilateral hearing Bather group provides greater benefit
when the target is not stationary and the signabiee ratio is poofExperiment 3), (iv)

if preserving hearing in the implanted ear is bemnaffor the hearing preservation group

(Experiment 2).

SOUND SOURCE LOCALIZATION

Literature Review

Normal Hearing Listeners

John William Strutt, better known as Lord Rayle{@807), is credited with the
“duplex” theory of localization (see MiddlebrooksdaGreen 1991). Rayleigh calculated
when a sound was presented from the side, thadistehead disrupted the path of sound
to the far ear. Rayleigh noted this was frequerepeddent and the head provided greater
shadowing in the higher frequencies resulting ffedences in intensity between the two
ears, i.e. interaural level differences (ILD). Ragh also computed the ILDs in the low
frequency region and showed they were negligibsyl&gh stated "When a pure tone of
low pitch is recognized as being on the right er lgft, the only alternative to the
intensity theory is to suppose that the judgmeftusded upon the difference of phases
at the two ears.” The duplex theory states brotwli/spatial information is derived at
high frequencies from ILD cues and at low frequesiérom ITD cues. Stevens and
Newman (1936) also found that sound source lodadizavas frequency dependent.

Their results were in good agreement with the dugiieory. Stevens and Newman found
10



that sound source localization errors were greate3000Hz where neither ITD nor ILD
cues are beneficial in determining sound sourcatioa consistent with the duplex

theory.

Lorenzi et al. (1999) evaluated NH listeners ararthbility to localize in quiet
and in noise. They found sound source localizaimouracy was unaffected by noise if
the SNR was 0dB or better regardless of whethendise was presented &t @r 90°
azimuth. In addition, both LF and HF cues were #yguadfected when noise was
presented at°®Q however, LF cues were more susceptible to nbiae HF cues when the
noise was presented at°%rimuth. When both LF and HF cues were availahtereise

was presented at 9disteners used HF cues to determine sound sdocagon.

Good and Gilkey (1996) evaluated NH listeners iregand in noise. They
measured errors in three planes, left/right, upfdamd front/back. They found that
sound source localization judgments systematicdlyreased as the SNR became poorer.
They used a broadband click-train signal in qunet & a broadband noise; the SNR
varied from quiet to -10dB SNR. In the median plda&/right errors were unaffected by

noise until the SNR became negative.

Van den Bogaert et al. (2006) tested NH listenarsaund source localization to
use as a reference for hearing impaired subjeetsuls showed better performance to
LF than HF narrow bands of stimuli with averagetnmean square (RMS) errors of
13.53 and 21.3 respectively. Performance was best to a broadbigmnal; the RMS error

was 6.8. Van den Bogaert et al. offered an explanatiortHerimproved sound source
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localization ability in the broadband conditionisténers were able to access both ITD

and ILD cues.

Yost et al. (in press) tested 45 NH listeners amsdasource localization in the
horizontal plane using a 13 loud speaker arrays&lbursts of different spectral content,
i.e., low-pass (LP), high-pass (HP) and broadb&M),(were presented randomly from
different locations. Yost et al. showed no sigrifitdifferences between the three
conditions. RMS errors were: LP = 6.95°, HP = @arftl BB = 5.98°. Contrary to van
den Bogaert et al. (2006),who used narrow-bandendisst et al. did not find that NH
listeners benefitted from combining ITD and ILD suder the broadband noise used in
their study. Sound source localization was notigantly improved in the broadband

condition.

Hearing Impaired Listeners

Hearing aids have been shown to (i) improve sowudce localization (Boymans
et al., 2008), (ii) depress sound source locabrafvan den Bogaert et al., 2006) and (iii)
have no effect on sound source localization (Koafet Rosenhall, 2002) for hearing-
impaired listeners. These conflicting reports agipent to the hearing preservation

group who usually wear bilateral hearing aids idiagdn to their implant.

Boymans et al. (2008) conducted pre- and podis tesbilateral hearing aid
users to determine the benefits of binaural heafmigr to being fit with hearing aids
(HA), subjects were evaluated under headphonessis of binaural masking level
differences (BMLD), ITD, and speech reception thadds. Results on the BMLD were

significantly poorer for the HI group compared he NH group although they did report
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that there was overlap between the NH and HI groBpH.D scores for NH were 17dB
and were poorer,12dB, for the HI. ITD measures wgegnificantly poorer for the Hl
with ITDs of 21Jusec compared to 4&ec for the NH listeners. Absolute sound source
localization errors were graphed as a percentagerofs; values were not reported. In
the bilateral HA condition errors appeared to beual32% compared to approximately
50% in the unilaterally aided condition. They repdra weak relationship between
bilateral HA benefit on sound source localization gpeech reception using spatially

separated sources.

An opposing view was raised by van den Bogaert ¢2@06) who reported that
hearing aids (HA) may not preserve a user’s altiitprocess binaural cues. They
reported advanced digital signal processing intcedulistortions in the high frequency
region affecting ILD cues. Van den Bogaert et gharted the problem was mainly due to
separate monaural hearing aid systems that maycal@pression between ears and
introduce different noise reduction algorithms tigatarly when using adaptive
directional microphones. Van den Bogaert et al. gamed sound source localization
performance for NH and hearing-impaired (HI) ligseshusing LF and HF narrow bands
of noise and a broadband noise (BBN) -- a telephimggng. The NH performed better
than the HI, and the HI performed better witho@tiithHA than they did with their HA.
The conclusion drawn was that signal processirtgginindependently operated HAs
does not preserve sound source localization cues.ig reminiscent of reported
problems with signal processing for bilateral Cénss each speech processor is fit as a

monaural device.
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Kobler and Rosenhall (2002) compared unaided, mahaand bilateral HA
performance on speech intelligibility and soundrseuocalization. They used an eight
loud speaker array surrounding the patient muahthie RSpace™ used in the current
study. The speech target moved randomly betweesgdlt loud speakers and noise
emitted from the other seven loud speakers. Thgstsbwere required to repeat
sentences and identify the location of the sped&kvering the sentence. Results showed
improved speech intelligibility with bilateral HAs.unaided listening, a small but
significant improvement with bilateral HAs. unilateral HA , but no improvement on

sound source localization using bilateral HAs coragdo unaided results.

Lorenzi et al. (1999) studied effects of hearingslon sound source localization
abilities. Lorenzi et al. reported that HI listem@vere affected in the same way as NH
listeners - when noise was at the side, sound sdacalization was poorer than when
noise was presented from the front. HI listenersevadgfected at higher SNR than NH
listeners. Overall, HI listeners had poorer sounalce localization judgments than NH

listeners.

Ching et al. (2005) tested bilateral hearing aersignd found that those with LF
thresholds of 65dB or better were able to use gnaumes Sentences were delivered
dichotically with a delay o700 psec to either ear. Ching et al. reportedthateral
hearing aid users had access to ITD cues becamisg tinformation was preserved and
transmitted with similar delays to each ear. Thehgwever, did not perform as well as
NH listeners. Ching et al. reported that an immghaaditory system is still able to take

advantage of timing/phase cues to facilitate speederstanding. Ching et al. (2007)
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reported that time delays in hearing aids are @mnege less than 5msec and therefore

timing information should be well preserved.

The results from the previous studies on soundcgdorcalization in hearing
impaired listeners are conflicting on whether theg able to localize sound sources
better with or without their HAs. The implicatiofa the hearing preservation group
ranged from (i) expected improvement on sound solarcalization with bilateral HAs,

(ii) expected decrease in performance with theafisslateral HAs, or (iii) no difference

in performance with and without bilateral HAS pilot study was carried out using
bilateral hearing aid users to determine whetherodHHAs improved or decreased sound
source localization performance. No difference foamd between aided and unaided
sound source localization to LP stimuli. Basedlorse results the hypothesis for the
hearing preservation listeners was that they wootdshow any benefit or decrease in

performance due to their hearing aids.

Bilateral Cl Listeners

As previously stated, there is adequate evidendeagreement that bilateral Cl
users can localize, although not as well as Nlgrists, via access to ILD cues
(Grantham et al., 2007; Rickets et al., 2006; Lstoy 2010; and Dunn et al., 2010).
Litovsky (2010) reported that RMS errors averagetivieen 20 - 30for bilateral users
and 50-60 for unilateral listening. Litovsky reported 5 -°1df error for normal hearing

listeners.
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ITD cues are absent or poor and are not availalbddteral Cl users wearing
their clinical processors. This is primarily duethe signal processing of cochlear
implants which discards temporal fine structur@infation (Ching et al., 2007; Loizou
et al., 2009; Litovsky et al., 2004; Francart et 2008; and Grantham et al., 2008).
Some have suggested that ITD cues are also ndalalabecause the processors are not

matched or synchronized between ears but are ifitdependent processors.

To date, there have been no published reports oD-HEs new speech coding
strategy, FSP™, and the availability of ITD cuesHibateral users. Theoretically, users
should have access to interaural timing cues usisgstrategy since FSP™ adds
temporal cues. However, processors are not synideaibetween ears making access to
ITD cues unlikely.

Hearing Preservation Listeners

To date, Dunn et al. (2010) have the only publistegdrt on sound source
localization in hearing preservation patients. Ttested hearing preservation users with
a short 20mm electrode on sound source localizatmhspeech perception in noise.
They used 16 everyday sounds such as a baby ceytigld laughing, a glass breaking,
and a telephone ringing for sound source locabmatHowever, the frequency responses
of the various sounds were not reported so it ipossible to determine whether ITD or
ILD cues were available for sound source localwatThey reported that preserving
hearing in the implanted ear provided significafter sound source localization
abilities compared to bimodal users. RMS errorseveaiculated for four conditions:
combined (bilateral HAs plus Cl), EAS (ClI plus ipséral HA), bimodal (CI plus

contralateral HA), and bilateral hearing aids (Hidhout the CI. Scores were
16



significantly better in the combined condition thareither condition pairing a Cl with a
single HA, i.e. the EAS or bimodal conditions. Th&isults showed equivalent sound
source localization abilities when listening in t@mbined condition and the bilateral
hearing aid condition. The addition of the CI dmt improve nor did it hinder sound
source localization. They did not compare sound®localization for aided and
unaided listening. Although actual degrees ofremrere not reported, average RMS
error was estimated from figures and was approxm&5’ in the combined and
bilateral HA conditions. Dunn et al. claimed thavimg two ears with similar signal
processing in the LF enabled listeners to take ratdge of ITD cues and also provided
fine structure enabling the listeners to “squelictidrmation and improve understanding
in noise. They reported that ITD and ILD cues warailable to this population;
however, this claim was not substantiated by thdystWithout adequate controls,
determination of which cues were available to tearimg preservation population
remains unanswered.

Rationale for Experiment One

Experiment | was designed to replicate and exteadwork of Grantham et al.
(2007) and Dunn et al. (2010) by measuring sowodce localization abilities in
bilateral FSP™ and hearing preservation listeners.

Dunn et al. (2010) inferred that hearing preseovatisers were able to take
advantage of ITD cues in sound source localizafitvey reported that the Cl used in
conjunction with a single HA in either ear yielden average chance performance.
However, when both ears were aided and the Cl atasaged, RMS errors improved to

approximately 2% They did not report the frequency responsesestimuli used. This
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experiment extended that study by using filteredesto determine which cue, ITD
and/or ILD, is available to hearing preservatioarasThis study further extended the
work of Dunn et al. by comparing sound source liaeéibn in the unaided and aided
conditions to determine whether or not HAs (i) ioyed, (ii) decreased, or (iii)) had no
effect on sound source localization.

The purpose of Experiment 1 was to evaluate bahte8P™ and hearing
preservation users’ ability to localize. The goalswo determine: (i) which cues, ITD or
ILD, were available to bilateral and hearing pregagon users, (ii) if the new coding
strategy, FSP™ , provided ITD cues to bilateral€zrs, (iii) whether there was a
difference in sound source localization betweeeiand unaided results in the hearing
preservation group, and (iv) if adding a CI to tib@ided or aided conditions in the
hearing preservation group altered sound sour@itation abilities.

Experiment 1
General Methods
Test environment and stimuli. Testing was conducted in an 11’ X 15’ sound
deadened room. The stimuli were presented fromlaud&speaker array with an arc of
180°in the frontal horizontal plane (Figure 3). Theras 15° of separation between loud
speakers. To reduce edge effects, stimuli wer@restented from loud speakers 1 and 13.

Listeners were not notified that these two loudagees were “dummy” speakers.

Three, 200-msec, filtered (48 dB/octave) white Garsnoise stimuli of different

spectral content were presented in random ordaseNstimuli consisted of:

* low-pass (LP) noise filtered from 125-500Hz
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* high-pass (HP) noise filtered from 1500-6000 Hz

» wideband (WB) noise filtered from 125-6000 Hz

Presentation of the stimuli was controlled by Matlgour blocks of 33 trials each were
presented at 65 dBA. Each stimulus (LP, HP, WB) prasented four times per speaker
resulting in 132 presentations (11 speakers X dKslX 3 stimuli). Overall level was
randomly roved +2 dB from presentation to presémtab ensure that the level of the

loud speakers was not a cue.

Subjects were seated facing the middle speakerofhg 13 loudspeaker array.
Speakers were placed 1.67 meters from the listehead and were at the level of the

listener’s pinnae.

Prior to testing, a broadband signal was preseattetdline and bilateral FSP™
Cl listeners adjusted their volume controls to éguaudness between ears. Perceptual
centering of an auditory image refers to the perorpve experience when we hear a
stereo effect; i.e., a sound that is presentededwo ears is heard in the center of the
head. Centering is important because if a souhdasd shifted to one side rather than in
the center of the head, then binaural sensitiaitff D and ILD cues will be reduced

(Yost,1974; Yost and Dye,1988).

For hearing preservation listeners, a screeningoagged out to ensure audibility
for each set of stimuli in the unaided conditioAdjustments were made to ensure
comfortable audibility for each noise source. Nohé&e hearing preservation listeners

were able to hear the high-pass stimuli withouirtBé due to the severity of their high
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frequency hearing loss. Therefore, the high-passliton was eliminated for the unaided
and aided conditions without the CI but was adntémexd in the unaided and aided

conditions using the CI.

A practice trial was provided to ensure (i) undansling of the test protocol and
(i) that the stimuli were audible. Subjects warstiucted to look at a red dot on the
center speaker (speaker #7) at midline until audtimwas presented. Subjects were
monitored via a webcam to ensure that they lookékeamid line prior to presentation of
the stimuli. Each subject identified the speakethefsound source by pushing a button
on a numbered keypad corresponding to the numhkibeddbud speaker. They were
instructed to look at the red dot as soon as thegsed the enter button so that they
would be looking at midline when the next stimuluess presented. During the practice
trial stimuli were played in consecutive order lmegng with speaker #2 and stopping at
speaker #12. Subjects were able to repeat theiggaxtndition as many times as needed
to feel comfortable with the test and using thepesl; Each subject was reinstructed
prior to the actual sound source localization tiest the sounds would be presented

randomly from any speaker and not in order asempttactice test.

Pilot Study 1

Normal hearing listeners — the effect of ageA total of 34 listeners, normal
hearing (NH) young listeners and mature listenetls age appropriate hearing, were
evaluated on sound source localization abilitygtedmine if age caused changes in
sound source localization abilities. Listeners weivéded into two groups: younger (n =

22), ages 22-40 years, and older (n = 12), age®4Afears. The stimuli were low-pass
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(LP), high-pass (HP), and wideband (WB) noise dgyriehere were no differences for
sound source localization based on age for LP orstitBuli. HP errors were different
between groups [t(34) = 2.344, p = .025]. The HRdtwon was not the condition of
interest so that differences between the two grewgre not relevant to this study. Mean

RMS error in degrees were:

LP HP wB
Young NH listeners 7.80 7.16 6.64
(sd:1.69) (sd:1.99) (sd:2.23
Mature NH listeners 8.82 9.32 6.51
(sd:2.47) (sd:3.58) (sd:1.03)

NH listeners - a large N studyln order to have a good estimate of variability for
sound source localization abilities for NH listesiet5 young, NH subjects were tested
with the LP, HP, and WB stimuli. Mean scores weRe4.6.95° (sd:1.95), HP =
6.7°(sd:2.61), and WB = 5.98° (sd:2.72), (Yostletrmpress). No main effect of filter
condition was found for the three measures at &\ of significance. Results for the
three conditions are plotted in Figure @iven that age was not a factor (see Pilot Study
1) for LP or WB stimuli, this large young group bete the normative sample for this

dissertation.

Pilot Study 2

Bilateral hearing aid users.This study was carried out to determine if hearing

aids (HA) altered sound source localization periamoe for people with bilaterally
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symmetric hearing loss. This was of interest beeaoigst hearing preservation listeners

use bilateral hearing aids in addition to their CI.

Eighteen bilateral HA users patrticipated and weauated on sound source
localization with and without their HA. Nine femaland nine males between the ages of
40 — 87 comprised the bilateral HA group. As iroP8tudy 1 the listeners were

presented LP, HP, and WB noise stimuli in the saodce localization experiment.

Subjects were recruited from local dispensing jicastand wore matched HA,
i.e., hearing aids that were the same make andlmad®th ears. Listeners had ski slope
hearing losses that ranged between normal and mtederthe low frequencies and mild
to severe in the high frequencies. Hearing losse wimilar to the hearing preservation
group in the low frequency range but were signiftabetter in the mid-to-high

frequencies. Mean scores for sound source localizé&tms errors in degrees) were:

LP HP WB
Unaided 14.99 19.16 15.56
(sd:8.59) (sd:8.37) (s883)
Aided 16.38 21.04 13.32
(sd:7.33) (sd:7.75) (sd:§.22

A 2x3 repeated measures analysis of variance (AND¥®ealed no effect of
aided conditions (p = .776) but a main effect ohsti [F(2,14) = 6.206, p = .012] and no
interaction between aided/unaided and stimuli.t Ros paired samples t tests (2 tailed)
revealed that LP and WB were not different (p=.18&%)HP was significantly poorer

than LP [t(15) = 2.679, p =.017] and WB [t(15) $8. p = .003]. Consequently, the
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prediction for the hearing preservation patients tiet performance would not be

altered based on the use of HAs.

Subjects

Bilateral Cl listeners. A total of 16 adult Cl users were tested. Elevesdus
bilateral Opus 2 processors with the FSP™ codiragegyy. As noted previously, FSP™
may preserve temporal cues better than non-FSP3¥egsing strategies. Five subjects
used MED-EL’s CIS (non-FSP) coding strategy inttls@nal processors. Poor sound
source localization ability using a single procedsas previously been established
(Grantham et al., 2007, van Hoesel et al., 2008),therefore, unilateral scores were not
obtained. All subjects were tested in the bilatecaddition and were not allowed to alter
settings during testing. All but two participantsdhat least one year of Cl use.
Demographics for bilateral users are shown in Talded include age, gender, age of
onset of deafness, etiology, length of Cl use perfeequency allocation ranges, number
of active channels, and number of FSP™ chanriéie. non-FSP subjects were similar
to the subjects that Grantham et al. (2007) teStkese subjects provided a comparison
between their study and the outcomes for this destsen.

Hearing preservation listeners.Twelve adult ClI users with hearing preservation
in the implanted ear were recruited from centemsguhe MED-EL or Cochlear devices.
Subjects had been, or were, enrolled in MED-EL’sSEAinical trials or Cochlear’s
Hybrid clinical trials. Two subjects did not paipate in either clinical trial but had
preserved hearing in the implanted ear. All heapregervation participants had low

frequency hearing in both ears.
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Hearing preservation users were evaluated in tlheafimg four conditions which
were counter-balanced among subjects: (i) unanedl, (i) unaided plus CI, (iii)
bilaterally aided, no ClI, and (iv) bilaterally adiplus CI. Eight subjects had symmetrical
LF acoustic hearing with differences no greatenthadB between ears at 250Hz (Figure
5). Five subjects used the MED-EL device and thusssl the Cochlear device. Four users
had asymmetrical LF hearing with differences of #8dB at 250Hz between ears

(Figure 6). Two of the subjects used MED-EL and twwed Cochlear devices.

MED-EL processor. The MED-EL Duet processor uses a single, omnidoeat
microphone which directs the incoming sound to ibthHA and the CI. The HA
amplifies LF hearing between 125 - 1000Hz (Helligle 2008) and delivers amplified
sound via an earhook to an earmold inserted irge#r canal. The microphone sits on
top of the pinna and faces forward.

Cochlear processorThe Cochlear Freedom Hybrid processor uses dual
microphones which direct the incoming sound torathe-ear HA and the CI. The HA
amplifies LF acoustic hearing and delivers sounddoynecting the HA to a cable that is
connected to the earhook of the processor. Theopticmes sit on top of the pinna and
may be set in an omnidirectional or directional mod

Hearing aids. All hearing preservation subjects used their owmirg:the-ear
(BTE) hearing aid in the contralateral ear. Setting the hearing aids and processors
were not changed even if the gain was inadequatsysnmetric between ears.
Participants used their everyday settings. All sisegre tested with a BTE on the
contralateral ear except one subject who did netausearing aid on either side. That

subject did not use hearing aids in either eartdumrmal hearing at 250Hz followed by
24



a precipitous drop in hearing. This subject wastestted in the aided conditions. Two
subjects had bilateral implants accompanied bydyddly preserved hearing. Their better
Cl was used in this research. Demographics foringa@reservation listeners are
provided in Table 2. Audiometric thresholds for #yenmetrical hearing group are listed
in Table 3, and thresholds for the group with asyatrical hearing loss are listed in
Table 4.

All subjects signed informed consents approvedeyArizona State University

Institutional Review Board and were compensatedHeir time.
Results

Root mean square (rms) error in degrees was ctcuddter Rakerd and Hartman
(1986). The D calculation is the overall error ofisd source localization and is
calculated asb(k) = V[AY/M Zil(ri — k)?]. A'is the angular separation of the
loudspeakers (15°). M is the number of responseghe response (1-13) on thktiial
and k is the loudspeaker location (#2 - #12). l\é&sRMS average of the difference
between the location of the source and the locatighe response. Chance, or random,
error was calculated using a Monte Carlo methot0éfruns of 1000 Monte Carlo trials.
The mean chance performance was 73.5° with a sthd@aiation of 3.2° for the three

noise stimuli. Mean RMS error in degrees for atlups were:

WB LP HP
Normal hearing 5.98 6.95 6.7
(sd:2.72) (sd:1.95) (sd:2.61)
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Bilateral FSP™ CI 20.32 45.96 19.64

(sd:6.62) (sd:18.65) sd:6.36)

Bilateral non-FSP CI 20.74 37.43 19.44
(sd:5.71) (sd:9.67) sd:3.10)

Hearing preservatiQpnm 33.03 23.32 57.77
(sd:9.05) (sd:10.63) p17)

Hearing preservatiqgmm 49.83 76.48 60.31

(sd:14.23) (sd:20.64) (sd:12.27)

Comparisons Between Groups

A mixed design ANOVA with the five groups as théviaeen groups variable and
RMS errors for LP, HP, and WB stimuli as the witgnoups variable. There was a
significant main effect of group [F(4,58) = 1065p0005] and a significant interaction
between stimuli and groups, [F(8, 116) = 26.60,.pG05]. A post hoc Scheffe’ test
revealed no difference between bilateral FSP™ amdkSP groups on sound source
localization errors (p=.959). Post hoc Scheffestiteg revealed a significant difference
between all other groups; NH listeners were sigaiftly better than all groups (p <
.0005). FSP listeners were better localizers trerihg preservation listeners with
symmetric hearing, (p = .04), and better than Inggpreservatric hearing, (p = .0005).
Non-FSP listeners were better than hearing presenviisteners with symmetric
hearing, (p = .028), and better than hearing pvesien listeners with asymmetric

hearing, (p = .0005).
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Comparison of Stimuli Between Groups

A one way ANOVA was conducted to compare groufistg condition on
sound source localization abilities to WB , LP, &ifél stimuli.There was a main effect
of group performance on sound source localizatinlitias at the p<.05 level for the
three stimuli, WB: [F(4,62) = 66.568, p. < .001RF(4, 62) = 62.304, p. <.001], and

HP: [F(4, 62) = 81.496, p. < .00NH listeners had fewer sound source localization

errors to all stimuli than other groups excepttfe non-FSP listeners in the HP

condition, (p=.088). Post hoc results are disaliss®ler each stimulus condition.

Wideband stimuli. A post hoc Scheffe’ test revealed that bilaterd? S and
bilateral non-FSP listeners were not significadiifferent from each other, (p =1.00) .
Bilateral FSP™ listeners were significantly betetocalizing to WB stimuli than the
hearing preservation groups, symmetric, (p =.0@8Jl, asymmetric, ( p <.0005). Non-
FSP were also significantly better than the heapiregervation groups, symmetric, (p
=.029), and asymmetric, ( p <.0005). Hearing @nestion listeners with symmetric
hearing were significantly better than hearing ereation listeners with asymmetric
hearing, (p =.003).

Low-pass stimuli.Post hoc Scheffe’ testing revealed that sound sourc
localization to LP stimuli was not significantlyfidirent between FSP™ and non-FSP
listeners, (p = .667). FSP™ listeners were sigaiftty poorer than hearing preservation
listeners with symmetric hearing, (p = .001) bgng#icantly better than hearing
preservation listeners with asymmetric hearings (P005). Non-FSP listeners were not

significantly different from hearing preservatiosténers with symmetric hearing, (p =
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.231) but were significantly better than hearinggarvation listeners with asymmetric
hearing, (p < .0005). Hearing preservation listewath symmetric hearing were
significantly better than hearing preservatiorelrs with asymmetric hearing, (p <
.0005).

High-pass stimuli. Post hoc testing revealed no significant differelnesveen
FSP™ and non-FSP™ listeners, (p = 1.00). Bothgsavere significantly better
localizers to HP stimuli than the hearing presaovelisteners with symmetric, (p <
.0005), and asymmetric hearing, (p<.0005). There neadifference between hearing
preservation listeners with symmetric hearing da$é with asymmetric hearing, (p=
.993), when localizing to HP stimuli.

Comparisons Within Groups

A repeated-measures ANOVA was applied to the aatadch group using RMS
errors as the dependent variables for LP, HP, aBdsuvhuli. ANOVA determined if the
three conditions were significantly different witheach group. An alpha level of p< 0.05
was used with the Bonferroni correction appliegpdst-hoc paired-samples t-tests (two-
tailed). Table 5 shows the descriptive statistizsefaich condition for each group.

Normal hearing. The results are shown in Figure 4 and there wasffieat of
stimulus type for this group.

Bilateral FSP™ listeners.Figure 7 shows the sound source localization errors
for each condition. A repeated measures ANOVA [E{®; 20.408, p<.0005] revealed
that the three filtered noise conditions — LP, HRJ WB - were significantly different.
Post-hoc paired samples t-tests using the Bonfecarection indicated that the LP
condition was significantly poorer than the HP atiod [t(10) = 5.288, (p=.000)] and
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the WB condition [t(10) = 4.427 (p=.001)] but théfe and WB were not significantly
different [t(10) = .777 (p=.455)]. This was expettnce WB incudes HP information
and should be comparable to the better of the ddeconditions.

Bilateral non-FSP listenersFigure 8 shows sound source localization errors for
each conditionA repeated measures ANOVA, [F(2,8) = 18.719, pG1]0revealed a
main effect of stimulus condition. Post hoc paisathples t tests indicated that LP errors
were significantly worse than HP errors, [t(4)=4.38 =.012 and WB errors, [t(4) =
5.336, p = .006]. HP and WB errors were not sigaifitly different, [t(4) = .555, p =
.608].

Hearing preservation listeners.Because hearing loss or asymmetry is known to
affect sound source localizatig@imon 2005), the hearing preservation group was
divided into two groups: those with symmetrical lhéaring and those with asymmetries

in the LF region, for all statistical analyses.

Hearing preservation with symmetrical hearing Figure 9 shows sound source
localization rms errors for each condition. Thergday listening condition — bilaterally
aided plus CI - for the three filtered noise coitis was analyzed using a repeated
measures ANOVAOnNe subject had bilateral Cls and was not testéddavsingle CI;
therefore, those data sets were not included sahalysis. ANOVA showed differences
between the three noise conditions, [F(2,12) =7,48.001]. Post-hoc paired samples t-
tests using the Bonferroni correction indicated tha LP condition was significantly
better than the HP condition, [t = 4.79 (p=.003)dl avas marginally better, [t = 2.40
(p=.053)] than the WB condition. The WB conditioaswbetter than the HP condition, [t

= 3.213 (p=.018)].
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Hearing preservation listeners with asymmetrical haring loss.Figure 9
shows sound source localization rms errors fothhee filtered noise conditions. The
everyday listening condition — bilaterally aided®ICI - for the three conditions was
analyzed using a repeated measures ANOVA. Mean Bftfss and standard deviations
for the four listeners were: LP = 76.48° (sd:20.6¢F = 60.31° (sd: 12.27), and WB =
49.83° (sd:14.23). Results showed no significaiférinces between the three noise
conditions, [F(2,6) = 4.608, p=.061].

The remaining analyses omitted the HP conditionesimearing preservation
subjects had only one CI and little or no high fregcy hearing contralateral to the CI.
The HP condition is equivalent to unilateral hegramd, therefore, expected outcomes
were that RMS errors for the HP condition wouldabehance performance.
Additionally, since it has been demonstrated tsgtranetrical hearing usually impairs

sound source localization abilities, the remairafehe results are from the symmetrical

group.

Hearing preservation — effect of HAsSA 2 X 2 (aidedvs.unaided and LRs.
WB) repeated measures ANOVA was calculated to coengialed and unaided results
without the CI. Results showed a significance d#fee for these conditions,
[F(3,18)=5.183, p=.009]. MeaRMS errors and standard deviations were: unaided LP
18.88° (sd:6.0), aided LP =20.33 (sd: 7.93), /B = 21.36 (sd:12.19), and aided
WB = 32.52 (sd:8.86). Paired samples t tests shawetifferences between conditions
for aided and unaided LP [t = .366 (p =.727)] etvieen aided and unaided WB [t =
1.71 (p = .138)]. Unlike van den Bogaert et al.0@0these results did not show that

aided responses decreased sound source localizaiidgies nor did results support the
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findings of Boymans et al. (2008) that aided resesnimproved sound source
localization abilities. The results from this exipggnt are in line with Kobler and
Rosenhall (2002) who reported that hearing aidsenmaddifference in sound source

localization abilities.

Hearing preservation — effect of the CIA repeated measures ANOVA was
used to determine significance between the aidaditons with and without the CI.
Significant differences were found between the fmanditions: aided LP without CI,
aided LP with CI, aided WB without CI, and aided Wih CI, [F(3, 18)= 3.922,
p=.026]. Mean RMS error and standard deviationewaided LP without the Cl =
20.51° (sd:8.15), aided LP with Cl = 23.32° (sd3B). aided WB without the CI = 30.92°
(sd: 8.76), and aided WB with Cl = 33.03° (sd: 9.0&ired samples t-tests showed no
difference between aided LP with and without the[G11.134 (p = .3)] and no
difference between aided WB with and without thgt€1.542 (p = .607)]. To
summarize, the CI does not hinder sound sourcdizatian nor does it improve sound

source localization scores for the LP or the WBdions.

Hearing preservation — effect of combining HAs withthe CI. The hearing
preservation group was adversely affected whergubigir bilateral hearing aids with
their Cl which is their normal everyday settingpaired samples t test showed a
significant difference between the unaided andda\#8 conditions with the ClI, [t(6) =
2.631. p =.039]. When the CI was combined withHi#es in the WB condition, errors

increased by 10° indicating there is an interactvben both devices are used.
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Comparisons Between Bilateral Cl and Hearing Presefation Listeners with

Symmetrical Hearing

An independent t test (2 tailed) was used to compa WB condition for the
bilateral FSP™ listeners and for the hearing pregm®n listeners. This comparison used
their normal everyday settings — bilateral Cls hifaterally aided plus CI - and provided
information regarding whether the two groups hadilar abilities for sound source
localization. WB was used because it provided thiest range of frequencies, and each
group had access to cues specific to their tygeeafing within the WB range. Results
showed a significant difference, [t(16) = 2.82,(%2] between the two grougsSigure
10). RMS errors for the bilateral group were lo{lmetter) than for the hearing

preservation group.

An independent t test compared the best condiboedch group, i.e. HP for the
bilateral FSP™ users and LP in the combined cmmdfor the hearing preservation
users. Results were not significantly different; @.151, p = .266). These results indicate
that the two groups have similar sound source ipa@bn abilities despite having access
to different cues (Figure 11) . The bilateral Irstes were able to localize using ILD cues
with the same degree of error that the hearinggpvasion listeners exhibited when
accessing ITD cues for sound source localization.

Discussion

Bilateral CI Listeners. One aim of Experiment 1 was to determine whicho$et
cues, ITD or ILD, were available for bilateral &siers fit with a new coding strategy,

FSP™. At issue was whether the new coding strategyided access to ITD cues. The
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critical stimulus condition was LP noise becauseas assumed that listeners would be

forced to use ITD cues for sound source localimatio

As shown in Figure 7 most subjects were able taline to the source of LP
stimuli at better than chance levels of performai@®ance = 70° - 77°). The best subject
had errors of only 2Gor LP stimuli which was as good as sound souscalization for
HP stimuli. Three other bilateral users had erodr30°, 33°, and 38°. This raised three
possibilities: (i) performance was due to the Us@'D cues, (ii) performance was due to
head related transfer functions (HRTF), or (iiiffpemance was due to very small ILD

cues in the LF region.

The use of ITD cuesAs noted earlier, the FSP™ strategy codes sompdeal
intervals and, potentially, could provide ITD cuedisteners. Other strategies do not
explicitly code these intervals, thus if userssith Cls that do not code temporal
intervals perform as well as FSP listeners, itaslikely that ITD cues are responsible for
performance. As shown in Figure 12, FSP listenedsusers fit with other devices, tested
in a concurrent study, showed similar ranges dioperance. This suggested that patients

fit with FSP™ are not using ITD cues to localizd_® signals.

HRTF. HRTF is the change in a sound due to the effectiseohead, torso, and
pinna. One reason that it is highly unlikely thaateral Cl users would be able to make
use of HRTFs is that the microphones of the praressit on top of the pinna and
eliminate the combined cues derived from the pem@the ear canal. Secondly, bilateral
Cl users generally receive poor spectral repretientaf the sound by virtue of having a

Cl. Finally, HRTFs are most sensitive to HF, not lafich further reduces the
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probability that HRTFs could account for the bettem expected sound source

localization to LP stimuli.

Low frequency ILD cueslf FSP™ did not provide timing cues and HRTFs were
not available, then the alternative was that ushlidecues were available in the LP
condition. Using KEMAR, signals were measured atrtlicrophone output of the speech
processor. As noted in previous reports, small IEDsss than 5dB - were observed in
the low frequency region below 500Hz (Figure 13)e3e very small ILDs would be
further reduced by the 3:1 compression ratio ofal@matic gain control on the signal
processors and could be compressed further wharidithe limited input dynamic range
of the listeners. Although the ILD information akadile in the LF must have been very
minimal, ILDs remain the only viable cue for LPusal source localization.

Hearing Preservation Listeners. A second aim of Experiment 1 was to
determine which cues were available to hearinggovasion listeners. The critical
condition was LP noise because the assumptionveasisteners with acoustic hearing
would be using ITD cues. The hearing preservaigirrers with symmetrical hearing
showed errors of 23 degrees suggesting they haessto ITD cues although not with
the resolution of NH listeners. It is of interdsat the bilateral Cl users and the hearing
preservation listeners showed similar sound soocaization abilities but based, on the

one hand, on ILD cues and, on the other hand, Bnclies.

Neither set of cues was transmitted with fidelaythese listeners -- RMS errors
were three times that of NH listeners. Given thevmus argument for the bilateral

listeners, it's not impossible that this performaneas based on ILD cues. However, it
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seems likely that the listeners would use largenitade ITD cues rather than the very
small ILD cues.

Dunn et al. (2010) also obtained RMS errors ofrapiately 25° for sound
source localization to WB stimuli by hearing presgion listeners. Because the stimuli
were WB, listeners potentially had access to bdih &and ILD cues. The LP stimuli in
the present experiment eliminated the possibilitysing ILD cues for sound source

localization and puts the inference of ITD useiomér ground.

As stated previously, the hearing preservatioeiists were separated into two
groups: symmetrical (n=8) and asymmetrical (n=4uatic hearing loss. Listeners with
asymmetrical LF hearing loss showed sound souaimation to LP stimuli that was at
chance levels (70° - 77°) of performance. lt#saclfrom examining Figure 9 that the
patients with asymmetrical hearing loss were mumdrgr than the patients with
symmetrical hearing. One practical consequendgaispotential hearing preservation
patients should be told that they will localizeyoiflthey have symmetrical hearing. An
asymmetry in hearing alters ILD cues and potentidlD cues. The mechanism
underlying this is not particularly clear, but fitenporal resolution is known to be
impaired in patients with hearing loss (Moore, 2008

Adding a ClI to bilateral HAs impairs sound sourcedalization When the
unaided and aided plus CI in the WB conditions veenapared, errors increased by 10°
with the addition of bilateral hearing aids. It&interest that adding a ClI to two HAs
makes sound source localization poorer since $hise normal everyday wearing setting.

This is not surprising because the ILDs have tgreatly altered by having a Cl only on
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one side. This was not reported by Dunn et al. @20They compared aided conditions

with and without the CI but did not compare urgicnd aided conditions with the CI.

Summary

In summary, Figure 11 shows that both bilateral ™SRsteners and hearing
preservation listeners, with symmetrical LF hearimgve the same sound source
localization abilities using different cues. Th&aheral listeners were able to localize to
HP stimuli indicating that they have access to t2s. Some bilateral listeners had
surprisingly good sound source localization aleifitto LP sound sources which appear to
be due to very small ILD cues. The hearing presemdisteners with symmetrical
hearing were able to localize to LP stimuli indiogtthat they have access to ITD cues.
Two observations were made about the hearing pa&tsen listeners. The first
observation was that the group with symmetricatingsshowed a decrease in sound
source localization performance to WB stimuli wilea Cl was combined with bilateral
HAs. The magnitude of ILD cues on the Cl side, #allack of ILD cues contralaterally,
appear to create an adverse effect for some listevieen determining sound source
localization. The second observation was that tbagwith asymmetric hearing loss
were very poor localizers, presumably because hlagg very reduced access to either

cue, ITD or ILD.
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SPEECH PERCEPTION IN NOISE

Literature Review

There are many different measures of ClI benefipéoceiving speech in noise
reported in the literature. The various CI groupslateral, bilateral, bimodal, and
hearing preservation listeners, have been commar€&NC word scores, various
sentence materials in quiet and in noise, adaptiveedures, and different sound source
localization measures. Some measures used a decection to the Cl speech
processor, some used head related transfer fusatiar earphones, while other
measures were carried out in a sound field usiagtieech processor(s) and hearing
aid(s) as they are worn normally by the user. Beea different test materials and
different test paradigms, comparisons between esualie difficult. Not all research is in
agreement as to the mechanism underlying the lisméfbilateral Cl users, and there is
little published research on the mechanisms thatige hearing preservation users with
benefit aside from the synergistic effect of conmgracoustic and electric hearing (von
liberg et al., 1999; Wilson, 2012) and the beneffitoice pitch information (Zhang et al.,

2010).

Cochlear implant (Cl) studies have shown that lindltiteral and bimodal (a Cl in
one ear and a hearing aid in the contralateralbEangfits are superior to a single implant
alone on various speech perception measures (Baks 2008; Dorman and Gifford,
2010; Dorman et al., 2008; Dunn et al., 2008; Gramt et al., 2007; Litovsky et al.,
2006; Luntz et al., 2005; Morera et al., 2005; Ritket al., 2006; Tyler 2006; Zhang et

al., 2010). Hearing preservation Cl users, aixadbt new group of implant users, have
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emerged with well documented benefits in termspeksh intelligibility and music
appreciatior(von llberg et al.,1999; Gantz et al., 2009; Kie#¢rl., 2005; Gstoettner et
al., 2004) but less well documented benefits failability of binaural hearing. Recently,
Dorman and Gifford (2010) published reports on imggpreservation listeners and the
benefits of binaural hearing by measuring speechptéon thresholds in noise. Reports

included CI users who received longer, 20mm, amdteh 10mm, electrodes.

The interest in comparing the bilateral and heapirggervation groups in
listening environments which mimic real life listeg situations is that each group has a
form of bilateral hearing that is uniquely diffetefihe theoretical question revolves
around whether bilateral hearing, either electriaaustic, provides the benefits
associated with binaural or spatial hearing. Bgessity, bilateral hearing aid (HA) users

will also be discussed since most hearing preservasers wear bilateral HAs.

The Mechanisms for Spatial Release from Masking

In 1948 Hirsh used tones and noise and showeaduen the tone was out of
phase and the noise was in phase a release frokingaecurred. Binaural thresholds
were lowest when the tone was out of phase anddise was in phase at the two ears,
particularly at the lower frequencies. The differenvas approximately 15dB when a
phase difference was introduced compared to bethotiee and noise having the same
phase. Hirsh reported that both the tone and negse heard in the middle of the head
when they were in phase and were heard at thendwmns they were out of phase.
Therefore, when the noise was in phase and hedha imiddle of the head and the tone

was out of phase and heard at the ears it wag ¢adiear and there was spatial release
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from masking. When both were heard at the earsthr lreard in the middle of the head

there was no release from masking.

Licklider (1948) used speech rather than a toneshaved that when the speech
was out of phase and the noise remained in phasssiequivalent to doubling the
speech power while the noise power remained the senother words the binaural
masking level difference (BMLD) was greatest whieeré was a phase difference
between the speech and noise. When the speectomedhad different interaural phase
relationships they were in effect isolated frombeather — e.g. one was heard in the

middle of the head and one was heard at the eamsl masking was reduced.

In 1950 Hirsh showed that thresholds of speechiligitglity improved when the
speech and noise were separated in space, sggtgabtion, and were poorer when the
speech and noise originated from the same plaas;ident in space, or were close
together in space. Koenig (1950) demonstratedativataural telephone system allowed
listeners to “squelch” reverberation and backgronode when two separate microphone
pick-ups were connected to two separate receivaesfor each ear, compared to a single
microphone pick up sent to both ears. With the dmalsystem listeners were able to
understand speech even when the noise levels weydigh creating a negative signal
to noise ratio (SNR). Kock (1950) showed that wtiennoise source was picked up by a
single microphone and was sent to two earphonesgatith the signal, intelligibility
was reduced because both the signal and noiseinvehase. However, speech
intelligibility improved when the noise sources wg@icked up by two different

microphones and sent to the earphones along watkigimal. The signal, in phase,
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sounded like it came from straight ahead whileribise, out of phase, sounded like it
came from all around. Although Kock did not repbis as interaural phase (time)
differences, he noted that the masking level diffiee, or improved speech in noise, was
due to the delay patterns between the two sigash@art et al., 1967).

Durlach (1963) proposed the Equalization-Canceltatheory which states that
binaural unmasking or binaural interaction is apriavement in a masked signal when
presented to two ears. Akeroyd (2006) stated itisatly: “there is an equalization in
level and internal delay of the signals at the &a&cs, so that a subsequent subtraction of
one from the other will cancel as much of the nagkioise as possible. There is a
resulting gain in target-to-masker ratio over tloaind at either ear; hence, there is a gain
in detectability of the target.”

Two ears can improve the intelligibility of undenstling in noise for two reasons.
One is that there is a head shadow or better &sote that masking is attenuated on one
side by the shadowing effect of the head. The bk$tening ear has the benefit of an
improved SNR. The second benefit of two ears idthaural interaction advantage
resulting from differences in ITD and ILD for therget and masker when they originate
from different places in space. Even with shadovaome noise will be present at both
ears. The auditory system is able to calculatdTiBs and effectively cancel or squelch
the noise providing greater detectability of thgnsil (Akeroyd, 2006; Stern, Wang, and
Brown 2006).

Bronkhorst and Plomp (1988) reported the binauralligibility level difference
(BILD), or release from masking, is determined B Ifor low frequencies. The BILD is
dependent on squelch. When two maskers on eithherodithe head are present, a
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binaural gain is expected and is less affecteddagltshadow than when using a single
masker. They reported that the use of multiple misskesulted in an increase of
unmasking compared to a single masker. The targstheard in the middle of the head
while each masker was lateralized to each eartneguih greater unmasking.

Litovsky (2010)wrote that binaural unmasking results from “inteedu
decorrelation.” In 1950, in three separate studtsh, Koenig, and Kock demonstrated
this in NH listeners. But it was Cherry (1953) whimte “how do we recognize what one
person is saying when others are speaking at the e (the ‘cocktail party
problem’)?” He was convinced that spatial separgilayed a large role in our ability to
understand speech in such an environment. In dalietlcocktail party environment
using up to three different utterances consistingards, letters, and numbers, Yost,
Dye, and Sheft (1996), showed that performanceedsed with an increasing number of
competing utterances in a condition in which utteess were presented from seven loud
speaker locations. They also showed that performamceased as the separation
between loudspeakers increased. Utterances wesenpeel from loudspeakers that were
separated by one, two, or three loudspeakers. frefice was better when there was a
separation of three loudspeakers compared to otveodndicating that spatial separation
played a role in performance when three concuseuatces were presented.

Summary on Binaural Benefits

In summary, there have been multiple experimerasghow the benefit of, and
improvement in, understanding when noise is preskott of phase with the speech to
two ears. Reports also demonstrate the improvememtderstanding when speech and
noise are separated in space, the ‘cocktail padylem’. This can be thought of as the
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binaural auditory system’s ability to squelch ttwgse resulting in an increase in the gain
of the speech.

Bilateral Hearing Aid Users

Festen and Plomp (1986) measured the benefitatiebdl hearing aids (HA), a
monaural HA for each ear, and no HAs in noise giolng SRTs at the 50% correct
level. The subjects were divided into two groupsug one had pure tone averages
(PTA) at .5k, 1k, and 2k Hz between 35 and 51dBgnodp two had PTA between 52
and 66 dB. The residual LF hearing in the two geoigpsimilar to the hearing of the
hearing preservation subjects who participatethimresearch. For group one the SRT
improved 4.5dB when the noise was moved from tbetfto either side. There was no
difference in SRT between oms.two HAs. With noise presented to either side ueeid
SRTs were 2dB lower (better) than for any of trdediconditions, but there were no
differences between conditions when noise was pteddrom the front. For the more
impaired group, there were no differences betweenlitions when noise was presented
from the front. When noise was presented ipsiliieta one HA there was no difference
compared to noise presented from the front. Two WA noise to either side were
approximately 3dB better than with one HA and n@isesented to the same side as the
HA. For group two the benefit of the second HA wesvided by head shadow. Festen
and Plomp also measured noise levels at the eettartbe ear canal and at the level of
the microphone on the HA sitting on top of the ginWhen speech was presented from
the front there was a decrease of 3.3dB when medsurthe level of the HA
microphone compared to being measured at the eettarthe ear canal. In conditions

where speech was presented from the front and froisethe side, the position of the
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HA microphone negatively impacted the SNR by 2dBisTs relevant to the hearing
preservation listeners as well as the bilateraigeirs who both have microphones

mounted on top of their pinnae rather than at Hrecanal entrance.

In a review by Kasten and Lotterman (1967) of HAmmphone placement, they
reported on the benefits of head baffle with thymal presented toward the aided ear and
the detrimental effects of head shadow with thaeaigresented away from the aided ear.
They presented pure tones across a frequency feorge5k to 4.75k Hz. They reported
that the overall output of the HA decreased orstiedowed side as the frequency
increased. The greatest shadow effect was fou@°dthis is caused by the ‘bright spot’
that occurs in the spectral region beyond 1200Hza¢y reported that when the
microphone was located facing forward there wate@ease in the output of the HA.
They also reported on earlier work by Kasten adlinén in 1964 who found that the
head shadow effect for hearing impaired listenedsiced speech intelligibility by up to
29 percentage points. Speech was presented awayhimaided ear and compared to
speech presented toward the aided ear. Duringgthahead shadow was reported as a

detriment rather than a benefit.

Ahlstrom et al. (2009) studied the benefits recgilog older hearing impaired
(HI) listeners who were aided bilaterally. A spexgdoal was to determine if they
benefitted from spatial separation of speech fromen The disadvantage that Hl
listeners had resulted from high frequency(HF) imggioss and reduced ILD cues. The
objective was to restore interaural differencesiireqgl for spatial listening tasks. They

concluded that spatial benefit was greater wheadamit only when the speech and noise
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were spatially separated. They concluded thatdydahearing aids were able to restore,
at least partially, interaural differences but th&? cues were reduced in some users
where audibility could not be restored due to seVw#F hearing loss.

Boymans et al. (2008) carried out soundfield tgstst HA fitting, for speech
intelligibility using spatially separated sourceslaound source localization in the
horizontal plane. Speech reception thresholds isenmere measured with the target
toward the ipsilateral, monaural HA and competingse on the contralateral side
without a HA. Testing was repeated using bilatetas with the second HA toward the
side with noise. The bilateral HAs provided a srball significant improvement of .4dB
which was reported as binaural processing or squdlthen the target and noise were
switched and the noise was toward the monauraltki&addition of the second HA
toward the speech improved thresholds by 3.3dBs Wais interpreted as the combined
benefit of squelch and head shadow.

Hearing Preservation

Von llberg et al. (1999) reported on the first domented patient who used
combined electric-acoustic stimulation (EAS) in saene ear. Von llberg et al. reported
on the ability to preserve hearing in the implargad and the synergistic effect of
combining acoustic and electric hearing in the saare The early reports focused largely
on the ability to preserve hearing and the speegtes in the ipsilaterally implanted ear
showing improved performance over the Cl alone wd@nbining electric and acoustic

stimulation.
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Gantz et al. (2009) reported on a group of hegmnegervation users with
improvements for CNC word scores in quiet and $RBKB sentences in noise. Only
48% of the patients improved on both measures &t improved on at least one of the
measures. In a previous report they reported tleannCNC scores in the pre-implant
bilaterally aided condition were 35% and improved8% at one year post implantation.
They also reported that the range of improvemers fnom 8% to nearly 70%. Gantz et
al. (2005) reported mean CNC word scores of apprately 30% in the pre-implant,
bilaterally aided condition. In the combined coraditof the implant plus bilateral HAs at
6 months mean scores improved to approximately &3an1z et al. also reported that in
the best condition the average CNC score was 79%hédowa group but did not present

the data from all subjects.

Kiefer et al. (2005) reported monosyllabic wordresoof 62% in the EAS
condition compared to 54% with the ClI alone aftee gear of use. Use of the
contralateral ear plus Cl resulted in average scof&7%. On the HSM sentences in
noise, Cl alone scores were 78% compared to ptdfopcores of 32%. The EAS
condition yielded a mean score of 86%. When seetenere presented in noise, the

EAS condition was on average 23% higher than thal@ie condition.

Helbig et al. (2008) reported mean monosyllabicd\arores of 64% in the ClI
only condition which improved to 78% with the adlolit of aided acoustic hearing in the
implanted ear (EAS). For HSM sentences in quiatetivas no difference between the ClI

and EAS conditions due to ceiling effects. Howeer sentences in noise, the addition
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of acoustic hearing to the Cl improved scores §icamtly from 55% to 84% at +10dB

SNR and from 26% to 53% at a +5d SNR in thev€EAS conditions respectively.

Lorens et al. (2008) compared scores for the Gl,dhk ClI plus ipsilateral
acoustic hearing, and combined bilateral acoustis fhe CI conditions for a group of
hearing preservation patients on Polish monoswlalrd scores using a +10dB SNR.
Their results yielded scores of 56%,72% (derivednfia figure), and 78% in the
respective conditions. Gstoettner et al. (2004l word scores for a single patient of
90% for Frieberg monosyllabic words in the EAS muadech were 25% better than the
Cl only condition and 50% better than the HA ontydition. Gstoettner et al. also
reported scores on HSM sentences presented atB+SMR which yielded scores of
6%, 39%, and 90% in the HA, CI, and EAS conditicespectively. Other patient

performance scores were not reported.

Punte et al. (2010) reported on a bilateral EAS,use bilateral cochlear
implants and bilaterally preserved hearing, witmogyllabic word scores in the first
EAS ear using a shorter electrode array, 20mm5&6 @nd only 50% in the second
implanted EAS ear using a standard electrode aBdaym. Combined scores were not
reported. Punte et al. also reported SRTs obtamadise. Scores were obtained with
speech in front and noise presented from the ffomt the left, and from the right. With
noise in front, all conditions had SRTs below zdioe right EAS and the bilateral EAS
had equivalent scores of approximately -3.3dB iatiligy that the better ear score carried

the bilateral score. In the left EAS condition owere 1dB worse.
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Dorman et al. (2009) compared bimodal patientsguaistandard Cl with good
contralateral, LF acoustic hearing, to Hybrid useits a short 10mm electrode and
bilaterally preserved acoustic hearing which wagslar to the hearing of the bimodal
group. CNC word scores differed by 23 percentagetgathe bimodal users scored 76%
compared to the hearing preservation users wh@ddci8%. Dorman et al. reported that
the addition of the second acoustic ear did noefiethe users. Dorman et al. also
reported that the electric only scores with a skl@attrode array were very poor and

probably contributed to the poorer scores.

Dunn et al. (2010) tested nine hearing preservataiients on speech in noise
tests obtaining an SNR at 50% correct for a clestof 12 spondee words. Words were
presented from the front and noise comprised desees spoken by male and female
talkers were presented from the sides at +54° 8¢.+t3steners were tested in the
combined ( bilateral HAs + CI), bimodal (CI + caadaiteral HA), EAS (Cl+ ipsilateral
HA), and bilateral HA conditions. As a group, tl@rbined condition provided a
significant improvement in performance over theeotiivo CI conditions. They
interpreted this as the benefit of being able tweas both ITD and ILD cues due to
similar signal processing between ears. The listewere able to squelch the competing
background noise due to the presence of temporlstructure from their bilateral HAs.
This report also supported the benefit of presgriearing in the implanted ear since

scores were significantly better in the combineddition vs.the bimodal condition.

In a study by Gifford (2010) hearing preservatiatignts were evaluated in a

surround sound setting to determine the benefite$erving hearing in the implanted
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ear. SRTs were obtained for sentences in noiseo@aiscores were on average 3.3dB

and improved to 1.2dB when the acoustic hearirthenmplanted ear was added.

Bilateral Implants

Although the merits of bilateral implantation ai@ m question, the literature is
conflicted in the belief that bilateral cochlearmiient (CI) users benefit from true
binaural processing. There are many reports thestab the benefits obtained using two
implants which include better sound source loctibreand improved speech
understanding both in quiet and in noise, ofterrrefl to as benefits of binaural
processing (Buss et al., 2008; Dunn et al., 20@@eh et al., 2009; Grantham et al.,

2007; Litovsky et al., 2006; Ricketts et al., 200@ter, 2006).

Loizou et al. (2009) reported that although bilatémplant users benefit from
having two implants, they are not able to take ath@e of true binaural cues. Results
were compared to normal hearing (NH) listeners stuay by Hawley et al. (2004) who
showed that performance for NH was significantlftdrewhen the masker was
informational rather than energetic and when thes spatial separation of the target

from the masker.

Energetic and informational masking.Brungart et al. (2006) defined energetic
masking as “the loss of detectable target inforamatiue to the spectral overlap of the
target and masking signals” or more simply “theslog information caused by an
overwhelming masker.” Energetic masking is tygicabnsidered peripheral and not
central masking. Speech on speech masking is tdtered informational masking.

There is not a consensus on the definition of metronal masking but Freyman et al.
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(2004) described informational masking “to be qbitead, encompassing features of
masking, or release from masking, that cannot Ipéaged in terms of traditional
energetic masking.” Barker et al. (2009) descriindokmational masking as being
similar to the target making it difficult to selaatly attend to the target. Informational
masking is considered to involve the central augisystem and is not just a peripheral

phenomenon.

In a previous study, Kidd et al.(1998) found tN&t listeners demonstrated
greater improvement with increasing separatiomefsignal from the noise. Kidd et al.
also showed that the magnitude of the advantagegweader for informational rather than

for energetic masking.

For bilateral Cl users, Loizou et al. (2009) showet the masker stimulus made
no difference, speeals. modulated noise, and that separation of the tanggtmasker
did not provide spatial release from masking omaudral advantage. Subjects were
tested using HRTFs and a direct connect to thechpg®cessors rather than in a sound
field. Loizou reported that although bilateral irapt users benefitted from having two
implants, they were “less capable of taking advgmiaf binaural cues for source
segregation under conditions of informational magKi SRTs were calculated using an
adaptive technique targeting 50% correct for ({@altadvantage, (ii) monaural advantage,
and (iii) binaural advantage or binaural interactidotal advantage, also known as
spatial release from masking (SRM), was the diffeeein scores between the target and
masker separated in space compared to the targehasker emanating from the same

place in space in the bilateral condition. Monaadhlantage was the benefit of listening
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with one ear with a better signal to noise ratid aas a calculation of head shadow.
Binaural advantage was total advantage minus mahadvantage and was thought to
assess binaural processing resulting from advasitag@educed by spatially separating
the target from the noise and listening with twesea one ear. No binaural advantage
was found for the Cl users. They did benefit fram implants largely because of a
better SNR to the better side without noise, thedrshadow effect or monaural
advantage. Bilateral Cl users showed no bene8patial separation. Loizou et al.
concluded that bilateral Cl users do not benebitfibinaural advantage (not to be
confused with bilateral advantage) and attribubedabsence of binaural advantage to
poor ITD sensitivity, poor spectral resolution, ahfferences or asymmetries in the

binaural auditory pathways.

Loizou et al. also commented that another problenthfe bilateral users was that
the processors were not synchronized; and therdffidecues were not available. This
inability to use ITD cues and the mismatch betwamtessors is also reported by Ching
et al. (2004), Litovsky et al. (2006), and Franedral. (2008). According to Litovsky et
al. binaural processing for bilateral Cl patiemstslifficult due to hardware problems, e.g.
their speech processors, resulting in 1) two sépanécrophones which may result in a
mismatch in compression between processors aratepf stimulation and the update
rate to the processors may be different, fine tgmimMiormation is not preserved, and
therefore, the auditory system cannot take advantébinaural cues. This lack of
synchronization has also been reported for bilateraring aid users as well and is
reportedly due to differences in noise reductigoathms and compression between

hearing aids (van den Bogaert et al., 2006).
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In opposition to Loizou et al. there are reportthia literature that support
bilateral Cl users ability to use binaural cuexkiets et al. (2006) reported that bilateral
Cl users are able to benefit from binaural cuesdJsoth an adaptive and a fixed SNR
with multiple noise sources their results showedigtical significance of 3.3dB or 10%
for bilateral Cls compared to the better ear pengorce. They reported benefit was due
to squelch and summation in uncorrelated noise thgtrspeech spatially segregated from
the noise. Eapen et al. (2009) reported that mextjarich effects improved from 8% to
18% and that summation increased from 8% to 1la6éfie year and at four years in
bilateral Cl listeners. They reported this indicatleat bilateral users can make use of

interaural difference cues attributed to binaurakpssing.

Schleich et al. (2004) reported binaural benefitdilateral Cl listeners. They
calculated SRT thresholds for Oldenburg Sentencesise. Noise was presented from
the left, right, or front and speech was alwaysented from the front. Head shadow
was the difference between SRTs for noise ipséaterthe implant minus noise
contralateral to the implant. Binaural squelch weesdifference in SRTs when listening
with both implants and noise to the lateral sidausithe SRT with the implant
contralateral to the noise. Binaural squelch rédl¢loe benefit from separation of the
signal from the noise. Summation was the differdretgveen bilateral input and
monaural input with speech and noise in front. Sation is the benefit of listening with
two ears to identical signals. They reported sigaift binaural effects of 6.8dB for head
shadow, .9dB for squelch, and 2.1dB for summation.

Chan et al. (2008) reported that bilateral Cl ubersefit from SRM. Chan et al.

measured thresholds using the HINT sentences witerpresented from the left, right,
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and front. They reported on head shadow, binagralsh, and binaural summation
effects. Head shadow was the largest effect, 5dButated by subtracting SRT
thresholds in the monaural ipsilateral noise coodifrom the monaural contralateral
noise condition. When noise was presented to tie ear, the left ear was shadowed and
the difference in the right and left ear thresholds the calculated head shadow effect.
Binaural squelch which they reported as SRM, wésutated by taking the difference
between bilateral and monaural thresholds in thgeneft and noise right conditions -
e.g. a binaural threshold for noise to the leftisdhe effect of binaural SRM, or binaural
squelch, for the right ear. The monaural thresfaidhe right ear with noise to the left is
the head shadow effect for the right ear and whgracted from the binaural threshold.
Binaural squelch was approximately 2dB. Summatias ealculated by taking the
difference of the monaural noise-front conditioonfrthe bilateral noise-front condition.

The summation effect was 1dB.

Muller et al. (2004) reported on bilateral Cl betsein percent correct on
sentences in noise. They found that bilateral scavere 20.4 percentage points higher
compared to the unilateral scores with the ear dvay the noise reflecting the benefit
of head shadow effects. When scores for the eartbtine noise were compared to
bilateral scores a difference of 10.7 percentagetpavas obtained reflecting the benefit
obtained from binaural squelch. They also meassuetmation effects on monosyllabic
words in quiet. The summation effect was 18.7 paegge points higher in the bilateral
listening condition compared to the better ear @ They concluded that bilateral Cl
users appear to benefit from each of the threetstfbead shadow, binaural squelch, and

summation, that contribute to binaural advantagehhlisteners.
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Laszig et al. (2004) reported significant head shadffects on two different
sentence tests. They also reported on a smalignifisant binaural squelch effect of 8%
for sentences in noise. Their subjects were tegtetk months after activation. Eapen et
al. (2009) suggested that binaural squelch efiaetg be larger if Cl users are given more
time to develop binaural processing.

Litovsky et al. (2012) reported on bilateral addltusers and the benefits
provided by bilateral listening. SRTs were meas@sdblishing the SNR that provided
speech intelligibility of 50% correct on BKB sentexs. They reported that the primary
benefit was due to the better ear, or head shaéffeat,ewvhich resulted in a 5.5dB
benefit. The squelch benefit was 2dB and summatias 2.5dB. They reported that
bilateral Cl users were able to unmask speechisertmut also reported that they were
unable to access binaural cues with clinic proassso
Summary

The assumption is that the ability to localize gath a spatial release from
masking are intertwinedBinaural squelch is based on the ability of a @nmtrechanism
to process interaural cues between the two eanswBal squelch is the basis for
unmasking when a target and noise are separatgghoeln theory, spatial release from
masking and binaural squelch are the same conbepttnmasking of speech in noise
using a binaural mechanism. In the literature the®econcepts are usually treated as
two different parameters and are measured diffgteé®RM is measured using two ears
with speech and noise coincident in space comparsgeech and noise spatially
separated. Binaural advantage, or binaural squetchpares one ear to two ears when
speech and noise are spatially separated. Bothumesadepend on interaural cues but
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Loizou et al. (2009) used binaural advantage aslétermining factor for measuring

binaural processing.

There is a discrepancy in published reports orids#h Cl users’ ability to benefit
from spatial release from masking or to accesslslqu®n one hand, Ricketts et al.
(2006), Chan et al. (2008), Schleich et al. (20@4l Muller et al. (2004) reported that
bilateral Cl users are able to access binaural €deshe other hand, Loizou et al. (2009)
and Litovsky et al. (2012) reported that bilatersérs are not able to access true binaural
cues. Reports on binaural and/or spatial hearirliggmewer hearing preservation group
are very limited. Therefore, further research isreuated in this area for both groups of

Cl users.

Definitions for Binaural Hearing

To assist the reader with the various terms reletdmnaural hearing, the terms, listening

conditions, and calculations to determine beneétlisted.

Spatial Bilateral CI A comparison between speech and noise collocated
Release from in spacevs.speech and noise separated in space
Masking Combined hearing
preservation
Binaural Bilateralvs. better ClI A comparison between the better eantwo ears
Advantage when speech and noise are separated in space +
(Squelch + | Combinedvs.bimodal | adding back the poorer ear
Summation)
Summation Bilaterals. better ClI The difference between one ear vs. two ears when
speech and noise are collocated in space — présente
Combineadvs. EAS from the front
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Mimicking a Real Life Environment

A new test paradigm, R SPACE™, provides a “virtwal world” listening
environment and was used in the current study nopeme the benefits of bilateral Cl and
hearing preservation Cl listeners. R SPACE™ wa®ldged to target specific goals
which included: 1) the simulated environment shaddnd real, and 2) the simulated
environment should allow the hearing mechanismetfopm in the lab as it does in the
real world (Revit, 2007). R SPACE™ was designet&sh various hearing aid
microphones in a more real world atmosphere. Hteethe illusion of listening in a large

restaurant due to the recording procedure.

The R Space™ set up consists of eight speakersgtaccularly around the
subject seated directly in the center. The speaerg feet from the subject at ear level
and are 45apart. The speakers are numbered with speakeedtlgtin front of the
subject and the right speaker adjacent to 1 iset) 8, going around to speaker 8 adjacent
to speaker 1 on the left (Figure 14). The recordiygiem for the noise presented in the
RSpace™ environment consisted of 8 directional oplcones placed 45 degrees apart
facing out 2 feet from the center. The microphguieked up sounds in all directions in
the horizontal plane. Lou Malnati’s restaurant eodsas used and the restaurant sounds
were recorded on 8 separate tracks of a digitalrdéng system. The playback system
consisted of eight loudspeakers which play baclotiggnal recordings of the 8
microphones. The playback allows the continued pmthe center, i.e. the subject’s
head, of the original recordings. The result isigttial” restaurant environment

mimicking a real life listening situation that che used in a sound booth.
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Dorman and Gifford (2010) presented data using R&pafor unilateral,
bilateral, bimodal, and hearing preservation Gehers. Speech reception thresholds
(SRT) were obtained in RSpace™ using HINT senteadagptively. Results were not
significantly different between bilateral users dmahodal users which are in contrast to
results obtained in traditional testing paradigmghe R Space™ environment the
bimodal group did not outperform the bilateral growPut another way, the bilateral
users performed as well as the bimodal users. @lseytested Cl users with hearing
preservation. This group showed the greatest kenfedil. The addition of LF hearing
from both ears provided a significant improvemei2.8dB for the hearing preservation
group compared to either the bimodal or bilateraligs. Theoretically, each dB of
improvement in the SNR can result in an 8 - 15%roupment in speech recognition

(Plomp and Mimpen, 1979; Nilsson et al., 1994; \$y et al., 2006).

Speech Understanding in R Space™
Rationale for Experiment 2

This experiment was designed to compare speedhgitiiity in two different
real life environments using RSpace™ to determfibdateral FSP™ and/or hearing
preservation listeners benefit from binaural hega@m two).The traditional testing
paradigm used to assess speech understandindimicalenvironment does not provide
a dynamic listening environment (i.e., situatiomsvhich a target sound changes
location) which all of us encounter in daily liféurrent testing typically presents speech
and noise from a single loud speaker in front efltbtener. Such a test paradigm may
show summation effects but it cannot show otheebnof binaural hearing that include

spatial release from masking and squelch. Litowetkyl. (2004) stated that the effect of
56



separating speech from noise is a strong measun@aidiral benefit. In this experiment,
speech and noise were separated in order to egdlustural benefit. This experiment
also addressesim 4: does preserving hearing provide added benefiti®hearing

preservation group.

A unique feature in this experiment was the alngcostplete elimination of head
shadow as a benefit. In RSpace™, noise emanatedditeeight loudspeakers and in
Cocktail Party maskers were presented on both siddm®th test paradigms neither ear
was able to benefit from the shadow cast by the lfrean the noise. Therefore, all
calculations are different from those reportechim literature. The calculation of SRM is
the comparison of bilateral scores for speech amgkrpresented coincident in spase
bilateral scores for speech and noise spatiallgrséed. Binaural advantage, or squelch,
is a calculation of the better ezs.two ears when speech and noise are spatially

separated. Both are determinants for accessingitaihlearing.

As stated previously, adding a second implant imgsaspeech intelligibility but
true binaural benefit remains debatable. The beaghaving bilateral acoustic hearing
in conjunction with a CI (e.g. hearing preservatisteners) in terms of binaural hearing
has not been the focus of most reports. Dunn ¢2@1.0) claimed that hearing
preservation users have the ability to access bahaguelch based on the presence of
ITD and ILD cues. That study lacked proper conttoldetermine the presence of
interaural cues (e.g. filtering the stimuli). Thelaim that hearing preservation patients
were able to take advantage of binaural cues hidsesm fully substantiated and warrants

further research.

57



In a very recent study, Gifford et al. (2013) répdron the benefits of preserving
hearing in the implanted ear. Gifford et al. fowsmdall, but significant improvements of
1.7 - 2.1dB when measuring SRTs in noise and 6 petfentage points of improvement

when calculating scores for the combinasdbimodal conditions.

Experiment 2

Introduction

The purpose of Experiment 2 was to determine lifegzigroup, bilateral FSP™ or
hearing preservation listeners, (i) benefitted flmimaural hearing in complex listening
environments and (ii) if preserving hearing in tmplanted ear was beneficial for the
hearing preservation group. The operating hypatheas that hearing preservation
listeners would demonstrate binaural processinlifiabidue to access to ITD cues, but
the bilateral Cl listeners would not benefit fromdural processing due to their lack of

ITD cues.

Two different speech tests were administered. TreedxperimentRart A) used
the AZ Bio sentence test (Spahr and Dorman, 20pdhSet al., 2012) presented in
diffuse or energetic noise and is referred to aB&R8™. The second experimepaft
B) used the BabyBio sentence test (Spahr and Doramgublished) presented against
informational masking. It is referred to as the Ktad Party.

The Test Battery
Part A: RSpace™
Speech stimuliThe AZ Bio Sentencedeveloped in the Arizona State University

Cochlear Implant Researtlaboratorywere used as the speech stimulus. Thirty-three
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lists comprised of 20 sentences per list with equtalligibility varied in length from 4-

12 words. All lists consisted of two male and tweafle talkers using normal
conversational speaking rates. Sentences werenpeelse@ith an inter-stimulus interval of
5 seconds. No list was presented more than oncedmgle subject. Two lists for a total
of 40 sentences were presented and averaged fotisi@ning condition. Sentences were
presented at 60dB SPL in the separated and unsegpa@nditions.

Noise stimuli The original Lou Manalti’s restaurant noise wasduae RSpace™
was originally designed. This created a virtuataesant setting, due to the recording
procedure, using different noise sources in eagtidpeaker. When sitting in the center
of RSpace™ the perception is that of sitting irossy restaurant. The restaurant noise is
considered diffuse or energetic masking (see defmbon page 70).

Condition 1 — unseparatedAZ Bio Sentences and restaurant noise were
presented from a single loud speaker°afimuth (front). The uncorrelated restaurant
noise from all eight tracks was combined onto glsitrack and presented continuously
from this loudspeaker. This was referred to autieeparated condition.

Condition 2 — separateddZ Bio sentences were presented from a single loud
speaker at Dazimuth in a background of eight spatially sepatahaskers. The
uncorrelated, restaurant noise emanated continpfrash all eight speakers including
the speaker presenting the sentences. This waseagtte as the separated condition.
Condition 2 was a slightly different experimenti#ligtion for spatial separation of
speech and noise than the more common approachich whe signal is presented from
one loudspeaker in front and the noise is presdnbeda loudspeaker to the side (i.e.,

the loudspeaker containing the speech signal doiesomtain a masker). This
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experimental set up mimicked listening in a plake & noisy restaurant. The implication
for this is discussed in the results section.

Test environmentTesting was conducted in a sound treated doublieavbboth
using R Space™. Patients were seated in the mudd&pace™ in a stationary chair
with a straight back to maintain the position cditthead in the center.

Calibration. All speakers were calibrated to within .5dB ofleather. The
MiniSPL, an omnidirectional microphone, was plagethe center of R Space. The
Minilyzer ML1 by Neutrik Test Instrument was useddetermine the SPL of pink noise
generated by the sequence editor in the R Spateasef Pink noise was used only for
calibration; adjustments were made in 1dB stegsati speaker using potentiometers on
the QSC Professional Amplifier to equalize the ldx@m each speaker.

Pilot Study 1

Normal hearing listeners.It was necessary to determine how NH listenersladvou
perform in the RSpace™ environment to use as aamte prior to testing ClI listeners.
Nine undergraduate students with normal hearingwealuated in RSpace™ and in the
Cocktail Party setting to determine if they beretitfrom SRM and from binaural

advantage. Participants were compensated fortihest

Testing was designed to measure SRM and binauwah#age in the unseparated
and separated conditions. An SNR was obtainechontonaural ear with the
contralateral ear plugged and muffed in the unsgpdrcondition, i.e., speech and noise
presented together from the front loudspeaker.9MR was adjusted to obtain a 50%

correct response on the AZ Bio sentences in RSpagedght and left ears were
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alternated between participants for monaural lisgenThe same SNR was used for all
conditions: monaural unseparated, monaural seghfaitegaural unseparated, and
binaural separated. The same procedure was us#wkef@aby Bio sentences in the

Cocktail Party.

Methods

Subjects.The same bilateral FSP™ and hearing preservasers from
Experiment 1 (sound source localization) partiegdan Experiment 2.

Bilateral FSP™ listeners Eleven adult, bilateral MED-EL CI listeners using
FSP™ were evaluated in three conditions: poorebé&ter Cl, and bilateral CI. Prior to
testing in RSpace™, AZBio sentences in quiet antbise at SNR of +10dB and +5dB
were obtained in a traditional setting using @kehoud speaker to determine their better
Cl ear. CNC word scores were also obtained in qandtat +10dB SNR. Subjects used
their processors set to their everyday settingstdgoogramming was done. Changes
were made to volume settings by the users to edoadeess between ears.

Hearing preservation listeners Twelve adult, hearing preservation listeners
were evaluated in the following five conditiong: @I only with acoustic hearing plugged
and muffed, (ii) combined: bilateral HA* + a sindI®, (iii) bimodal: contralateral HA +
Cl with ipsilateral acoustic hearing plugged andfed (iv) EAS: ipsilateral HA + CI
with contralateral acoustic hearing plugged andfedjfand (v) bilateral HAs without
their Cl. Each condition is referred to as ClI, camed, bimodal, EAS, and HA. CNC
word scores were obtained in quiet in a traditi@®ting using a single loud speaker
prior to testing in RSpace™. Subjects used their bl&s and processors set to their

everyday settings. No changes were made to thes dtArocessor maps.
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*One subject did not use hearing aids in eitherdea to normal thresholds at 250Hz.
All other subjects used bilateral HAs.

Procedure.Subjects were seated in the middle of RSpace ™rastdicted not to
turn their head but to look straight ahead. Théeb&ll ear for the bilateral group was
used and the EAS condition for the hearing presienvgroup was used to determine the
SNR necessary to achieve 50% understanding in RSpaSince unilateral scores were
compared to bilateral scores for the bilaterali€ehers, justification for using the EAS
(E+Aipsi) rather than the bimodal (E+4\w9 mode was to maintain a unilateral/bilateral
hearing comparison for the hearing preservationsu§&entences and noise were
presented from the front speaker and the noiseavssd or lowered adaptively until the
subject understood approximately 50%. A completedi sentences was administered
and a score was calculated. If a score was ndieimange of 50% the level of noise was
adjusted and another list was presented. This glatsubjects at approximately the
same starting level and allowed for a comparisdwéen conditions for each group as
well as a comparison between groups. For sevetalkediearing preservation listeners
SNR had to be adjusted to a more difficult levgbtevent ceiling effects in the combined
condition. If this was necessary the SNR was sebtain scores in the combined
condition to between 60-80%.

Speech intelligibility scores were calculated toe inseparated and separated
conditions maintaining the same SNR for all comaisi for each subject. There were
three conditions for the bilateral group and fiemditions for the hearing preservation

group. Listeners were instructed to repeat backpantyon of the sentence they
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understood. A percent correct score was calculadsdd on the number of words in a list
correctly identified.
Part B: Cocktail Party

Target speech stimuli.The BabyBio Sentencegere used as the speech stimulus
andconsisted of a single female talker using a nowoakersational speaking rate.
Sentences were presented with an inter-stimulesvak of 5 seconds. Sixteen lists
comprised of 20 sentences per list varied in lefigiim 3 - 11 words. No list was
presented more than once for a single subjectiditianal lists were needed the lists with
very poor scores were reused. One list was presémteach listening condition.
Sentences were presented at 0° (front) at 60dB(HRtoincident in space with the
maskers in the unseparated condition, and (2)a|yesieparated from the maskers,
presented at +90, in the separated condition.

Masker stimuli. IEEE sentences (1969) spoken by two different rradkers
were used to produce informational masking. Theeshfhsentences from List 1 were
looped and offset in time. Male talkers were usedaskers to differentiate the maskers
from the target when both emanated from the frpetiker (0° azimuth) in the
unseparated condition. In other words, if the thagel maskers were of the same gender
it would be difficult, if not impossible, to knowhich talker to listen to. Speech on
speech masking is often termed informational masksee definition on page 70).

Condition 1 — unseparated A female talker (target) and both male talkers
(maskers) were presented from a single loud spedK@razimuth.

Condition 2 — separated A female talker (target) was presented from alsing

loud speaker at°azimuth. The male talkers (maskers) were presdriedloudspeakers
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at +90° and -90°, one on each side of the listénéhis condition, unlike in RSpace™,
there was true separation of the speech from tlekensbecause masking was never
presented from the front loud speaker in the sépd@ondition.

Procedure.The procedure was identical to the procedure fquadR8™ except
that the target and maskers were different. An SR established using the better ear
from the bilateral group and the EAS or combineddition from the hearing
preservation group. All of the listening conditionsre the same as in RSpace™: three
for bilateral FSP™ and five for hearing preservafisteners. Additionally, only three of
the loud speakers were used instead of eight.

The procedure was explained to each subject anédp@®ved by the Arizona
State University Institutional Review Board (IRBY the Protection of Human Subjects.
All subjects signed an informed consent prior giitg) and were compensated for their
time.

Results

Descriptive statistics for all groups in RSpace ™ &@wocktail Party are listed in

Tables 6 and 7. The following is a list of the teramd definitions for binaural hearing

presented with results in percent correct for egohp.

Bilateral CI | A comparison between RSpace Cocktail Party
Spatial speech and noise | Results Results
Release Combined collocated in space
from (Cl+ VS. NH =-5 NH =23
Masking bilateral speech and noise | giisteral= -10 | Bilateral = 6.5

acoustic) separated in space
Combined=0 | Combined = 4.7

64



Bilateralvs. | A comparison between
Binaural better CI one ear NH =15 NH =38
Advantage VS. _ _
Combined two ears when speechB'Iateral =10 | Bilateral = 18
vs.bimodal | and noise are separategh ) hined = | Combined = 19
in space 11
The difference between
Bilateralvs. one ear NH =11 NH =14
Summation | better ClI VS. ) )
two ears when speech Bilateral = 11 | Bilateral = 14
_ and noise are | compined = | Combined = 13
Combined collocated in space —| 2q
vsS.EAS presented from the
front

Comparison Between Groups

A one way ANOVA was conducted to compare the tigreeips, NH, bilateral Cl,
and hearing preservation listeners, on speech staoheling abilities for SRM, binaural
advantage, and summatidrhere was a main effect of group performance apth@5
level for SRM : [F(2,31) = 15.557, p. < .0005], dmdaural advantage: [F(2,31) = 6.680,
p. = .004]. There was no difference between theetigroups for summation: [F(2,31) =
.061, p =.941]The bilateral and hearing preservation listenerfop@ed as well as the
NH listeners for summation. Post hoc Scheffe testsaled that there was a significant
difference between NH and the bilateral and hegshegervation listeners for the
conditions of SRM and binaural advantage. NH listsrperformed better than the
bilateral Cl and hearing preservation groups onsues of SRM, p <.0005. NH

listeners also outperformed the bilateral listeners .011, and hearing preservation
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listeners, p =.012, on binaural advantage. Thano difference in performance for
either SRM or binaural advantage between the thgraups, SRM: p = .861, and

binaural advantage: p = .994.

Normal Hearing Listeners

Spatial release from maskingThe NH listeners were evaluated to use as a
reference for the Cl listeners. NH listeners perfed differently in RSpace™ than in the
Cocktail Party. Spatial release from masking (SR} calculated by subtracting the
percent correct scores in the bilateral unsepdu@iadition from the percent correct
scores in the bilateral separated condition (df@wley et al., 2004).

NH listeners did not benefit from SRM in the RSp&cenvironment. Averaged
group scores were -5% (sd:4.92). In RSpace™ thasenwt a separation of speech and
noise since the noise was also presented fronrdhe $peaker with the target. Based on
the literature there should not have been a spaliehse from masking since the target
and masker were not spatially separated.

The NH listeners exhibited large improvements faiVsof 23% (sd:7.7) in the
Cocktail Party setting (Figure 15) where the speaacdhet was separated by 90 degrees
from the two speech maskers.

Aside from an incomplete separation of speech fnoise in RSpace™ there
were two other major differences which may haveguia role in performance. First, the
diffuse restaurant noise in RSpace™ was energetgkimg. In the Cocktail Party setting,
the male maskers provided informational maskingvldg et al. (2004) demonstrated
greater SRM for informational masking than for ey@ic masking in NH listeners.

Second, an added benefit in the Cocktail Party beagttributed to gender differences
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between the target and the maskers. Festen angRI®80) found that a male voice
was more susceptible to masking than a female JorddH listeners. Festen and Plomp
also found that SRTs were lower (better) in mocadatoise compared to steady state
noise and even better when the masker was a cargpatice. This did not hold true for
hearing impaired (HI) listeners who did not showmdd& when the masker was changed
from steady state to modulated or competing vatiesonditions were roughly the same.
The HI also did not show improved understandingaféemale voice largely due to HF
hearing loss making the female voice less robust.

Yost (in press) noted that when a target is locateddifferent place from a
masker the target may be more easily localized tlagefore, it is more easily attended
to by a listener. At the same time, a listener maye easily ignore the masker. The
ability to attend to and ignore the different sosodirces becomes more difficult when
both are co-located in space.

Binaural advantage.In both settings NH listeners had a large binaadaiantage
calculated by subtracting percent correct scoréisanmonaural separated condition from
the bilateral separated condition. Binaural advgaia a calculation of squelch, the
ability to unmask speech from noise when the spaadmoise are separated in space. It
also captures summation effects due to the diofiatifrom the target. The binaural
advantage benefit in RSpace™ was 15% (sd:7.75)nattned Cocktail Party it was 38%
(sd:17.1) (Figure 16). Based on the literaturejas expected that the Cocktail Party
would allow greater binaural benefit due to 1) sggtseparating the target from the

noise and 2) using informational masking rathentéaergetic masking.
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Summation effectsNH listeners also demonstrated significant summatio
effects of 8% (sd:10) in RSpace™ and 14% (sd:Gr®&pocktail Party (Figure 17).
Summation, or binaural redundancy, is the diffeecletween the bilateral and better ear
scores when speech and noise are collocated ie spagresented from a single
loudspeaker in front. In Cocktail Party NH listemshowed the same summation effects
as both of the CI groups.

Bilateral FSP Listeners

Traditional testing using a single loudspeakerCNC word scores were
significantly different for poorer ear, better eand bilateral listening measured by a
repeated measures ANOVA [F(2,20) = 8.781, p = .0P3jred samples t tests showed
that bilateral scores were significantly bettemthize poorer ear, t(10) = 3.317, p = .008
but were not different from the better ear, t(1Q).885, p = .075. ANOVA revealed that
AZ Bio sentences presented in the traditional gt +10, [F(2,20) =17.407, p < .0005]
and at +5, [F(2,20) =27.063, p < .0005] showedifzant differences between the
poorer, better, and bilateral listening conditidhaired samples t tests showed that the
+10 condition showed that the bilateral conditicasvibetter than the poorer ear [t(10) =
5.761, p = .000] but was not different from thetéeear [t(10) = 2.137, p = .058]. In the
+5 condition the bilateral condition was bettentliae better ear [t(10) =2.728, p = .021]
and the better ear was better than the pooret@a) F 5.209, p = .000]. CNC word
scores and AZ Bio sentences using a +10dB SNRairalways sensitive tests for
discerning bilateral benefit.

Binaural hearing. Effects in the Cocktail Party were larger than tBgace™ just
as for NH listeners. A repeated measures ANOVA #tbdifferences between bilateral
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Cl and the better CI ear in the Cocktail Party(3RB0) = 17.224, p < .0005]. Post hoc
paired samples t tests using the Bonferroni cameahowed a small, but significant,
SRM, [t(10) = 3.11, p = .00%pim 2), a significant binaural advantage, [t(10) =5.451
< .0005](aim 2), and a significant summation effect, [t(10) =£&L3p < .0005]. In the
Cocktail Party setting, the bilateral listenersdféted from all of the binaural effects:
SRM 6.46% (sd:5.93) (Figure 21), binaural advante®)@9% (sd: 11.06) (Figure 22),
and summation 13.79% (sd:8.58) (Figure 23). Howealae to the results from the One
Way ANOVA (see above) which demonstrated no sigaiit difference between the
bilateral and hearing preservation groups on SRl stgnificance from the repeated
measures AVOVA should be disregarded and a motistieand conservative
interpretation of the statistics indicate that bilateral listeners did not benefit from
SRM. They did, however, show a significant benfefitbinaural advantage.
Hearing Preservation Listeners

Traditional testing using a single loudspeakerA repeated measures ANOVA
[F(2,22) = .461, p = .637] revealed no significdifference on CNC word scores
between the conditions of combined, bimodal, an&Hlstening. The CNC word test is
not a sensitive measure to determine the benefitedferving the acoustic hearing in the
implanted ear.

Binaural hearing. The hearing preservation group did not show SRM i
RSpace™, - 0.13% (Figure 24). Due to the resultghi® NH listeners this was expected.
They did show binaural advantage (Figure 25) amansation (Figure 26) of 14.15%

(sd:13.64) and 18.5% (sd:12.54) respectively.
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In the Cocktail Party a repeated measures ANOVAvghiodifferences between
the separated and unseparated conditions for théiced, bimodal, and EAS conditions,
[F(5,55) = 4.591, p = .001Post hoc paired samples t tests using the Bonfierron
correction showed that the combined separated amébioed unseparated conditions
were not significantly different, [t(11) =1.646/.128] indicating there was no benefit
from SRM(aim 2) (Figure 27). The group as a whole showed SRM d%.{sd:10).
When just the subjects with symmetrical hearingenesed to determine SRM benefit, a
paired samples t test failed to reach significafi¢e) = 1.458, p = .188].

However, in the Cocktail Party, the hearing preagon group did show a
significant binaural advantage of 16.62% (sd:13d28¢ulated by subtracting the
bimodal scores in the separated condition frontctdmbined scores in the separated
condition. They benefitted significantly from sqefe[t(11) = 3.876, p = .003] which
requires binaural processif@m 2) shown in Figure 28. The binaural advantage showed
the benefit of preserving hearing in the implargadwith scores improving 17% with
the addition of the acoustic hearing in the imptanearaim 4).

There was also a significant summation effect 063% (sd:14.91) (Figure 29)
[t(11) = 2.934, p = .014]. Summation was calculdigdaking the difference of the
combined and the EAS conditions when speech aisé meere presented from the front.
Discussion

Loizou et al. (2009) reported that bilateral Clngsare not able to take advantage
of true binaural processing. They reported this dizesto the absence of ITD which are
thought to be the underlying mechanism used by islidriers for SRM. The Loizou et al.
study used Cochlear Corp. listeners who did noelecess to the FSP™ algorithm.
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Those bilateral listeners were also tested usingfF#Rand a direct connect to the
processors.

Bilateral FSP listeners and binaural benefitsln the current study, the bilateral
group demonstrated significant benefits of binapratessing consisting of binaural
advantage, 18%, and summation, 14%, in CocktatyPahey did not, however,
demonstrate spatial release from masking. Loizal. ettated that the calculation of
SRM is thought to be derived from the combined benef head shadow and binaural
advantage. That study showed that all of the benefs due to the better ear effect or the
head shadow benefit. In the current study headssthdenefit was eliminated by using
maskers on both sides of the listener.

The value for the FSP™ listeners may be partlytdube Fine Structure
Processing which MED-EL designed to provide someptaral fine structure information
in the low frequency region. The FSP™ processiggrahm provides low frequency
information down to 70Hz which has not previousieh available to Cl users. Li and
Loizou (2008) suggested that “glimpsing” ” (a lomeduency SNR advantage for speech
relative to fluctuating noise) provides an accafregnhancing a speech signal relative to
noise in the frequency region below 500Hz. Perllap$=SP™ users are receiving better
voice pitch information allowing access to low foeqcy landmarks that lead to syllable
markers and word boundaries which reduce the nuofl@ntenders in a lexicon (Zhang
et al. 2010).

The bilateral FSP™ listeners showed that theyltaio binaural benefits, and
yet, Experiment 1 showed that they do not havesactel TD cues, the theoretical basis
for unmasking speech in noise. However, they de zecess to ILD cues. Wilson and
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Dorman (2008) suggested that bilateral implants prayide users with additional
effective channels helping to fill the “gaps” oéfjuency representation. The ILD cues
should provide bilateral Cl listeners with an enteanent of the speech target relative to
the noise. For binaural advantage, two ears mayigedtwo looks” compared to
listening with a single ear alone. The equalizatiancellation theory suggests that
listening with two ears provides the listener thdity to cancel or squelch the noise
relative to the speech which is then enhanced.

Bilateral FSP™ listeners: Two ears are better thane Bilateral listeners
performed significantly better when listening witto ears than with their better ear
alone. This test paradigm did not allow for a cklttan of head shadow effects which are
generally the largest benefit for bilateral Cldisérs. It should be noted that the head
shadow effect should have been greatly reducetimmated since noise was provided
to both ClI ears, and there was not a head shadogfibBom the noise.

The results for SRM are in line with the reportlmyzou et al. (2009) who
reported that the ClI listeners did not show spagilase from masking. However,
Loizou et al. also reported no binaural advantageconsidered the binaural advantage
as the strongest indication of binaural processidgey concluded that Cl listeners did
not benefit from “true” binaural processing becatlsy did not show a benefit when
comparing bilateral benefit to one ear. They regmbthat the better ear effect, or head
shadow, provided the majority of the contributiond dherefore, “bilateral users are less
capable of taking advantage of binaural cues, itiquéar, under conditions of
informational masking.” They also stated that, kelINH listeners who had a greater
release from masking when informational maskergewsed, bilateral ClI users did not
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benefit when the masking was informational rathantenergetic. They suggested that
performance using informational maskers may hafleated an inability to take
advantage of directional cues. Results from theeatistudy are in disagreement with
this view and showed a significant binaural bengithout head shadow and benefit was
obtained using informational maskers.

This study concluded that bilateral Cl listenes alole to benefit from “true”
binaural cues based on their significant bendfitnfbinaural advantage. In addition, their
ability to localize using ILD cues indicate thaeyhare able to take advantage of
directional cues. This strengthens the argumenthfar ability to benefit from binaural
processingaim 2).

Accounting for outcome differences in the Loizou &t study and the current
research.There are several differences between the curtedy and the one carried out
by Loizou et al. (2009). The important questiowlsy the outcomes differed. On the one
hand, Loizou et al. reported that bilateral Cl as#id not have access to true binaural
benefit. On the other hand, the current researdties demonstrated that bilateral Cl
users do have access to true binaural processing.

In the Loizou et al. study, the target was a makkthe maskers were female. The
reverse was true in the current research. FestRamp (1990) reported that male
voices are more susceptible to masking by a fenwtee than female voices are for male
maskers in NH listeners. They showed that the teng spectrum of the female voice
was approximately 10dB greater than the male Vioateeen 3k and 6kHz. An earlier
study reported in Licklider and Miller (1951) repext a slightly different long term
speech spectrum. They showed differences betweknand female talkers of only 2-
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5dB beginning at approximately 4500HZ. If the maleyet was more easily masked in
the Loizou et al. study or the female voice waseareasily understood in the present
study, that is a potential account for the diffeesin outcomes. The long term speech
spectrum in the current study revealed more enerthe female target than the male
maskers in the frequency range between 3000 — 50004& range of increased energy
for the female voice was between 2-10dB.

Another difference between studies was the ladkeafd shadow in the current
study compared to the availability of head shadowhe Loizou et al. study. In that study
head shadow was calculated and subtracted frorftgdsuspatial release from masking.
However, that calculation may be questionableesBIRM is the difference between
speech and noise collocated in spaxespeech and noise separated in space when
listening with two ears. After the calculation 8RM, head shadow was subtracted to
eliminate the better ear effect. In theory, ooeld argue that a double subtraction was
made, which would decrease any benefit obtained.

Loizou et al. reported no differences for the laifat Cl listeners when using
energetic masking (modulated speech naisghformational masking (sentences spoken
by a female). However, they reported that NH listerhad larger benefits when the
masking was informational and the target and maskee separated in space. In the
current study, there was a large difference betvieemise of energetic masking in
RSpacevs.informational masking in Cocktail Party. Binausalvantage was nearly
double for bilateral Cl listeners when informatibneasking was used compared to
energetic masking, 18% vs. 10%. NH listeners shoaveeven larger advantage, 38% vs.
15%.
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One must also wonder if the use of HRTFs andectioonnect to the speech
processors has an effect on outcomes comparestiogén a soundfield. Loizou et al.
used HRTFs but the current study used the speedessors as they are worn in every
day listening and testing was conducted in a soeludf

Placement of the maskers was different betweenestu@ihe Loizou et al. study
placed maskers at -30, 60, and 90 degrees. Thentwtudy placed maskers at +90 and
-90 degrees. Bronkhorst and Plomp (1988) repohtatithen two maskers are placed on
either side of the head, a binaural gain (in tihge) is expected and is less affected by
head shadow. Durlach’s Equalization Cancellati@oti (1963) suggests that binaural
processing enables cancellation of the maskerstadsguelch, which results in a gain of
the target-to-masker ratio compared to a better ear

Perhaps the combination of differences betweeriestus larger than any one
single difference. However, using a female voicécilis more robust in the high
frequency region than a male voice and having erastin both sides creating an
increase in the target-to-masker ratio may be #s &ccount of the outcome differences
between studies. In the current study, the bilatestaners displayed binaural processing
and appear to have benefitted from a gain in tigetdby squelching the maskers. The
gain in the target may have increased further dukd use of a female voice.

Hearing preservation listeners and lack of SRMOne of the operating
hypotheses for this dissertation was that heameggyvation listeners would demonstrate
binaural processing abilities, particularly for splrelease from masking due to the
presence of ITD cuefn contrast to the hypothesis, the hearing presiervgroup did
not show benefit from SRM. Although those with syetntal hearing have sound source
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localization capabilities to low-pass noise indiegtthat they have access to ITD cues,
their sound source localization errors were nohivithe range of NH listeners.

Two reasons for absent SRM should be addressedc&use of an inability to
benefit from SRM may be an impaired processingeofdoral fine structure. Moore
(2008) reported that people with hearing loss fgreater difficulty listening in the dips
of a fluctuating background noise, such as the @GildRarty, due to poor processing of
temporal fine structure (TFS) cues. Moore also rgabthat people with ski slope
hearing losses and normal LF hearing may also tefreits in processing TFS. Another
probable cause of reduced benefit for SRM may tle ¢d HF information in the non-
implanted ear. The hearing preservation group dichave HF diotic input for speech
understanding which would theoretically decreasemation effects for the HF and
increase the effect of the masker on the side wittige CI. This is supported by
Bronkhorst and Plomp (1988) who reported that tii@rmation contained in the high
frequencies (for speech understanding) is of ingsaé when calculating the squelch
effect. In other words, if access to the high femggies is eliminated on one side, as it is
for the hearing preservation listeners, the efbecperformance would be deleterious.

Benefits of preserving hearing — Binaural advantagad summation effects.
The hearing preservation group did show signifidaertefits of binaural advantage and
summation in Cocktail Party. The large benefitbiobhural advantage demonstrated the
value of preserving hearing in the implanted @an(4). Seventeen percentage points
were gained by adding in the acoustic hearingeéniniplanted ear compared to the

bimodal condition.
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Hearing preservation listeners benefitted from brabprocessing due to
symmetrical LF hearing. Their ability to unmask sgein noise when the two sources
are separated in space must be due to ITD cuesiajahe auditory system to centrally
squelch or cancel more of the masking, which in,tatlows enhancement of the speech
target. Despite their hearing loss they must be tthprocess some temporal fine
structure cues. TFS provides FO and some harmofammation enabling them to “hear
out” or glimpse the target from the noise, as \as|lto squelch the noise.

Binaural advantage and sound source localizatiorlhe test for binaural
advantage, rather than SRM, may be a better indrcaf the binaural processing which
bilateral Cl and hearing preservation users acdessthe measure which determined the
benefit of two Cls compared to the better ear, el$ @ the benefit of preserving hearing
in the implanted ear of the hearing preservatistetiers. It may be thought of as the test
of functional improvement. Both groups had sigmifitbinaural advantage but also were
two times poorer than the NH listeners. This corapanicely to the sound source
localization results. Both groups were able to ligeavell using different cues — the
bilateral CI listeners demonstrated that they raxdss to ILD cues, and the hearing
preservation listeners demonstrated that they beelsa to ITD cues. Both groups
showed RMS errors on sound source localizationvieae two to three times poorer than
NH listeners. The results of binaural advantagenaoee in line with the results of sound
source localization. Both cues individually, ITDdai.D, support sound source
localization and binaural advantage. Taken togegwmd source localization and

binaural advantage support binaural processingdt groups.
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Summary

These results indicate that bilateral Cl and hggpireservation listeners have
access to binaural cues and benefit from binawaitihg (Figure 30). Although the
bilateral listeners do not have access to ITD cilrey, appear to be able to rely on ILD
cues for binaural advantage. The hearing preservésteners do have access to ITD
cues but appear to be penalized by the lack ofrftifmation on the unimplanted side for
SRM. They do, however, show benefits for binaudsdemtage that are equivalent to the
bilateral listeners.

Correlations were run to determine if there waslationship between high-pass
RMS sound source localization errors &mthural advantage for the bilateral listeners
and between low-pass RMS sound source localizatiams and binaural advantage for
hearing preservation listeners. The correlatiartlie bilateral group was not significant,

=-.095, n =11, p=.781, two tails. A corretetifor the hearing preservation group
with symmetrical hearing also failed to show sigraihce, r = -.254, n = 8, p =.544, two
tails.

These results are in agreement with those repogtdd/ler et al. 2006 who also
found no correlation between sound source locadimand squelch or binaural
advantage. They reported a correlation of r = Pbey offered no reason for this lack of
correlation except to say that better tests ardettéo measure binaural processing.

Results differ from those reported by Litovsky et(2009). They reported that
there were positive correlations for SRTs in balgsesented from the front, right, and
left, and sound source localization withravalue of .5 when speech was presented from
the front and = .6 when speech was presented from either sidsvever, they go on to
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say that there is limited data on comparing outcoaral relationships between speech
intelligibility in noise and sound source localimat

The lack of correlation between sound source leadbn and binaural advantage
warrants further investigation. Although both measaiform of spatial hearing, sound
source localization is obtained in quiet while uskiag necessitates testing in noise.
Perhaps noise has a greater effect than is eviienta comparison between the two
measures. In addition, little is known about thet processing of ILD cues which the
bilateral listeners appear to rely on for sound'eelocalization, as well as, for binaural
advantage.

Speech Understanding Using a Roving Target with Mable Spatially

Separated Noise Sources

Rationale for Experiment 3

Experiment 3 was designed to determine if a dyndestparadigm with a roving
target in a background of multiple spatially sepesianaskers captured more accurately
1) the benefit of a second implant compared td#teer ear implant and 2) the benefit of
a second acoustic ear, e.g. the benefit of prasghearing in the implanted ear,
compared to the bimodal condition.

A roving target was used to more closely mimicylhie encounters that Cl users
engage in particularly when they are in a grouprggtit was also designed with the
reported need for new assessments (Noble et &6, 2Qler, 2006 ) to determine the
benefit of binaural hearing that depends on dyndistiening such as a moving target.

The questions were: 1) does bilateral hearing {{@tear acoustic) provide greater benefit
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when the target is not stationary and the signabiee ratio is poorajm 3) and 2) does
preserving hearing in the implanted ear add additibenefit to the hearing preservation
group in difficult listening environmentsaifm 4).

Noble et al. (2006) looked at binaural benefitHearing aid users. Noble et al.
stated that the benefit of bilateral hearing asdsat in the domain of speech
understanding in noise but “it is in domains of a@ymnc spatial hearing (distance,
movement), rapidly switching and divided attentiand listening effort, that two aids do
their work. Two aids deliver more effectively aethasic level of function (direction,
distance, movement), and remove the need for gtegp@sitioning and re-positioning;
two aids may also support higher order functioresdithrough improvements in binaural
processing.” Noble et al. went on to say that difficult to show the benefits of bilateral
hearing aid fittings because “researchers have loe&mg in the wrong (or, at least, in
too limited a set of) places to discover whereltaeefits of bilateral hearing aid fittings

are to be found.”

In a later paper, Noble et al. (2008) comparedetigreups of Cl users: unilateral,
bilateral, and bimodal. Noble used the Speech,i@pand Quality of Hearing Scale
(SSQ) which was designed to cover a range of hgaiiilities including some hearing
functions that rely on binaural listening. The S8s designed to demonstrate the
usefulness of two hearing aids versus one andefthrey, was considered appropriate to
use with bilateral implant users. Comparing betwgemps, the bilateral Cl users had
the highest ratings on all of the subscales. Nebkd. reported that bimodal users were
no different from unilateral Cl users on any of fubscales. The bilateral Cl users had

lower disability and less social restriction comgzhto unilateral Cl users. Bilateral users
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had significantly greater ratings than unilatertd @Gn the subscales of sound source
localization, distance and movement, and listeeiffigrt. Bilateral users had greater self-
perceived benefit than the bimodal users on distamcd movement, and listening effort.
They looked at the correlation between CNC wordstae SSQ and found that the
Qualities subscales were more correlated and thaspubscales were less correlated. In
other words, there was a gulf between self-repudt@erformance on speech perception
measures as we test traditionally with speech aikrcoincident in space. As stated
previously, Noble et al. contended that it is thgrfamic spatial hearing (distance,
movement), rapidly switching and divided attentiand listening effort” that makes a
difference in the use of one versus two devicesC@Nrds and sentences in quiet do not
tax the spatial function of the hearing mechanigrare is no movement of the target or
switching or dividing of attention due to locatiohthe target which is stationary, and

there is no background noise.

Noble et al. (2006) results were based on selfstephloble et al. stated that
performance measures are needed that capture mutylistening environment. Tyler
(2006) supported the concept of binaural processitgateral users but stated that “new
tests are needed to more accurately examine tleatmdtbenefit of two implants.” There
is a need to test Cl users with more dynamic tasigigms rather than traditional static
arrangements to determine functional benefit. Deit@ng benefit is necessary in order
to provide potential Cl users and hearing healtk paoviders with the necessary
information to make an informed decision regardémpected outcomes. It is also

necessary to be able to provide objective inforomato insurance companies as the
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demands for bilateral implantation and more libeeaididacy requirements are being

proffered.

If listening effort was eased by a second implanable et al. (2008) reported, it
was theorized that using a roving target rathem enatationary target would be a more
sensitive measure than traditional measures usamg#e loud speaker placed in front of
the listener. It might also be a more sensitivesueathan the previous experiment
where the target was fixed but the listening envinent was more life-like. By
combining the real life listening environment usedxperiment 2 and a roving target,
the hypothesis was that it would show increaseefitesf having a second ear whether a
listener had bilateral Cls or bilateral acoustiareg paired with a Cl, and it would better
capture the binaural effects of head shadow, shualtd summation. In addition, a
roving or non-stationary target places more of t@néional demand on the listener
which is often encountered in everyday life. Ydstle (1996) reported that the “cocktail
party effect” involves selective attention. It Iieetability to selectively attend to a
particular target that Noble et al. (2006) desdatibe the benefits of binaural processing
for dynamic spatial hearing — being able to swicldivide attention when the target

moves or changes.

There is a discrepancy between anecdotal repoligadéral/binaural benefit and
what we have been able to measure in the laboratarinic. Some bilateral users have
reported that it is easier to determine locatioa sbund source and therefore follow a
conversation because they are not searching fapbaker. Particularly if they are more

reliant on lipreading, they are not spending timénd the talker and losing the
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beginning of a conversation. Other bilateral paidrave reported that the benefit of the
second implant is a quality of life (QOL) issue €Tiurden of listening with one ear is

eased when listening with two ears.

The purpose of Experiment 3 was to parse out wheiltger group benefitted
more by having a second ear in a real world enwrent using a non-stationary target in
a noisy environment. This is more of a “real lifgienomenon such as sitting in a
restaurant at a circular table or listening in aminment surrounded by other people
talking, such as in a cocktail party, and tryinddtbow conversations that switch

between speakers and their location.

Experiment 3

Test Battery

Two different speech tests were administered. Tathauds were the same as in
Experiment 2, Part A except that (i) TIMIT sentencaterials (Lamel et al., 1986)
replaced the AZ Bio sentences and (ii) the targest mot fixed but roved randomly
between three loud speakers at 0°, 90°, and -@@°sdcond test was the same as
Experiment 2, Part B except that (i) the targetyBBlm sentences were not fixed but
roved randomly between five loud speakers at (5, 88°, -45 °, and -90°, and (ii) the
background noise consisted of the diffuse restduraise from Part A.

Part A: Roving TIMIT

Speech stimuli.The TIMIT sentencewereused as the speech stimulus. Thirty
lists of 20 sentences per list with equal intellitiiy (Dorman et al., 2005) were

randomly assigned to groups of three lists pergrfoua total of 10 groups of 60
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sentences per group. The sentences were spokenbgifferent talkers, two male and
two female, with different regional accents andetént speaking rates to replicate
various dialects found across the United States aNlsentences were grammatically
correct or complete sentences and all were lovoiriext. Sentences were presented with
an inter-stimulus interval of 5 seconds and wees@nted at 60dB SPL. Sentences were
scored as percent correct words per sentence. $hoees resulted based on location of
presentation with a score from the front (0 °),right(+ 90°) and the left (-90°). Each

score was based on a list of 20 sentences.

Masker stimulus. Lou Manalti’s restaurant noise from ExperimenPart A was
presented from all eight loud speakers in R Spas&¥ding the loud speaker

presenting the target.

Methods

Subjects.Ten bilateral listeners and 10 hearing presermdisteners from
Experiments 1 and 2 participated in Experimentadt A, using the TIMIT sentences.
The test was too difficult for one listener, onéjsat was too tired to participate, and
time was an issue for another listener. All sulgécim Experiments 1 and 2 participated

in part B, the Roving Cocktalil.

Procedure.The target sentences were presented randomly & &Pd from
three loud speaker locations 0°, #,9®(. A target sentence was presented from each

loud speaker a total of 20 times per condition.SNR was established using a single list
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of 20 sentences presented from the front loudspdakéhe better ear from the bilateral
group and the E+#x; for the hearing preservation listeners. The lisigrconditions for
the bilateral group were: better ear, poorer aat,lalateral. For the hearing preservation
group the listening conditions were: EAS (Egf bimodal (E+Aontg, and combined

(bilateral acoustic hearing + CI).

Results

Bilateral FSP™ listeners.This was a new test paradigm and, consequestine
of the binaural calculations were not derived ugmaditional calculations. In Roving
TIMIT there was theoretically no head shadow framisa since noise was always
presented all around eliminating the protectivedsiyafrom noise to one ClI. In order to
show that head shadow (HS) did not contribute &ralperformance in the bilateral
listening condition, HS was calculated. ScoredHiertarget presented away from the
better ear — e.g. toward the poorer Cl — wereraated from scores when the target was
presented toward the better ear. The gain in utadeisg from head shadow was 6%
(Figure 31). A paired samples t test showed theefft&®t was not significant [t(9) =
1.393, p =.197] indicating there was no HS benefihe bilateral condition. In this
paradigm, HS was very small because both Cls waresed to noise. Using a more
traditional approach for calculating head shadbdw,ldetter ear alone was used and scores
for the target presented on the contralateral sidiee better ear were subtracted from
scores when the target was presented toward ther leer. Head shadow was 40%. The
same calculation was made for the poorer ear as#eo. This large benefit of HS for

the better ear did not provide enhanced performaon®ared to the bilateral condition.

85



Binaural advantage was calculated using the averafgdne scores when the
target roved between 0°, +90°, and -90° in thedvdhand better ear conditions. In this
calculation, binaural advantage must be consideré& a combination of HS, squelch,
and summation and resulted in a significant adypntd 16% in the bilateral condition
compared to the better ear condition (Figure 38) i 7.15, p = .000]. Summation
effects were calculated using only the target preseto the front. Better ear scores were
subtracted from bilateral scores and yielded aifsogimt summation effect of 16%

(Figure 33) [t(9) = 4.129, p = .003].

Effect of the Opus 2 earhook on speech scoi@sring TIMIT testing, several
subjects had poorer scores with the target torthe than to the side. The Opus 2
processor has an earhook that acts as a wind slyeldvering the microphone from the
front. The vent on the earhook is on the side causound from the front to be baffled.
This led to a small study where the earhook wasietited and testing was repeated with
the earhook off. Targets were presented at 0°.TEngpo+ earhook was used to maintain
the position of the processor on the ear withoueoag the microphone. For one subject,
scores for the target in front improved 17% wita #arhook removed. Two other
subjects participated in this project. Their scavéh a roving target from the front did
not improve; however, all three subjects commentetiow much clearer and crisper
speech sounded with the earhook removed. Thesfilgect returned for testing
approximately one year later and the same expetimas carried out. His scores
improved 13.5% compared to having the earhook bis ihdicated good replication.
Unfortunately, the other two subjects were note@stith the target fixed. A fourth

subject with bilateral Cls and bilateral acousgaking was tested with the target fixed in
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front. Scores did not improve with the earhook reatbbut the participant commented

that it sounded richer/fuller with the earhook remad.

Hearing preservation listeners Head shadow was calculated using the
combined (bilateral hearing aids + ClI) listeningndition with the target presented
toward the CI side and contralaterally to, or adrayn, the CI side. In this calculation,
listeners still had aided acoustic hearing bildkgg@cking up noise from both sides. In
effect, head shadow benefit was reduced for nasause noise was presented to both
acoustic hearing ears. However, the ClI benefittechfHS and the CI provided most of
the understanding. The HS effect was statisticdpificant, t (9) = 2.899, p =.018, and
provided increased understanding of 15.5% (Figd)enden the target was presented to
the ClI side. When the symmetrical subjects werd asel asymmetrical subjects were
eliminated, HS benefit increased to 21%. Using@halone condition, with both
acoustic ears plugged and muffed, a much largeét@fit of 39% was obtained. This is

similar to the HS benefit for the bilateral groupstter ear.

Binaural advantage was also calculated using teeage of the scores from the
three roving positions, 0°, 90°, and -90°, in thmbined and bimodal conditions (Figure
35). Scores in the bimodal condition were sub&@d¢tom the combined condition. A
small, but significant binaural advantage of 7% ¥easd [t(9) = 2.296, p = .047].
Summation was calculated using scores obtained wigctarget was presented from the
front (Figure 36). The difference between the camatliand EAS conditions yielded
summation effects that were not significant, t(8).472, p = .179. As mentioned

previously, the hearing preservation group doeshaue bilateral, HF information to sum
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for understanding. They are at a disadvantage Bedaath ears are picking up noise but
only one ear, the Cl ear, is able to be used ®nthjority of understanding speech. The

Cl ear is at a disadvantage when the target igpted toward the opposite ear.

Part B: Roving Cocktail

Target speech stimuli.The BabyBio Sentences from Experiment 2, Part Bewer
used as the speech stimuli. Target sentences weserned in the frontal horizontal plane

and were roved randomly between speakers at Q°,9089 -45°, and -90°.

Masker stimulus. The noise consisted of the diffuse restaurantendéscribed
under Experiment 2, Part A. The restaurant noisenated from all eight loud speakers,

including the target loud speaker, creating a airtestaurant setting.

Procedure.The target sentences were presented randomly & &Pdl from five
different speaker locations between $,96.g. speakers 1,2,3,7, or 8 (Figure 14). A target
sentence was presented from each speaker a tdtalrdfmes per condition. An SNR
was established using the better ear from thedbdagroup and the EAS for the hearing
preservation listeners. The SNR had to be recakuaf@mr some of the hearing
preservation subjects to avoid ceiling effectshim ¢ombined condition. The combined
condition was then used to determine the SNR fdop®aance between 60 - 80%
correct. The listening conditions for the bilategebup were: better ear, poorer ear, and
bilateral. For the hearing preservation group isterhing conditions were: EAS, bimodal,

combined, Cl only, and bilateral HAs.
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Results

Bilateral FSP™ listeners.Bilateral Cl users showed significant benefit from
adding the pa (poorer) CI on the Roving Cocktail test. Bilatesabres shown in Figure
37 were 28 percentage points higher than the bedtealone. A repeated measures
ANOVA revealed a significant difference between bie¢ter ear, poorer ear, and bilateral
listening conditions [F(2,20) = 74.103, p < .0005]paired samples t test showed that
bilateral listening was significantly better thére tbetter ear alone [t(10) = 8.843, p <
.0005]. The benefit was largely due to the headaweeffect since either Cl always had
a more favorable SNR to the target. However, stuahc summation also contributed to
the benefit which was evident in the Cocktail Paeiting using a fixed target.

Hearing preservation listeners.The hearing preservation group gained 13
percentage points in the combined condition conpearéhe bimodal condition (Figure
38). A gain of 21% was obtained in the combineddttion over the EAS condition.
When comparing the CI only scores for the hearmeg@rvation group to the EAS,
bimodal, and combined conditions, scores improweti8%o in the EAS condition, 26%
in the bimodal condition, and 39% in the combineddition. The benefit of adding
acoustic hearing to the CI scores is evident ithae acoustic plus CI conditions. A
repeated measures ANOVA revealed that the fiveitiond were significantly different
[F(4,44) = 35.161, p < 0005]. Paired samples stesbwed no difference between the
bilateral HAs and the CI scores [t(11) = 1.324, 2%¥2]. The combined condition was
significantly better than the bimodal conditior{1t) = 4.974, p < .0005] and the EAS
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condition [t(11) =6.145, p < 0005].The bimodal citiweh was significantly better than
the EAS condition [t(11)= 2.412, p = .035]. All g& conditions adding acoustic to
electric hearing, EAS [t(11) =3.738, p = .003], bohal [t(11) = 4.841, p = .001], and
combined [t(11) = 6.165, p < .0005], were signifitta better than the CI alone
condition.

Benefit of preserving hearingThese results showed the benefit of adding
acoustic hearing to electric hearing, and more mambly, the benefit of preserving
hearing in the implanted ear. This benefit is largieie to squelch; by adding in the
ipsilateral acoustic ear, scores improved in thal@aed condition over the bimodal
condition by 13 percentage points. Summation ardl Iséadow also contributed to the
improved results in the combined condition.

Summary for roving tests (results in percent corret)

Roving TIMIT
Binaural Advantage Summation
Bilateral FSP™ 16 16
Hearing preservation 7 9

Roving Cocktail
Bilateral FSP™ 28 CNE*
Hearing preservation 13 CNE*

*could not evaluate in this condition

Discussion
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A roving target is more realistic and a more denramthsk than a stationary
target. The Roving TIMIT and Roving Cocktail testowed clearly the benefit obtained
by having two implants compared to one. With eleatrstimulation on both sides, the
benefit from two implants was sizable resulting@imore favorable SNR, despite which
side the target was on, and the possibility ofdsdtequency representation with two
implants compared to one.

Bilateral FSP™ listeners.On the Roving TIMIT test, two Cls were 16
percentage points better than the better ear &wrmoth binaural advantage and
summation. During the TIMIT test, the problem offldag sound from the front with the
earhook on the Opus 2 processor became apparemtaairahts further research. A
follow up study has been planned to determineafes improve with elimination of the
earhook when evaluating other Opus 2 users.

On the Roving Cocktail test, scores of improveteheng in the bilateral
condition compared to their better ear alone weraverage 28 percentage points higher.
The range of binaural advantage was 13 - 52%. Tdwn8 Cocktail test provided a
significant improvement of 10 percentage pointghebilateral condition when
compared to the Cocktail Party with a stationargeain the separated condition [t(10) =
4.034, p =.002]. It should be noted that in Rov@agktail the noise emanated from all
speakers, including the speaker for the targeikeim the Cocktail Party. The masker
noise from the two experiments was also differ&he restaurant noise used in Roving
Cocktail is considered energetic rather than infttramal.

Hearing preservation listeners.The Roving TIMIT test did not show benefits as
large as those obtained in the Roving CocktailyPfartthe hearing preservation group.
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Roving TIMIT showed a small, but significant, bimalladvantage of seven percentage
points. Summation effects of nine percentage pouet® not significant.

The Roving Cocktail test displayed the benefitsaoted from preserving hearing
in the implanted ear. Combined scores were 13 ptage points better than the bimodal
condition, 21 percentage points better than the E&®lition, and were 39 percentage
points higher than in the CI alone condition. Teardng preservation group had the
benefit of squelch from their bilateral acoustiatieg but benefitted very little from
summation effects in the HF with only one CI. Hoeeuhe absence of summation
indicates the true benefit of squelch affordedchhearing preservation group.

When the combined condition from the Roving Codktais compared to the
combined condition in the Cocktail Party usingxatl target, there was no significant
difference between the two tests, t (11) = 1.48,.p72. The hearing preservation group
did not show increased benefit using a roving tiaige the bilateral group demonstrated,
but they also did not show a decrease in performahue lack of benefit is most likely
due to the absence of HF hearing when the target ike non-implanted side making
understanding more difficult due to the deficiernéyHF information.

CONCLUSIONS

Two conclusions are readily apparent from thisaed® First, having bilateral
hearing in both ears, either electric or acousdibeneficial for sound source localization
and for listening in complex noisy environmentsc@ul, using more sensitive tests with
spatial separation of speech from noise showedfitenbtained by adding a second

implant or preserving hearing in the implantedteat less sensitive tests do not show.
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CNC word scores were not a sensitive measure &yrdate whether the
combined condition was better than the EAS or biahadnditions (Figure 39). Neither
CNC nor AZ Bio in Quiet or at +10dB SNR were semsienough to determine whether
bilateral Cl scores were significantly differenathbetter ear scores (Figure 40).
Traditional testing at a +5dB SNR did provide assapion of bilaterals. better ear
scores. These tests which are presented from ke Spgaker in front are generally not
sensitive enough to show bilateral benefit or biéhef preserving hearing because i)
only a single speaker in front is used, (ii) speaetl noise are not spatially separated
which is necessary to show any binaural (not bigdtdenefit, and (iii) it is difficult to
show greater benefit than the better ear aloney ®@hén speech and noise are spatially
separated can unmasking or binaural advantagedieat®d and demonstrated.
Outcomes from Experiment 1: Sound source localizatn

The outcomes of this research showed that havimgdime hearing in both ears
provided bilateral Cl and hearing preservatiorehsrs with some of the same binaural
benefits known to NH listeners. The outcomes frompdtiment 1 indicated the value of
bilateral hearing, either bilateral electric or sgyetrical acoustic hearing, for sound
source localization abilities. The ability to loza using either ITD or ILD cues can be
an important aid to Cl listeners. Both bilateradl drearing preservation listeners with
symmetrical hearing were able to localize equadiyg different cues.

Bilateral ClI listeners demonstrated good, but ravtmal, sound source
localization abilities to high-pass stimuli indirag access to ILD cues. Sound source
localization to low-pass targets indicated thatimggpreservation listeners had good, but
not normal, access to ITD cues as long as the ticdearing is symmetrical. There was
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a clear difference in sound source localizatiomken those with symmetrical and
asymmetrical hearing. Those with asymmetrical Imgeshowed poor or close to chance
performance (70-77°) on sound source localizatenpared to those with symmetrical
hearing.
Outcomes from Experiments 2 and 3: Binaural Benefg

The outcomes from Experiments 2 and 3 showed adgastfor both the bilateral
and hearing preservation groups. Unlike in tradaidesting using a single loud speaker
in front, the important benefits of binaural hegroan only be demonstrated using
multiple loud speakers with the speech target aaskers separated in space.

Bilateral implant users have some clear advantageslisteners with a single CI.
They demonstrated the ability to “unmask” speeomfnoise in difficult listening
environments using multiple spatially separatedkaagaim 2). The Cocktail Party and
Roving Cocktail tests were the most sensitive &ltimaural benefits of bilateral Cl
listeners. Bilateral CI listeners showed the biahprocessing available to NH listeners
which include binaural advantage, summation, sduelnd head shadow. They did not,
however, show benefit from SRM as it was measuretifateral listening when
comparing the separation of speech and noise tortbeparated condition. Unlike in a
previous study by Loizou et al. (200€)e outcomes for bilateral FSP™ users showed
that they did have access to binaural processirgebgfitting from binaural advantage, a
combination of squelch and summation, in RSpacaratite Cocktail Party setting. The
bilateral listeners demonstrated access to binguogessing without having access to
ITD cues. ILD cues appear to enable bilateral &ehers to “unmask” speech presented
in noise. It is doubtful that the FSP™ strategthis basis for their ability to use binaural
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processing cues. In an ongoing, concurrent stushgusB and Cochlear CI devices, the
bilateral Cl users had a significant binaural adaga of 17 percentage points, [t(25) =

6.736, p <.0005].

The advantage for the hearing preservation listewass the benefit of preserving
hearing in the implanted e@im 4). Although the hearing preservation listeners ditd no
show benefit from SRM, they did exhibit significdnbaural advantage, a combination
of squelch and summation. Most notably they exbibthe benefit of being able to
squelch background noise and, therefore, improeedpunderstanding when the target
and maskers were not co-located in space. The @ibEktrty was the most sensitive test
for showing the attributes of preserving hearinthi@implanted ear. The results point to
the benefit of preserving hearing rather than hgaiccess to acoustic hearing in only one
ear. The results also underlie the necessity ofusbtpreserving hearing but to maintain
as much symmetry as possible. This is an imporntessage for surgeons as they counsel

their patients.

The Cocktail Party and the Roving Cocktail testsetcellent tools which can be
used to provide surgeons, clinicians, potentiat&ididates, and insurance companies
with expected outcomes and benefits for bilatergdlantation as opposed to having a
single implant. These tests also indicate thatihggareservation listeners perform
significantly better in the combined listening cdih than in the bimodal condition

underscoring the benefits of preserving hearing.
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Future Directions

Future studies need to compare informational amdgetic masking for Cl users.
Loizou et al. (2009) found no difference in perfamae regardless of masker type. In the
current study, the bilateral listeners in the Catiarty, which used informational
masking, benefitted from a significant binaural akage.

One question that arose from this study was whetheot having a female target
and male maskers had any influence, either posstiveegative, on performance. The
problem with using the same gender for the targdtraasker is that it may not be
possible to determine which target to listen to mhk are presented in front from the
same loud speaker. A future study should determimether changing the target to a
male and using female maskers has any influencatmomes.

The outcomes for the hearing preservation groogveld a clear benefit to
preserving hearing in the implanted ear. Althougdvius studies (von llberg et al.,
1999; Gantz et al., 2009; Dorman et al., 2009; ghetral., 2010; Dunn et al., 2010) have
shown significant benefits of adding an acoustictean electric ear in terms of speech
understanding, previous studies have not showm#rés of binaural processing by
preserving hearing. The Cocktail Party showed arddenefit (i) for preserving hearing
and (ii) for binaural advantage when the speechnaigk are separated in space.
However, three loud speakers rather than one a@edeto show the availability of
binaural processing. Test paradigms in the clinesd to use multiple loud speakers for
their standard test protocol. Future studies neekpand the number of hearing
preservation listeners to determine if a larger benof subjects strengthens the results
found in the current research.
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For hearing preservation listeners nothing is kmawout whether or not having
matched hearing aids for both ears would improvéop@ance for sound source
localization or enable better binaural processindifficult listening environments. A
future study should explore whether matched heaidg make a difference in
performance for this group.

Over 20 years ago Festen and Plomp (1990) reportele deleterious effects of
having a microphone above the pinna. Another sthdiyneeds to be done is to move the
microphone from on top of the pinna to a placerinear the concha such as the T-mic®
used by Advanced Bionics. Gifford and Levitt (20%8pwed a 4.4dB improvement for
SRTs in noise when using the T-mic as opposeda®TE microphone on the processor.
Hardware issues seem to take extremely long timebkdnge but the ClI companies need
to look to the progress made by the hearing aidpaomies to improve their products.

The improved scores on the TIMIT test for one sctpgth the Opus 2 earhook
removed warrants further research. If the percapfidhat speech sounds clearer without
the earhook and that scores improve, this is agdessue which MED-EL could easily
fix without great cost. Further research is undgrteaedetermine if removal of the
baffling effect from the earhook on the Opus 2 ioyas performance.

In a concurrent study, testing on bilateral Cl adesm all three manufacturers
showed some interesting results for the LP, HP \@Bdsound source localization
conditions. In Figure 41, the bilateral MED-EL usdvoth FSP™ and non-FSP, show
fewer errors and less variability in all three ciods, but especially for WB and HP
conditions, compared to users with Advanced Bio(#d3) and Cochlear Corporation
(CC). Perhaps the AGC in the MED-EL processor gtesisome additional cues or at
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least does not deliver increased distortion whegaged. It is possible that the
independent AGC for each ear engages at differ@estdepending upon where the
sound is and/or whether AGC is engaged on both &aet might present a very small
ITD cue to the user. In Wilson and Dorman (20123y reported measuring short ITDs
of 25usec using independent, non-synchronized @i&egsors. A future study should
determine why the MED-EL listeners fared bettethiea WB and HP conditions
compared to other devices and whether or not tightnbe attributed to AGC in the
MED-EL processor. Perhaps the signal processinigeiMED-EL device does not
deliver as much distortion when the AGC engages. déieterious placement of the
microphone above the pinna does not appear todraeelverse effect for the MED-EL
users compared to the other two companies. Inqodait, the MED-EL users show fewer
errors and less variability compared to the AB sisall of whom used the T-mic. It
should be noted that the ClI listeners between naatwfers were not matched on any
parameter but were simply tested as they preséoterious research projects. Still, the
results are striking and deserve additional re$earc

Quality of life (QOL) issues can be difficult to amure objectively but are an
important aspect of a user’s perception in refatmperformance. More studies are
needed that objectively measure QOL. One such shiglgt measure reaction time to
determine ease of listening, a QOL issue, with¥&@ne cochlear implant for bilateral
listeners or the combined condition relative tollimaodal condition for the hearing
preservation group. A measure such as this couldghe strong, objective evidence for
the benefits of bilateral Cls or hearing presenratis insurance companies elect to

continue to cover Cl benefits.
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Table 1

Demographic information for 11 bilateral MED-EL F8Pand five non-FSP listeners

*Simultaneous implantation

106

Subject Age Gender| Age Years Device # Active Etiology of
HL of Cl Use | RE/LE channels Deafness
onset | RE/LE RE/LE
(years)

S2* 41 M 37 2 Sonata 8/9 Bacterial

infection

S3 32 F 14 2/2 Sonata 9/10 Viral

Medium infection

S4* 79 | M 19 1 Sonata 9/10 Hereditary

S6* 53 F 20 8 Combi 404 9/10 Unknown

S7 59 M 25 1/2 Sonata 11/10 Head Trauma

S9 77 F 20 6/2 Combi 12/12 Unknown

40+/
Sonata
S10 65 F 30 7/1 Combi 9/9 Unknown
40+/
Sonata
S11 43 M 42 .6/.5 Sonata 12/12 Head Trauma
S13 50 | F 3 5/8 Pulsar/ 12/11 Hereditary
Combi 40+

S14 66 M 38 .81.7 Sonata 11/11 Unknown

S15 60 M 2.5/1.9 Sonata 7/10 Unknown

NonFSP*| 50 F 29 9 Combi 40+ 12/12 Unknown

NonFSP | 50 | F 3 5/9 Pulsar/ | 10/11 Hereditary

Combi 40+

NonFSP | 59 M 39 1.5/1 Sonata 7/10 Unknown

NonFSP | 39 | F 2 8/5 Combi 12/11 Hereditary

40+/ Pulsar

NonFSP | 39 F 14 1/3 Pulsar/ 12/12 Unknown

Sonata



Table 2
Demographic information for 12 hearing preservatissers. ME = MED-EL. CC =

Cochlear Corp.* hearing preservation, not EAS or Hybrid

Sub Age Gende|l Age H|Processor/ Years | Cl Ear/ Strategy |# Active | Frequency| Etiology of
onset of Cl |Device Allocation | Deafness
(in HA Use Channels |in Hz
years)
S17 | 68 M 27 Tempo+Duet/ | 5 L/MED-EL |CIS 10 500-8500| Unknown
Widex Pulsar EAS
S18 | 67 M 21 Tempo+Duet/ | 1 R/ ME CIS 10 500-8500| Noise
Phonak Sonata EAS Exposure
Flex
S19 |39 F 14 Tempo+Duet] 1 R/ ME Pulsarq CIS 12 300-8500 | Unknown
Tempo+Duet EAS Flex
S20 |79 M 40 Freedom/ 2 R/CA Hybrid | MP12 20 1188-7938Hereditary
Phonak L24
S21 |55 F 40 Freedom/ 2 R/CA Hybrid | MP12 20 1188-7938Unknown
Phonak L24
S22 |70 M 42 Freedom/ 1.6 L/CA Hybrid | MP12 20 1188-7938Hereditary
Widex L24
S23* | 64 M 20 Opus 2 Duet/| 6 L/ME Pulsar | FSP 10 690-8500| Hereditary
Danalogics Medium
S25* | 69 F 47 Opus 2/ 1 R/ ME FSP 10 100-8000] Hereditary
Phonak Sonata Flex
S26 47 F 32 Freedom/ 3 R/CA Hybrid | MP12 20 1188-7938Unknown
Phonak L24
S27* |35 M 5 Opus 2/ 2 L/ ME Sonatg FSP 11 332-7500] Unknown
Unaided Medium
S28 50 F 32 Freedom/ 3 R/CA Hybrid | MP12 20 1188-7938Hereditary
Phonak L24
S29 62 F 52 Tempo+Duet| 2 L/ ME Sonatd CIS 12 500-8500| Viral
Phonak EAS Flex Infection
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Table 3

Thresholds in dB by frequency (Hz) for each heapregervation subject with
symmetrical acoustic hearing. Thresholds are ligtedhe implanted ear/unimplanted
ear. NR = no response at equipment limits >120dB

Subject | 125Hz | .25kHz| .5kHz | .75Hz| 1kHz 2kHz 4kHz
2 40/45 50/40 65/50 | 70/60 80/70 100/15 NR/85
3 40/35 50/35 65/45 80/55  90/60 NR/NR NR/NR
4 10/30 30/40 | 80/70 | 85/85  90/8@ 105/90 NR/NR
5 30/35 20/20 | 50/30 | 65/50  70/55 110/90 115/100
6 30/30 30/25 | 50/30 | 65/50 85/65 120/11820/120
11 15/15 15/15 60/65 | 85/9Q 95/100 NR/NR NR/NR
12 5/0 10/5 40/30 90/70, 100/100IR/110 | NR/NR
13 35/20 | 40/25 55/40 70/45  80/6C 100/1am5/90
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Table 4

Thresholds in dB by frequency (Hz) for each heapregervation subject with
asymmetrical acoustic hearing. Thresholds are digte the implanted ear/unimplanted

ear. NR = no response at equipment limits >120dB
Subject | 125Hz | .25kHz | .5kHz .75Hz 1kHz 2kHz 4kHz
7 50/10 | 55/10 75/10 90/30 115/%0 115/105 115/110
8 65/20 | 80/20 80/35 110/35] NR/55 NR/95 NR/NR
9 50/25 | 70/20 80/45 95/70 95/80  115/105 NR/115
10 70/10 | 60/10 85/15 110/35 NR/G0 NR/85 NR/85
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Table 5

Mean RMS errors for sound source localization atashdard deviations(SD) for the
different groups. Hearing preservation errors anethe bilaterally aided plus ClI
condition. NH = normal hearing, HI = hearing impaid, LP=low pass, HP=high pass,
WB=wideband, Hrg Pres symm = Hearing preservatioth\wymmetrical hearing,
asymm = asymmetrical.

RMS NH HI HIl aided | Hrg Pres | Hrg Pres | Bilateral CI
errors unaided symm asymm
LP 6.95 14.69 15.70 23.32 76.48 45.96
Mean

SD | 1.95 8.30 7.17 10.63 20.64 18.65
HP 6.7 19.16 22.19 57.77 60.31 19.64
Mean

SD | 2.61 8.37 8.88 22.17 12.27 5.36
wB 5.98 15.53 12.90 33.03 49.83 20.32
Mean

SD| 2.72 9.57 6.94 9.05 14.23 6.62
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Table 6

Means and standard deviations (sd) for SRM, binbadaantage, and summation for all
groups in RSpace. Hearing Pres = hearing preseorgtSymm = symmetrical acoustic
hearing, all = symm + asymmetrical hearing.

RSpace™ NH Bilateral Hearing Hearing
Pres symm | Pres all
SRM Mean -5 -10.15 0.64 -.13

SD 4.92 12.28 10.99 8.57
Bin Adv Mean 14.73 9.6 14.62 10.96
SD 7.75 6.82 12.48 11.81
Summation Mean | 11 11.17 23.69 20.41
SD 12.75 8.1 13.84 12.16
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Table 7

Means and standard deviations (sd) for SRM, binbadaantage, and summation for all
groups in Cocktail Party

Cocktail Party NH Bilateral |Hearing Hearing
Pres symm | Pres all

SRM Mean 23 6.46 4.70 4.72
SD 7.7 5.93 9.12 9.59

Bin Adv Mean 38 18.19 20.08 18.84
SD 17.1 11.06 11.73 11.93
Summation Mean | 14 13.79 11.41 12.63
SD 6.69 8.58 10.34 8.43
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Fiter Band Envelope Compression Modulation
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Figure 1. Implementation of the signal processinghe CIS strategy.
(From Wilson and Dorman 2008).
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Figure 2. FSP™ uses rate cues represented byblse packets to provide temporal
information (bottom panel). CIS uses a continuauisgtrain (middle panel).
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Figure 3. Loud speaker array spanning 180 °in the horizontal plane. Speakers are spaced
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Figure 4. RMS errors for NH listeners to LP, HPd &iB stimuli.
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Audiometric Thresholds
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Figure 5. Mean audiometric thresholds for the lmgppreservation group with
symmetrical, low frequency hearing.

115



Audiometric Thresholds
Asymmetrical Hearing
Grou

- ave unimplanted ear
4 ave implanted ear

Hearing Level (dB)

1004
110+
120

1 1 1 1 1 1
125 250 500 1000 2000 4000
Frequency (Hz)

Figure 6. Mean audiometric thresholds for the meppreservation group with
asymmetrical, low frequency hearing.
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Figure 7. RMS errors to LP, HP, and WB stimuli lidateral FSP™ listeners. RMS
errors are plotted as a function of spectral stinNH listener errors to LP stimuli are
plotted on the far left.
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Bilateral non-FSP
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Figure 8. RMS errors for bilateral non-FSP listsn&MS errors are plotted as a function
of spectral stimuli. NH listener errors to LP stiirare plotted on the far left.
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Hearing Preservation
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Figure 9. Localization errors as a function of $peontent for the symmetrical
and asymmetrical (asym) hearing preservation lsteim the combined condition. NH
errors to LP stimuli are plotted as open circleshanfar left.
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Localization to Wideband Noise
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Figure 11. RMS errors plotted as a function oftikst condition for bilateral CI (high-
pass) and for hearing preservation (low-pass)iete
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Localization to LowPass Noise
NH vs Bilateral Cls
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MED-EL non-FSP™ bilateral Cl users.
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Figure 13. ILDs as a function of the center freties of the filter banks in the Opus 2
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Figure 14. Configuration of loud speakers in R&3¥4cSpeakers are numbered
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R-space - Spatial Release from Masking = - 5%
(After Hawley et al. 2004) (sd:4.9)
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Figure 15. SRM, in percent correct, for NH listengr RSpace and Cocktail Party.
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RSpace
Binaural Advantage (Squelch+Summation) = 15%
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Figure 16. Binaural advantage, in percent corfeciNH listeners in RSpace and
Cocktail Party.
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Figure 17. Summation, in percent correct, for Ndtelners in RSpace and Cocktail Party.
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RSpace: Bilateral CI
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Figure 18. Spatial release from masking, in percemntect, for bilateral listeners in
RSpace.
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Figure 19. Binaural advantage, in percent corfecthilateral listeners in RSpace.
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90 RSpace: Bilateral CI
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Figure 20. Summation, in percent correct, for kilak listeners in RSpace.
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Figure 21. SRM, in percent correct, for bilatdisteners in the Cocktail Party
environment.
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Cocktail Party: Bilateral CI
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Figure 22. Binaural advantage, in percent corfecthilateral listeners in the Cocktalil

Party environment.
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Figure 23. Summation, in percent correct, for bilak listeners in the Cocktail Party

environment.
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90 RSpace: Hearing Preservation
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Figure 24. SRM, in percent correct, in RSpacelieriiearing preservation listeners.
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Figure 25. Binaural advantage, in percent coriadRSpace for the hearing preservation
group.
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90 RSpace: Hearing Preservation
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Figure 26. Summation, in percent correct, in RSacéhe hearing preservation group.
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Figure 27. SRM, in percent correct, for the heapngservation listeners in Cocktail
Party.
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90 Hearing Preservation
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Figure 28. Binaural advantage, or squelch, in p#rcerrect, in the Cocktail Party for
hearing preservation listeners.
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Figure 29. Summation, in percent correct, in thekfal Party for hearing preservation
listeners.
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Cocktail Party Cocktail Pary
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Figure 30. Binaural advantage for hearing presemaind bilateral listeners in Cocktail
Party plotted as percent correct as a functiomstériing condition. Conditions: Cl=
cochlear implant, psi= ipsilateral acoustic hearing.4\.= contralateral acoustic
hearing, combined = CI + bilateral acoustic heagrpaprer Cl ear, better Cl ear, and
bilateral CI.
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Roving TIMIT: Bilateral FSP
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Figure 32. Binaural advantage, in percent corfecthilateral listeners in Roving TIMIT.
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Roving TIMIT: Bilateral FSP
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Figure 33. Summation, in percent correct, for bilak listeners in Roving TIMIT.
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Figure 34. Head shadow, in percent correct, fohteeing preservation group in Roving
TIMIT.
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Roving TIMIT: Hearing Preservation
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Figure 35. Binaural advantage, in percent corfecthe hearing preservation group in
Roving TIMIT.
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Figure 36. Summation, in percent correct, for hgpgreservation listeners in Roving
TIMIT.
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Figure 38. Binaural advantage, in percent corfecthe hearing preservation listeners in
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Hearing Preservation
CNC Word Scores
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Figure 39. CNC word scores, in percent correctit@dbas a function of the three
conditions for the hearing preservation group: €bshlear implant, Aipsi = ipsilateral
acoustic hearing, Acontra = contralateral acousti@ring, and combined = CI plus
bilateral acoustic hearing. Straight lines indidhie mean scores.
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Figure 40. AZBio Sentences, in percent correcttlierbilateral listeners in quiet and at

signal-to-noise ratios of +10 and +5dB. Conditians the poorer ClI ear, better Cl ear,
and bilateral ClI. Straight lines indicate the meeores.
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Figure 41. Localization errors for WB, HP, and LtfPsili for the three ClI companies.
MED-EL is on the left, Advanced Bionics is in thedaiies, and Cochlear Corp. is on the
right.

140



APPENDIX A

IRB APPROVAL

BSU Beissmen e

sV LAY

Office of Research Integrity and Assurance

To: Michael Dorman
COOR
,Q. ’ From: Mark Roosa, Chair S(ﬂ
Soc Beh IRB
Date: 08/24/2012
Committee Action: Renewal
Renewal Date: 08/24/2012
Review Type: Expedited F4 F7
IRB Protocol #: 0111001097
Study Title: AUDITORY FUNCTION AND COCHLEAR IMPLANTS
Expiration Date: 08/24/2013
The above-referenced protocol was given renewed approval following Expedited Review by the Institutional
Review Board.
Itis the Principal | i 's responsibility to obtain review and continued app! | of h

before the expiration notod above. Please allow sufficient time for reapproval. Research acbvrty of any sort
may not continue beyond the expiration date without committee approval Failure to receive approval for

continuation before the expiration date will result in the at pensi oi the app I of this protocol on
the expiration date. Information fi ion is h and cannot be reported
or published as research data. If you do not wish oonhnued approval, please notify the Committee of the study
termination.

This approval by the Soc Beh IRB does not replace or de any dep or ight committee
review that may be required by institutional policy.

Ady Ri ions: If any incid or severe i should develop as a result of this study, you
are required to notify the Soc Beh IRB i diately. If yar ber of the IRB will be assigned to look

into the matter. If the problem is serious, approval may be withdrawn pending IRB review.

Amendments: If you wish to change any aspect of this study, such as the procedures, the consent forms, or the
investigators, please icate your req d ges to the Soc Beh IRB. The new procedure is not to
be initiated until the IRB approval has been given.

Please retain a copy of this letter with your approved protocol.
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