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: showed RMS errors two to three times larger. A lsimi
Introduction picture was observed for’,ra measure to estimate the
Over recent years we tested speech understandidg amnearity between target direction and perceivegation. A
localization abilities of bilateral CI users witm &xtensive  magnitude of 1.0 would denote perfect linearity aig only
test battery [1, 2]. Figure 1, top panel, showsiltssof the  C09 and C10 came close to this optimum. Most ofbler
speech test for seven bilateral Cl users. Speectptien  ysers were well below 0.9.

thresholds (SRTs) with speech and noise presenbed the
front were measured in the free-field. SRTs wersvben O
and +6 dB, i.e. performance differed despite aitip@ants
using the same cochlear implant (Cl) devices.

Similar localization tests were conducted in a nmatidy
reverberant room (Figure 1, mid and bottom pangisy
bars). Reverberation was characterized by the telioec
reverberant ratio, which in our case was at —3 HBth
measures for localization performance worsened when

10 reverberation was introduced, an effect that proved
= 8 significant (Wilcoxon signed-rank test, one-sided; 0.01).
E 6 Hm’_‘_‘ Large performance differences across cochlear impla
% 4 participants are frequently reported. However, gitbat
2 m participants in our study used similar devices waede well
0 I satisfied with their Cls the differences are someho
) ) ) ) I 1

surprising. Performance differences may thus batedlto
100 : differences in basic psychoacoustic performance. To
[ Anechoic . . hi : p)& h e b 00k basi
80| | ] Reverberant investigate this we re-invited the participants k basic
psychoacoustic performance measures using direct
60 stimulation of the implants to relate them to pap&nt's

20 abilities in the free-field tests. Namely, we measu
binaural sensitivity and forward masking in orderpredict
20 m ﬁ r’and SRTs from basic psychoacoustic measures.

RMS error [°]

[ (I Methods

~ 06 Participants
Seven bilateral Cl users, aged 30 to 78 years, p@ok in
this study. All were users of devices manufactutad
Cochlear Ltd. With the exception of C09 they were
0 implanted sequentially. Their hearing loss was doe
C01 C03C04 C07C08C09C10 different etiologies (detailed information is given [1],

. i where the numbering of participants correspond$ wlie
Figure 1. Speech reception thresholds (top panel) andnumbering in this paper).

localization performance (bottom two panels) fowvese
bilateral Cl users.
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In addition to speech understanding, localizationGeneral procedure

performance in an anechoic and a simulated revember \ye ,seq direct stimulation hardware supplied by Hiear
room was investigated. Figure 1, mid and bottomepan g one Ltd. Two modified L34 speech processors were
shows root-mean-square (RMS) localization errorgl an directly controlled via Matlab to generate the stim
coefficients of determinatiorf.rFocusing on the white bars, Biphasic, negative leading, current pulses weréveled in

i.e. localization performan_ce in the e}nechoic roam,again monopolar mode with both reference electrodes asrre
obsc_—:‘r_ved a subs_tanual difference in performandsvé®n  ,octrodes (MP1 and MP2 mode). In all experimehts t
participants. _Wh_lle the best perforr?ers (C09 andd)C1 pulse rate was fixed at 900 pps. Before we meashasit
showed localization errors around 20°, the worsfopmers psychoacoustic  performance we tested electrode



impedances, measured C- and T-levels and balarwed t Decay of forward masking was characterized suchaliae

loudness of the stimuli across all electrodes dim lears. In
addition, for each participant we selected thremabially
matching electrode pairs in the basal, mid andahpagion
of both cochleas for the binaural sensitivity tests

Binaural sensitivity tests

In these tests we estimated binaural sensitivitgmfr
lateralization data. We hypothesized that bettasiseity to

interaural cues would correspond with better Ia@edion

abilities in the free-field.

Stimuli were interaurally displaced (lateralizedy bither
interaural level differences (ILDs) or interauraime
differences (ITDs) in the signal envelopes. Partiais
judged the lateral displacement by steering a nmaskea
horizontal straight line. They were instructed hnk of this
line as the intracranial connection of their eard had thus
endpoints marked with labels “left-ear” and “rigdar”.

Lateralization based on ILDs was done using ongoing

pulsetrains with slow on- and offset slopes. Stinvatre
additionally level-roved to
lateralization cues. Nominal ILDs were between ahfl 16
Cochlear current units (CUs).

Lateralization based on envelope ITDs was invest@javith
a stimulus consisting of six short (10 ms) pulsesrrupted

reduce possible monbaura

was fitted to the forward masking data when prinssda
function of target-delay. The fit was done usingeast
square error minimization. Decay was then set etju#he
steepness of the line.

Results

Basic psychoacoustic perfor mance measures

Table 1 gives basic performance estimates for ¢nsitvity
to ILDs (“Dyp”), envelope ITDs (“Bp”) and forward
masking decay (“SL”). Note that for the binaurahsi@vity
measures only best performance across the thretrogle
pairs is given.

Participant] Psychoacoustic performance
Dip Ditp SL
[CU] [us]
C01 5 3008 -13.2
C03 5 1733 -26.8
C04 4 867 -25.8
C07 6 6402 -38.2
C08 26 3553 -23.5
C09 10 256 -25.9
C10 4 280 -22.7

by 120 ms of silence. These stimuli provided strong
envelope modulation and should thus be easy tolizeca

Table 1: Performance in the direct stimulation testg.p,D

based on envelope ITDs. Nominal ITDs were in
between -1.6 and 1.6 ms.

Lateralization data were analyzed and sensitivisasures
were calculated according to [1]. This was done dach
participant and each electrode pair in isolatioherEfore a
line was fit to the lateralization data using astesquares
error minimization. Then the mean standard dewviatibthe

lateralization data was calculated and divided Ine t

steepness of the line. The resulting value givegstimate
of sensitivity such that two similar stimuli diffag only by
this sensitivity value could be distinguished in.18% of
trials.

Forward masking test

Forward masking was measured using a standardigarad

A short 10 ms probe followed a 300 ms long maskier a
short delay. Masking was characterized by the levehe
probe necessary to remain just audible. This waasored
using an adaptive tracker. The whole measuremestdene
on a single electrode on the participant’s bettarwath the
masker level fixed at 70% of the electro-dynamicge of
the electrode. Our hypothesis was that a quickeayl®f
forward masking would correspond with greater peea!
separation between direct sound and reverberatiothe
localization task in the reverberant room. Thus weuld
expect better localization performance for partcis with
quicker decay. In addition, quicker decay shout dlelp to
preserve modulation perception of the speech stiaudi
should thus help speech understanding in noise.

best sensitivity to ILDs; Bp: best sensitivity to envelope
ITDs; SL: slope of the forward masking data.

All participants were able to lateralize based on
superimposed ILDs. Correlations between nominaldlabd
lateralization data were significant for all testekkctrode
pairs. Sensitivity was in between 4 CU and 26 Chketope
ITDs were less efficient as a lateralization cueheT
sensitivity to ITDs was between 256 and 6462and thus
often outside the physiologically useful range hits
below 700us. In addition, the correlation between nominal
ITDs and lateralization percept remained non-sigaift in
many cases.

Relation of basic psychoacoustic measuresto
free-field localization and SRTs

In a further step we wanted to know how the basic
psychoacoustic measures relate to the localizatimh SRT
data collected in free-field. To examine this weedisa
multiple linear regression with the basic perforg@n
measures as the independent variables. The degenden
variable was either?rin the localization experiments or
SRTs of the speech test. We then calculated b-wseifgin
each independent variable. A higher b-weight indisghat
the corresponding factor contributes more to theedr
regression, i.e. is more important for the predittdf the
dependent variable.



Figure 2, top panel shows the regression resultthed SRT
data. Overall, the quality of the regression wagrpenoted

The mid panel in Figure 2 shows the prediction for
measured in the anechoic room. Overall the thresicba

by an R of 0.58 only. Thus the three basic psychoacoustigpsychoacoustic factors explained 84% of the vadafithe

measures only explained 58% of the variance inddsa.
The largest weight (1.19) was associated with segitgito
ITDs. However, this should not be attributed to ausal
dependency between ITD sensitivity and SRT bec#se
former is a binaural measure while speech perceptias
measured in a strictly monaural task. We assume aha
common underlying factor like, e.g., better nervevival or
better spectral resolution, triggered this stroagehdency.
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Figure 2: Multiple linear regression to predict SRT (top
panel) and 7 for localization in anechoic and reverberant
conditions (mid and bottom panel respectively)aysl give

the overall quality of the regression?{Rand the weights
associated with the obtained basic psychoacoustic
performance measures.

linear regression on the localization data is tassiderably
better than the regression on SRTSs.

The largest weight was associated with the seitgitio
ILDs, followed by sensitivity to envelope ITDs. Bhis in
line with previous studies ([3, 4]), who find tHatateral CI
users mainly localize based on the ILD cue. ITDsoal
played a large role in the regression but were ileg®rtant
than ILDs. Forward masking slopes only marginally
influenced the outcome of the regression.

The importance of the basic psychoacoustic measures
changed wherfwas analysed for the localization task in the
reverberant room (Figure 2, bottom panel). The aller
quality of the regression remained high: Again, 8dfthe
variance was explained by the basic psychoacofzsttors.
However, for localization in reverberant space lugest
weight was associated with the sensitivity to eopel | TDs.
Nevertheless, contribution of ILD sensitivity remed
strong. Forward masking slopes again only playediror
role. We thus conclude that sensitivity to envelbpias was
relatively more important to maintain localizatiability in
reverberation.

Discussion

We measured sensitivity to binaural cues and fadwar
masking using direct stimulation of cochlear impaand
related the results to localization performanceairechoic
and reverberant conditions as well as speech uaaeiag

in noise obtained with the patient’'s own speechcessor.
Localization performance in anechoic conditions vbast
predicted by the sensitivity to ILDs. Speech untrding in
noise and localization in a reverberant room wast be
predicted by sensitivity to envelope ITDs. Howe\mgcause
speech reception thresholds were measured in alypure
monaural task there should be no underlying causal
dependency for the relation of SRTs to binauraldTD

The notion that bilateral cochlear implant usersalize
based on ILDs in anechoic conditions is well kndemny. [3,

4]). However, this study adds that for localizatidm
reverberant rooms bilateral Cl users maintain laasibn
performance best when they show high sensitivity to
envelope ITDs. Presumably these participants ate &b
exploit binaural information in signal onsets whiafe less
corrupted by room reverberation. Similar mechanisizge
been described for normal-hearing listeners (&) [

Signal processing in current cochlear implants daso
envelope ITDs with some accuracy. Our study shdves t
not all Cl users are able to use envelope ITDsréfbes an
open question is how sensitivity to envelope ITRs de
restored for those CI users who lack it. One pddgib
would be to provide training. Rowan and Lutman )X[6]
showed that training can improve discriminatiorenfelope
ITDs. However, their study was done with normal rivea
participants using stimuli imitating those encouetkein Cls.



How their result would translate to Cl users is, dor
knowledge, unknown. In addition, it is unclear iétter
discrimination of envelope ITDs would also resultbetter
localization in a reverberant room.

Another possibility is to improve Cl processing ltetter
transmit envelope ITDs by enhancing signal onséts.
method for this was developed by Seeber and Momagha
([7]) and presented in a companion paper. In a decstudy
with normal-hearing listeners they were able tovshbat
their method improved envelope ITD discriminationda
lateralization performance while maintaining speech
understanding. Evaluation of this algorithm withuead ClI
users is underway.
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