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Abstract

Owing to technological progress and a growing body of clinical
experience, indication criteria for cochlear implants (CI) are being
extended to less severe hearing impairments. It is, therefore, worth
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reconsidering these indication criteria by introducing novel testing
procedures. The diagnostic evidence collected will be evaluated. The
investigation includes postlingually deafened adults seeking a CI.
Prior to surgery, speech perception tests [Freiburg Speech Test and
Oldenburg sentence (OLSA) test] were performed unaided and aided
using the Oldenburg Master Hearing Aid (MHA) system. Linguistic
skills were assessed with the visual Text Reception Threshold (TRT)
test, and general state of health, socio-economic status (SES) and sub-
jective hearing were evaluated through questionnaires. After surgery,
the speech tests were repeated aided with a CI. To date, 97 complete
data sets are available for evaluation. Statistical analyses showed sig-
nificant correlations between postsurgical speech reception threshold
(SRT) measured with the adaptive OLSA test and pre-surgical data
such as the TRT test (r=-0.29), SES (r=-0.22) and (if available) aided
SRT (r=0.53). The results suggest that new measures and setups such
as the TRT test, SES and speech perception with the MHA provide valu-
able extra information regarding indication for CI.

Introduction

For more than 25 years now, cochlear implants (Cls) have been
used to replace the function of the inner ear and thus restore hearing
in people suffering from profound hearing loss or deafness.!2 Initially,
indication criteria were defined such that only individuals with no
residual hearing in either ear could receive a CI. The ongoing techni-
cal development of these implants and growing clinical experience are
also enabling an increasing number of people with less severe hearing
loss to be provided with Cls. Before surgery, it is desirable to predict the
expected benefit from a CI as accurately as possible in order to decide
whether implantation is indicated. If there is significant residual hear-
ing, the expected performance using the CI can be compared with that
achieved using a hearing aid, enabling the best hearing device to be
chosen for the individual patient. In cases without residual hearing,
however, accurate prediction is also desirable as the basis for the
patient’s decision as to whether or not to undergo surgery. Another use-
ful application of accurate performance prediction is the subsequent
evaluation and optimization of individual fitting. If, for example, a
patient’s performance does not reach the predicted range, this could be
a signal that the individual fitting is not optimal and should be re-eval-
uated. In any case, before a prediction model can be developed, factors
influencing performance with a CI have to be identified.

To date, no reliable predictors for outcomes with different hearing
devices have been identified so that audiologists rely mainly on their
own experience. Some research groups detected correlations between
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speech perception with CI and demographic data, but the detected rela-
tionships vary widely. Age at deafness was detected to be an important
factor if the patient is under 18 years old, but the authors do not quan-
tify the relationship.® Duration of deafness was more broadly support-
ed. For example, Battmer et al.* classified 245 CI users backwards into
three performance groups depending on the speech perception with CI
and looked for differences in the demographic group mean data.
Duration of deafness was seen to be highly significant (P<0.01) with
the best performance group being deaf for 7.3 years on average and the
two worse groups being deaf for 17.9 years. They also found significant
differences between the groups concerning onset of deafness; the best
group was 40.5 years old and the other two groups 28.8 years old at
onset of deafness, which was significantly lower (P<0.01). David et al.’
reported that duration of deafness was a significant predictor with 115
adult participants, but did not quantify the relationship. Gantz et al.6
found a significant correlation coefficient of r=-0.45 (shorter duration
time is better) (P=0.002) but with only 39 adult participants. Shea et
al.” investigated 20 subjects and determined the influence of the dura-
tion of profound hearing loss by performing a stepwise multiple regres-
sion to r=0.518 (P<0.05). Van Dijk et al.® investigated 37 subjects and
found duration of deafness (r=-0.47) and residual hearing (r=0.42) to
have the highest correlation coefficients to the CI outcomes. Age at
implantation was also identified by Gantz ef a/. to be a significant fac-
tor (r=-0.28, P=0.044, n=39, lower age is better). The results of speech
tests conducted before surgery (monosyllabic word tests) are also used
to predict subsequent performance. Friedland et al.® investigated the
data of 58 subjects and found a regression coefficient of r=0.43
(P<0.001) between duration of deafness and speech perception. In the
study by Leung et al.,1° the data sets of 749 adults were investigated by
separating the subjects into two age groups and performing a multiple
regression analysis. In the younger group, duration of deafness was
found to be highly significant (P<0.001) and in the older group not
(P=0.13). Thus, up to now, no reliable correlations with the CI out-
come, such as for example, speech perception have been found, as the
predictive power of the data used is apparently too low. Nevertheless,
the current indication criteria depend (apart from medical findings)
mainly on speech tests in what is termed the best aided condition.
However, this condition is not clearly defined as the hearing aids used
by the patients are not standardized, the algorithms vary widely and the
hardware limited amplification is not always appropriate, even if the
individual fitting is optimized. But since a fair grading of the patients
requires the same testing conditions for each patient, the way in which
patients’ hearing aids are compared needs to be improved.

In essence, therefore, the established test procedures (pure tone
audiometry, speech perception in quiet, demographical data, therapeu-
tic assessments, electrophysiological measurements, vestibular tests
and neuro-imaging) are not reliable predictors of hearing performance.
Furthermore, hearing-aid technology is rapidly improving and, for
patients with significant residual hearing, considerable benefit from
hearing aids can be expected. Also, with increasingly improved per-
formance levels for cochlear implants as well as hearing aids, new,
more sophisticated tests such as, for example, speech tests in noise
can be applied.!! When it comes to deciding for or against an
implantable device, therefore, it is increasingly important to reliably
predict outcomes such as, for example, speech perception with CI or
subjective hearing improvements. Thus, novel test modalities that offer
a more conclusive diagnosis have to be used.

This paper presents some of the tests that have been recently
incorporated into our routine clinical practice and the diagnostic evi-
dence they provide is investigated. Prior to surgery, speech tests were
performed unaided and with a (theoretically) optimally fitted hearing
aid. Linguistic skills were assessed, irrespective of hearing capabili-
ties, by means of the visual Text Reception Threshold (TRT) test,
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whereas general state of health, socio-economic status (SES) and sub-
jective hearing loss were surveyed using questionnaires. After surgery,
the speech perception tests were repeated with the CI four days after
initial activation and again after six months of device use. Correlations
between the tests performed prior to surgery and the outcomes after

surgery were investigated in order to identify factors influencing sub-
sequent success with a CI.

Materials and Methods

Standard tests

The set of standard tests that subjects are required to complete in
our routine clinical practice, before a decision about CI candidacy can
be made, includes pure-tone audiometry and speech tests in quiet
(Freiburg Speech Test consisting of monosyllabic words and polysyllab-
ic numbers)!2 with and without the patient’s own conventional hearing
aid. Prior to testing, the patient’s own hearing aid is optimized by our
hearing aid experts. This is based on the assumption derived from our
clinical experience that the aided performance with an optimal hearing
aid at 65 dB should be comparable to the unaided performance at 100
dB. Thus, the fitting of the hearing aid is adapted until this target is
reached or until it is confirmed that the target is not reachable. Also
electrophysiological measurements are taken and neuro-imaging per-
formed. Demographic data are also obtained, such as duration of nor-
mal hearing, duration of hearing impairment (the time between the
subject first realizing that his or her hearing is impaired and the onset
of deafness), duration of hearing aid use, and duration of deafness. At
our center, the onset of deafness is defined as being the moment at
which the subject no longer feels able to communicate on the tele-
phone. This standard set of tests is complemented by an additional set
including the following test procedures that are new for assessing CI
candidacy.

Regarding the expected relationships to the later performance with
CI, we hypothesize demographic data such as age, duration of good
hearing, impaired hearing, deafness and hearing-aid use to correlate
with Cl-aided performance with a long period of good hearing (unaid-
ed or with a hearing aid) and a short period of partial or total hearing
loss resulting in better performance. Also, we expect significant resid-
ual hearing to lead to better performance with CI.

Additional set of tests

The novel set of tests before surgery consists of a visual test
assessing linguistic competence and speech tests in quiet and in noise
which are performed unaided and aided with the PC-based Oldenburg
Master Hearing Aid,® and questionnaires which address SES, subjec-
tive hearing abilities and general state of health.

Postoperatively, on Day 4 of the switch-on week the speech tests
are repeated. The performance with CI (speech perception, subjective
hearing ability) at the switch-on varies widely, as the subjects need dif-
ferent amounts of time to get used to their new way of hearing. Thus,
during the first months of CI use, large improvements are usually seen.
As this article focuses on the equilibrium performance after getting
used to the implant, here the data concerning the switch-on appoint-
ment is not included.

After six months of CI use, the speech tests and the questionnaires
assessing subjective hearing abilities are repeated.

Text reception threshold test

Background
The linguistic competence of a patient is investigated by means of
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the purely visually presented TRT test, modified after Zekveld et al.1
Their rationale was to detect relationships to a speech test in noise and
to quantify how much this visual test relates to the performance in a
speech test in noise. This test was carried out with normal hearing sub-
jects, but good test-retest reliability and promising correlations were
described. We chose this test because we thought it to be a useful tool
for assessing linguistic skills irrespective of hearing capabilities.
Hardware limitations and signal processing of cochlear implants lead
to imperfect signal transmissions. Thus, for successful speech percep-
tion the patients have to reconstruct speech from degraded information
on the audio signal. With additional background noise, this problem
becomes even more serious and cognitive skills are required to suc-
cessfully decode the audio information.* Thus, the ability to under-
stand the degraded signal, which varies significantly from patient to
patient, could possibly be investigated with this visual TRT test.
According to our rationale, we made some adaptations. A first evalua-
tion was made with 20 normal hearing subjects. Consistent results with
low standard deviations were obtained, so we included this modified
test into our additional set of tests for CI candidates.

This test involves the sentences only being displayed visually on a
monitor, with the subjects required to read them aloud. The sentences
are masked with patterns of dots or bars, and the degree of masking
varies depending on the individual performance (Figure 1).

In the same manner, as an adaptive auditory speech test in noise,
in an adaptive staircase procedure the masking degree is adapted to
the Lso, which is the degree of masking at which the patient correctly
repeats 50% of the words. Higher values thus correspond to better per-
formance. Zekveld et al.1* determined the proportion of unmasked sen-
tences that are necessary in order to understand 50% of the words.
Therefore, with the test conducted in this manner, low values corre-
spond to better performance.

The test material used consists of sentences from the Oldenburg
sentence (OLSA) test, developed by Wagener et al.!5 Forty-five different
test lists are available, each consisting of 20 sentences. The sentences
are displayed in black using the Arial typeface, font size 40, on a 17-
inch monitor with a resolution of 1024x768 pixels. To ensure similari-
ty with an auditory test, the computer software (MATLAB) limits the
display time to 3.5 seconds, which is roughly the same time as that
needed for the sentence to be spoken. Zekveld et al.* use a Dutch test
with Arial font, size 27, but do not indicate the size of the monitor or
the resolution of the display. In their study, sentences are displayed in
red. However, we decided not to adopt this because we did not think it
was significant for CI candidates. Here, too, the display time is limited
to 3.5 s. In the study by Zekveld et al., sentences are progressively dis-
played adding one word at a time, whereas we conducted the test such
that the whole sentence is displayed immediately.

Three different patterns were used for masking purposes: random
dots, periodic bars and random bars. In the random-dot pattern, the
degree of masking is varied by changing the number of fixed-sized dots
(size 12). The periodic-bar pattern uses 12 bars, the thickness of which
is changed. The random-bar pattern involves mimicking a modulated
noise, such as the ICRA5-noise.16 Here, both the number and thickness
of the bars is varied according to the envelope of this noise. Zekveld et
al.™ use only one masking pattern with periodic bars varying in thick-
ness. Instead, we investigated different masking types since also CI
subjects have to understand speech in the presence of different types
of background noise.

Zekveld et al.'* determined the test-retest reliability of the TRT test
to an intraclass correlation coefficient of 0.74, which is stated in their
article as being acceptable for group comparisons according to the
Scientific Advisory Committee of the Medical Outcomes Trust. Training
effects were found in this study in the first list of the TRT test. In the
TRT test as conducted in the present study, the characteristics of the
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OLSA test are important, as these sentences are used. Since the OLSA
test uses a pool of 50 different words, the subjects learn these words
within the first two lists, so that a strong training effect was described
by Wagener and Brand.!” They found the test-retest stability for SRTs
in noise to be 0.7 dB, and observed that at least two training lists were
needed to remedy training effects. That is why we included two train-
ing lists into our TRT test protocol before starting with the test lists.

As for the expected results, we hypothesized a correlation between
the performance in the TRT test and the later performance in the
speech test in noise, with good TRT test results relating to good results
in the speech test.

Experimental setup

The test procedure starts with two training lists in which the sen-
tences are masked with dots or periodic bars, respectively, and the
degree of masking is fixed at 15%. As they are included purely for train-
ing purposes, the results are not used further. The intrinsic test
involves three test lists, one with each masking pattern. The order of
the masking patterns and the test lists used are arbitrarily randomized
by the examiner who carefully avoids using a list a second time. The
lists begin with application of a masking degree of 50%, and this level
is adapted to the 50% perception threshold according to the adaptive
procedure described by Brand and Kollmeier.!® No repetitions were
allowed. Each test takes 3-4 min so the complete test (including the
training lists) takes approximately 20 min.

Master hearing aid

Background

The Oldenburg sentence test!® and the Freiburg Speech Test!2 are
performed unaided and aided with a conventional hearing aid. Instead
of the patient’s own hearing aids, the software-based Master Hearing
Aid (MHA) developed by Grimm ef al.'* was used. Audio signals from
the speech tests (see below) are read from the hard disk, processed in
real time by the MHA, DA-converted, amplified by a headphone buffer
and presented to the subject via Sennheiser HDA200 headphones. The
system is implemented on a standard PC system running the Windows
operating system and allows a maximum output level of approximately
120 dB SPL. Free-field equivalent calibration was achieved using a B&K
type 4153 artificial ear. Signal processing comprises FFT-based multi-
channel dynamic compression! that is individually fitted using the

50 % masking with random dots

50 % masking with periodic bars
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50 % masking with random bars
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Figure 1. Example of the text reception threshold test: German
sentence Stefan malt drei grosse Ringe, 50% masked with three
different patterns. Top, random dots; middle, periodic bars; bot-
tom, random bars.
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CAMFIT fitting rule originally developed by Moore et al.,'® which was
modified for severe and profound hearing losses as described below. By
using the generic signal processing scheme in combination with the
same fitting rule applied to all subjects, any uncontrolled variability
introduced by the variety of signal processing schemes and fitting rules
used in the patient’s own hearing aids is avoided.

Compression was applied in nine overlapping frequency bands
using a standard level meter with attack-and-release filter.!3 Center fre-
quencies in Hz were 250, 500, 1k, 1.5k, 2k, 3k, 4k 6k, 8k for the differ-
ent frequency bands. Attack times in ms were 20, 10,5, 3,2,1, 1,1, 1.
Release time was 100 ms in all frequency bands. The number of com-
pression bands was chosen to provide a sufficient frequency resolution
to fit sloping losses while avoiding spectral smearing. The center fre-
quencies of the bands were chosen to match the audiological frequen-
cies. The combination of short attack and rather long release times
avoids overshoots and distortion, and allows the compressor to follow
the short-time maxima of the speech signal. The design rationale of
the CAMFIT fitting rule is to achieve normal loudness for a 65 dB
speech-shaped signal and to ensure audibility of the minima present in
speech.!? The rule was adopted because it provides balanced loudness
at a wide range of levels, including high levels,'” and thus should be
applicable to the group of subjects with severe and profound hearing
loss. However, preliminary experiments with a small group of subjects
showed that users complained about distortion. Consequently, we mod-
ified the CAMFIT rule to reduce distortion while maintaining audibili-
ty of speech information as much as possible. The modification is
described in detail below and followed the rationale that the frequency
regions with the highest relative hearing loss contribute the least to
speech perception and thus can be excluded from amplification. This
approach was adapted from the established NAL-NLI fitting rule0 that
also applies a band selection rule. Using the CAMFIT rule with band
selection, no complaints about distortion were reported from the exper-
iments and the MHA system using this rule consistently improved
speech reception compared with patients’ own hearing aids. We, there-
fore, assume that the CAMFIT rule as modified by us is applicable, even
though we cannot currently prove its optimality.

Band selection

The band selection rules was implemented as follows. The frequen-
cy bands to be excluded from amplification were determined by apply-
ing the following rules: all bands with hearing loss of 110 dB or worse
are muted. If the minimum hearing loss across all frequencies is worse
than 55 dB, 65 dB, 75 dB or 85 dB, respectively, all bands with a hear-
ing loss above the exclusion threshold of 85 dB, 95 dB, 100 dB or 105 dB
are excluded from amplification (ie. muted). In a second step, the
number of muted bands is increased further. This involves further
reducing the exclusion threshold value (thus muting more bands) sub-
ject to the constraint that three of the four frequency bands in the
speech-relevant range from 500 Hz to 2 kHz are not muted. If, however,
the frequency of the minimum hearing loss is outside that range, the
exclusion threshold value is reduced even further until two of the four
frequency bands are muted.

As for the results of the speech perception tests aided with the
Master Hearing Aid system, we hypothesize that they correlate posi-
tively with Cl-aided speech perception.

Experimental setup

The Oldenburg sentence test!® and the Freiburg Speech Test!2 were
chosen. Before surgery they are performed unaided and aided with
Master Hearing Aid (MHA) system, and after surgery aided with CI.
Pre-surgically the speech tests are aborted if the patient is not able to
understand speech even with the aid of the MHA. The OLSA test and
the MHA-aided Freiburg Test were conducted using the Oldenburg
Measurement Applications (OMA, www.hoertech.de), whereas the
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unaided Freiburg Speech Test is carried out with our clinical standard
apparatus, as it is already part of our standard set of tests. In both tests,
the stimuli are presented monotically via headphones to the ear intend-
ed for implantation. The OLSA test begins with a training list in quiet
presented at 65 dB SPL that is performed only with the aid of MHA. The
basic structure of the sentences and the words that occur are already
familiar to patients from the TRT test, so that a second training list is
considered unnecessary. The test list used is randomized arbitrarily by
the examiner who is careful to avoid using a test list twice. The OLSA
test is then administered on an adaptive basis at a fixed noise level of
65 dB SPL. Unmodulated noise (olnoise)!’® and modulated noise
(ICRA5-250)2! are used. Olnoise is a speech-shaped stationary noise,
whereas ICRA5-250 additionally has typical amplitude modulations of a
single speaker. The procedure involves determining the SRT, which is
the SNR in dB at which the patient understands 50% of the words. This
kind of adaptive testing requires that the patient is able to understand
at least 50% of the words, but this is usually the case only if he or she
has significant residual hearing. Here, the hearing loss of the patient
lies in the grey zone between hearing-aid and CI indication. If an indi-
vidual’s performance is not sufficiently good for an adaptive testing
procedure, the OLSA test is presented at a fixed SNR of 10 dB for both
types of noise mentioned above, with the signal also being fixed at a
level of 65 dB SPL.

The Freiburg Speech Test, which consists of one list of monosyllab-
ic words and another list of numbers, is presented in quiet at 65 dB
SPL. The results are given as the percentage of correct responses.

After six months, the performance of the overwhelming majority of
CI subjects closely approximates the equilibrium performance.22223
This time, the tests are presented via loudspeakers in a sound-treated
room. Signal and noise are presented at SONO at a distance of 1 m from
the patient; again, the OLSA test is presented by means of the OMA and
the Freiburg Speech Test using our standard clinical apparatus. If the
contralateral ear contributes unaided to the hearing (if the hearing
threshold is better than around 95 dB) it is closed with earplugs. The
OLSA test starts with a training list in quiet at 65 dB SPL. It is then con-
ducted on an adaptive basis at a fixed noise level of 65 dB SPL. Again,
unmodulated (olnoise) and modulated (ICRA5-250) noise are used. If
no adaptive measurement was possible before surgery, the fixed-level
presentation is repeated with a fixed SNR of 10 dB (noise level 55 dB
SPL, signal level 65 dB SPL). In all tests, we are careful to ensure that
test lists other than those at the pre-surgery session are used.

The aim of this measurement protocol is two-fold: firstly, so (if pos-
sible) adaptive measurements can be taken to grade the performance
of the individual CI patient in comparison with all CI patients, and sec-
ondly, to obtain data sets in consistent fixed-parameter conditions in
order to evaluate each individual’s progress.

The Freiburg Speech Test again consists of monosyllabic words
and numbers presented in quiet at 65 dB SPL. However, this is
already included in our standard set of clinical tests carried out dur-
ing that particular appointment and is not, therefore, part of the
additional set of tests.

Questionnaires

Background

Patients are asked to complete a set of questionnaires. The first of
these assesses subjective hearing ability (Oldenburger Inventar) 2425
The estimated variables are subjective hearing in a quiet environment,
subjective hearing in a noisy environment, and subjective localization
ability, these being added to generate a total score for subjective hear-
ing ability. All variables are estimated both unaided and with the
patient’s own hearing aid to obtain a score from 0 to 100, with higher
values corresponding to better hearing. How the patient’s social life is
affected by his or her hearing impairment is investigated using the
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German version of the Gothenburg Profile*s (English version).2” Here,
the results are given as inverse scores from 0 to 100, with higher values
corresponding to greater severity of impact, so that lower values corre-
spond to better performance. The next questionnaire addresses the gen-
eral state of health; it is the short version (SF-12) of the Fragebogen zum
allgemeinen Gesundheitszustand, SF-36,28 yielding summation scales for
mental and physical health, with higher values corresponding to better
health. The German normative reference sample generates an overall
score of 52.24+8.10 for mental health and a score of 49.03+9.35 for
physical health. A final subset of questions (Demographie und
Schichtindex)® investigates patients’ SES. This generates a score from
4 to 21, with higher values corresponding to higher SES. Scores between
4 and 8 correspond to lower SES, scores between 9 and 14 to middle SES,
and scores between 15 and 21 to upper SES.

As for the expected results, we hypothesize a higher SES to corre-
late with better CI performance. Furthermore, we expect the subjective
hearing as assessed in all tasks (speech perception in quiet and noise,
and subjective localization ability) to improve with CI compared to the
situation before surgery, and the perceived level of disability to be
reduced.

Experimental setup

Before surgery, the patients are asked to complete the question-
naires addressing subjective hearing ability (Oldenburger
Inventar),2*% the impact of the hearing impairment on a patient’s
social life (Gothenburg Profile) 2627 general state of health (Fragebogen
zum allgemeinen Gesundheitszustand)® and socio-economic status
(SES, Demographie und Schichtindex).2°

The questionnaires concerning subjective hearing ability
(Oldenburger Inventar)**25 and the impact of the hearing impairment
on a patient’s social life (Gothenburg Profile)*$27 are repeated at the 6-
month appointment, this time referring to the subjective hearing score
for unilateral CI with unaided contralateral ear, and (if applicable) for
bimodal or bilateral support. The Gothenburg Profile assesses the level
of residual disability despite use of a CI. These repeated questionnaires
enable the subjective development of hearing and social life with the CI
to be evaluated.

Patients

The additional set of tests is conducted with postlingually deafened
adults (=16 years) who do not have other disabilities and are seeking
a CI at our hospital. Data sets of 97 ears for which the 6-month appoint-
ment has been completed are available so far. The 97 data sets were
obtained from 90 patients. All surgical interventions were performed
unilaterally. In 74 cases for which the additional testing as described
above was performed, it was the first ear that had been implanted; in
23 cases, it was the second ear. For 7 patients who underwent addition-
al testing, the two ears had been sequentially implanted. In such cases,
the two surgical procedures were considered independently. There are
32 males (34 male ears) and 58 females (63 female ears) with an aver-
age age of 58.1 years+14.7 years at the time of surgery. On average,
these patients had normal hearing for 32.0 years+20.0 years, impaired
hearing for 21.6 years+19.0 years, were deaf for 4.4 years+7.0 years,
and had 12.7 years+12.0 years’ experience of hearing-aid use.

The patients’ ears were implanted using different brands of implant:
the Nucleus Freedom System from Cochlear (n=34), the Advanced
Bionics HiRes90k (n=40), and the Sonata from Med-El (n=23).

The TRT Test was also performed with a normal hearing control
group of 20 adults (9 males, 11 females) with an average age of 36.8
years+9.3 years. A first evaluation of our implementation of the TRT
Test was then made.

This investigation was conducted in accordance with the ethical
standards at our institution and in compliance with the Helsinki
Declaration as revised in 1983.
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Results

As expected, nearly all subjects experienced considerable improve-
ment in their hearing with the CI compared with the situation before
surgery, as was shown in our tests. This work aims to identify variables
that explain variances in CI outcome, so in this section, for each test
the results are given and then the diagnostic evidence of the obtained
variables is analyzed. For this purpose, firstly a correlation analysis
between the data obtained before surgery and those obtained at the 6-
month appointment, as computed using the MATLAB routine corrcoef,
was performed. Negative correlation coefficients can be explained by
the fact that in some variables high values correspond to good perform-
ance and in other variables high values correspond to bad performance.
The diagnostic evidence of the variables was, therefore, investigated by
calculating the coefficient of determination as defined by Everitt* to be
the square of the correlation coefficient.

Demographical data and residual hearing

Study subjects’ demographical data are given in the patients’
details in Materials and Methods. Significant correlations to the results
with CI were found between duration of impaired hearing and adaptive
OLSA with modulated noise (r=0.22, P=0.043, r?=0.05). Also, signifi-
cant correlations between duration of deafness and Freiburg
Monosyllables were found (r=-0.28, P=0.007, r>=0.08). No other signif-
icant correlations between demographic data and CI outcome were
detected.

As for the residual hearing, the following significant correlation
coefficients, as well as the according coefficients of determination,
were found: residual hearing at 250 Hz correlated significantly to the
Freiburg Numbers with CI (r=0.28, P=0.017, r?=0.08) and residual
hearing at 500 Hz correlated significantly to the fixed OLSA condition
with unmodulated noise (r=0.28, P=0.037, r>=0.08) as well as to the
subjective localization ability with CI (r=0.29, P=0.017, r2=0.09).
Residual hearing at 2 kHz correlated to the subjective hearing ability in
noise (r=0.33, P=0.030, r>=0.11). Residual hearing at 8 kHz correlated
to the adaptive OLSA conditions in unmodulated noise (r=0.56,
P=0.025, r?=0.31) as well as modulated noise (r=0.55, P=0.026,
r’=0.31), and to the subjective hearing ability in quiet (r=-0.60,
P=0.032, r2=0.35) and the sensed handicap (r=0.59, P=0.009, r2=0.35).
No other correlations between residual hearing and CI outcome were
found to be significant.

Text reception threshold test

The results of the TRT test, which was performed before surgery,
are given as degree of masking where the subject correctly repeats 50%
of the words. Higher values represent better understanding. When the
sentences were masked with dots, the degree of masking was
54.1%=+8.7% (control group 65.7%=+6.8%); when periodic bars were
used, the figure was 57.8%=+5.8% (control group 68.0%+4.2%); with
random bars, it was found to be 55.5%=+6.7% (control group
64.9%=+4.2%). The performance in the periodic bar masking pattern
was significantly better than in the random dot pattern (P<0.05) and
showed a trend for being better than in the random bar pattern
(P<0.1), whereas there was no significant difference in performance
between the random dot and the random bar patterns. For the control
group, there was no significant difference in the results of the three
masking patterns; this was tested for both groups by a one-way ANOVA
followed by the Scheffé post hoc test on a significance level of P<0.05.
The Mann-Whitney-Test was used and showed very significant differ-
ences between the groups in all three conditions (P<0.001) (Figure 2).

Diagnostic evidence
The following significant correlation coefficients and coefficients
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of determination were found between the results in the TRT test
masked by random dots and the CI outcome. This variable correlated to
the adaptive OLSA test with unmodulated noise (r=-0.23, P=0.036,
r2=0.05) as well as modulated noise (r=-0.29, P=0.007, r2=0.09), to the
fixed OLSA test with modulated noise (r=0.26, P=0.026, r>=0.07) and to
the subjective hearing ability in noise (r=0.22, P=0.049, r>=0.05). The
results of the TRT test masked by periodic bars correlated to the subjec-
tive hearing ability in noise (r=0.30, P=0.007, r2=0.09). The TRT test
masked with random bars yielded the following significant correla-
tions: this variable correlated to the adaptive OLSA test with unmodu-
lated noise (r=-0.27, P=0.012, r?=0.07) as well as modulated noise (r=-
0.28, P=0.009, r2=0.08).

Master hearing aid

The Master Hearing Aid system is a standardized and (in theory)
optimized hearing aid used for pre-surgery testing of speech perception.
One drawback of this system is that the subjects do not have sufficient
familiarization time. To determine the extent of this disadvantage, the
performance of the CI candidates using the Master Hearing Aid system
was compared with their performance using their own hearing aids by
conducting the Freiburg Monosyllabic Test. Testing with their own hear-
ing aid took place following optimization during the preliminary exam-
inations some weeks prior to CI surgery. This comparison was made
with all subjects who were able to understand at least one word using
one of the devices (n=35). All other subjects, who had no speech percep-
tion with either device, were excluded from this comparison, as in these
cases performance differences between the devices cannot be investi-
gated. The distribution of the differences with both devices is given in
Figure 3. If a statistical variation of +10 percentage points is taken into
account, 19 subjects performed comparably with both devices and 16
subjects performed better with the Master Hearing Aid system, whereas
no individual performed better using his or her own hearing aid. The
lack of familiarization time with the Master Hearing Aid system is not,
therefore, considered to be a critical factor.

Speech tests

Before surgery, the OLSA test was performed adaptively using the
Master Hearing Aid system in 28 subjects with an average SRT of 8.9
dB SNR+6.1 dB SNR in unmodulated noise and 11.2 dB SNR+5.3 dB
SNR in modulated noise. Using the Wilcoxon'’s test, highly significant
differences between performances with the two noise types were found
(P<0.01); this test was also applied for statistical analysis of the differ-
ences found throughout this section. In the other cases, the OLSA test
was performed with fixed SNR, yielding 24.5%=+16.8% correct in
unmodulated and 17.9%+13.3% correct in modulated noise. Here, a
trend towards better performance in unmodulated noise was detected
(P<0.1). At the 6-month appointment, the Cl-aided OLSA test could be
performed on an adaptive basis in 87 cases. This means that in 59
cases the adaptive OLSA could be successfully completed after surgery
with CI and not before surgery with the MHA system. With CI, the OLSA
yielded SRTs of 1.7 dB SNR+4.1 dB SNR in unmodulated noise and 6.6
dB SNR+5.1 dB SNR in modulated noise. Here, the performance in
modulated noise was very significantly poorer than in unmodulated
noise (P<0.001); for both noises, however, performance with a CI was
extremely significantly (P<0.001, unmodulated noise) or highly signif-
icantly (P<0.01, modulated noise) better than that assessed before sur-
gery with the Master Hearing Aid. When the fixed SNR was presented,
the subjects understood on average 79.6+21.1% in unmodulated noise
and 68.2+5.5% in modulated noise, with the differences between the
noises being extremely significant (P<0.001) and the differences
between the devices being highly significant (P<0.01).
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Figure 2. Results of the text reception threshold test expressed as
a boxplot. Horizontal line in the box indicates the median of the
sample, the lower and upper horizontal lines represent the lower
and upper quartile (25% and 75% quartiles, respectively). The
whiskers indicate the last data point lying in the 1.5 times range
of the interquartile range (the difference between the 25% and
the 75% quartiles). The small crosses indicate outliers. (Left
panel) Results of the cochlear implants (CI) candidates obtained
before surgery. (Right panel) Results of the normal hearing con-
trol group. Visual masking was performed with random dots
(left), periodic bars (middle) and random bars (right).
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Figure 3. Comparison between performance with own hearing aid
(ownHA) and Master Hearing Aid system (MHA) using the
Freiburg Monosyllabic Test at 65 dB SPL, given as a histogram
plot. On the abscissa, performance differences are given as per-
centage points; the ordinate gives the numbers of subjects who

achieved these differences.
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Within the Freiburg Speech Test, when using the MHA prior to sur-
gery, the subjects understood 14.9+18.4% in the monosyllabic test and
51.0 £31.5% in the numbers test. After six months, the Cl-aided results

improved extremely significantly (P<0.001) to 62.2+23.2% in the
monosyllabic test and to 96.4+12.2% in the numbers test (Figure 4).

Diagnostic evidence

For the adaptive OLSA test in unmodulated noise aided with MHA,
the following significant correlations were found: this variable correlat-
ed to the adaptive OLSA test with CI in unmodulated noise (r=0.47,
P=0.015, r>=0.22) as well as to the subjective localization with CI
(r=0.63, P=0.002, r>=0.40).

For the adaptive OLSA test in modulated noise aided with MHA
these correlations were found: this variable correlated to the adaptive
OLSA test with CI in unmodulated noise (r=0.50, P=0.015, r?=0.25) as
well as modulated noise (r=0.53, P=0.013, r>=0.28), as well as to the
subjective localization ability with CI (r=0.65, P=0.003, r>=0.42).

For the fixed OLSA test, no significant correlations to the CI out-
come were detected.

The Freiburg Monosyllables aided with MHA correlated to the sub-
jective hearing ability in noise (r=-0.29, P=0.033, r>=0.09), to the sub-
jective localization ability (r=-0.44, P=0.001, r>=0.19) and to the sensed
handicap (r=0.25, P=0.049, r>=0.06). The Freiburg Numbers aided with
MHA were detected to correlate significantly to the subjective hearing
in quiet with CI (r=-0.33, P=0.010, r>=0.11) as well as to the subjective
hearing in noise with CI (r=-0.45, P=0.000, r>=0.20), to the subjective
localization ability with CI (r=-0.43, P=0.001, r>=0.19) and to the total
subjective rating of the hearing (r=-0.41, P=0.001, r>=0.17).

Questionnaires

The scores obtained in the questionnaires are shown in Figure 5.
Patients had a mean SES score of 12.0+4.0 (middle SES) with higher
values corresponding to higher SES.

The subjective hearing ability as estimated by the Oldenburger
Inventar is broken down into hearing in quiet, hearing in noise and
localization ability, yielding a total score with higher values correspon-
ding to better hearing in each case. Values are obtained in all three con-
ditions: unaided, with a hearing aid and with a CI. The score for hearing
in quiet improved on average from 8.2+14.7 unaided and 49.0+23.5 with
a hearing aid to 67.9+24.4 with a CI. All improvements were found to be
extremely significant (P<0.001), tested using a one-way ANOVA and
subjected to post hoc correction by means of the Scheffé procedure which
was also used to analyze differences in the other three tasks making up
the Oldenburger Inventar. The average hearing-in-noise score ranged
from 2.9+7.0 unaided and 29.7+20.9 with a hearing aid to 46.0+23.0 with
a CI. Furthermore, these improvements were found to be extremely sig-
nificant (P<0.001). Localization scores were 7.6+14.4 unaided,
36.4+25.9 with a hearing aid and 46.1+26.7 with a CI, again with
extremely significant differences (P<0.001) between unaided and both
aided conditions, and significant differences (P<0.05) between aided
with a hearing aid and with a CI. The total score improved from 5.9+9.9
unaided and 38.9+20.3 with a hearing aid to 55.8+21.4 using a ClI, all
these improvements being extremely significant (P<0.001).

The experienced handicap in social settings is estimated inversely
by the Gothenburg Profile, with lower values corresponding to better
performance. For our patients, this handicap was reduced from
59.5+23.1 with a hearing aid before surgery to 42.8+23.0 with a CI.
Using the Wilcoxon's test, this reduction was found to be extremely sig-
nificant (P<0.001).

The SF12 estimates the general state of health before surgery. The
scale is subdivided into physical and mental health, yielding a physical
health score of 46.4+8.4 (normative range 49.03+9.35)% and a mental
health score of 47.0+10.5 (normative range 52.24+8.10),28 with higher
values indicating a better state of health.
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Figure 4. Results of the speech tests. (Left panel) Results of the
adaptive Oldenburg sentence (OLSA) test. (Middle panel)
Outcome of the fixed-level OLSA test. (Right panel) Results of
the Freiburg Speech Test. All measurements were carried out
before surgery using the Master Hearing Aid (MHA) and at the 6-
month appointment with a cochlear implant (CI). Both OLSA
test conditions (adaptive and fixed) are performed in unmodulat-
ed and modulated noise (left and right, respectively), and the
Freiburg Speech Test consists of the monosyllabic test and the
numbers test (left and right, respectively).
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Figure 5. Results of the questionnaires. (Top left) Socio-econom-
ic status. (Top center) General state of health as assessed before
surgery by the SF-12 is given as a boxplot, subdivided into phys-
ical (left) and mental (right) health. The error bars adjacent to the
boxplots represent the normative values taken from Bullinger and
Kirchberger.?® (Top right) The handicap in social settings as
assessed by the Gothenburg Profile is plotted before surgery (left)
and after 6-month CI use (right). (Bottom) Results of the
Oldenburger Inventar estimating subjective hearing ability in
quiet (bottom left), in noise (bottom, second from left), subjec-
tive localization ability (bottom, second from right) and totalled
to produce an overall score (bottom right). All variables are
assessed unaided (on the left of each diagram), with own hearing
aid (HA, middle) and with a CI after six months of use (right).
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Diagnostic evidence

SES correlated to the sensed handicap (r=-0.36, P=0.001, r>=0.13).
The unaided subjective hearing ability in quiet correlated to the
Freiburg Monosyllables with CI (r=-0.27, P=0.017, r?=0.08). The sub-
jective hearing ability in quiet with hearing aids correlated to the sub-
jective localization ability with CI (r=0.34, P=0.003, r>=0.12) as well as
to the sensed handicap with CI (r=-0.32, P=0.003, r2=0.10). The unaid-
ed subjective hearing ability in noise correlated to the adaptive OLSA
test with CI in modulated noise (r=-0.36, P=0.002, r>=0.13). The sub-
jective hearing ability in noise with hearing aids correlated to the sub-
jective hearing ability in noise with CI (r = 0.28, P=0.018, r> = 0.08) as
well as to the subjective localization ability with CI (r=0.53, P=0.000,
r?=(.28), to the total subjective rating of the hearing (r=0.33, P=0.004,
r?=(0.11) and to the sensed handicap (r=-0.38, P=0.000, r2=0.14).

For the unaided subjective localization ability no significant corre-
lations to the CI outcomes were detected. The subjective localization
ability with hearing aids correlated significantly to the subjective local-
ization ability with CI (r=0.47, P=0.000, r2=0.22).

The subjective rating of the unaided hearing ability correlated to
the results of the Freiburg Monosyllables with CI (r=-0.24, P=0.040,
r2=0.06). The subjective rating of the hearing ability with hearing aid
correlated significantly to the subjective localization with CI (r=0.49,
P=0.000, r>=0.24), to the subjective rating of the hearing ability with CI
(r=0.26, P=0.027, r?=0.07) and to the sensed handicap (r=-0.37,
P=0.001, r2=0.14).

The sensed handicap before surgery correlated significantly to the
subjective hearing ability in noise with CI (r=-0.25, P=0.026, r>=0.06),
to the subjective localization ability with CI (r=-0.35, P=0.002, r?=0.12)
and to the sensed handicap with CI (r=0.68, P=0.000, r>=0.47).

A significant correlation was detected between the physical health
and the sensed handicap with CI outcome (r=-0.29, P=0.014, r>=0.09).
The mental health correlated to the subjective localization ability with
CI (r=0.39, P=0.002, r2=0.15) and to the sensed handicap with CI (r=-
0.38, P=0.001, r>=0.14).

Discussion

Overall, the novel tests which complement our current standard set
of tests yield consistent results that clearly reflect the improvements
our subjects experienced with their cochlear implant. The analysis of
the coefficient of determination enables us to identify some new fac-
tors with diagnostic evidence that could help in determining CI candi-
dacy. It must be borne in mind that we could not identify one single fac-
tor influencing CI performance that has complete explanatory power. CI
performance is still affected by several factors.

Demographic data and residual hearing

In our investigation, we found, as expected, some diagnostic evi-
dence that the duration of impaired hearing as well as the duration of
deafness in the speech perception tests with CI with short duration of
impaired hearing and deafness correspond to better performance.

The other investigated demographic factors did not contribute to
the CI outcome. Also, we found no diagnostic evidence concerning sub-
jective rating of CI.

For the residual hearing, especially at high frequencies, we detect-
ed a high diagnostic evidence for objective and subjective CI outcome.
Significant residual hearing in the high frequency range is only avail-
able in those patients whose hearing loss lies in the grey zone between
cochlear implant and hearing aid. The need for additional diagnostic
information is especially important in this area as these patients have
a significant residual hearing to lose. Therefore, we think that the diag-
nostic evidence of residual hearing is very promising.
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Text reception threshold test

In the control group, consistent results were found with low stan-
dard deviations. Therefore, we think that our implementation of the
test including our adaptations to Zekveld et al.' is suitable as an ini-
tial approach, although test-retest stability and age dependency remain
to be evaluated. The masking degrees obtained in the TRT-Test with
the CI candidates were lower than the results of the control group, but
the average age of the patients was clearly higher than that of the con-
trol group. Nevertheless, we detected diagnostic evidence of the TRT
test concerning postsurgical OLSA test outcomes with a CI with good
results in the TRT test corresponding to good results in the speech test
with CI, as also expected. This supports our hypothesis (also stated by
Zekveld et al.)! that certain prerequisites for speech recognition, such
as cognitive skills, linguistic skills and concentration, are at least part-
ly independent of intrinsic hearing and can thus be estimated by
means of a purely visual task. Therefore, we think that this test clearly
adds to the assessment of CI candidacy.

Speech perception aided with the master hearing aid

In our additional set of tests, the speech tests are conducted before
surgery using the Master Hearing Aid system, with which a convention-
al hearing aid is simulated. The main virtue of this approach is the
standardized, well-defined hearing aid algorithm and the (theoretical-
ly) optimal and standardized fitting, instead of various patients’ own
conventional hearing aids, ranging from cheap and old-fashioned
devices paid for by health insurance providers to up-to-date systems
with increased convenience for the individual patient. It was shown
that, even without familiarization time, the subjects’ performance with
a Master Hearing Aid system matched or even exceeded that achieved
when using their own hearing aid.

In particular, the adaptive OLSA test provided high diagnostic evi-
dence concerning speech tests with CI, again with good results in the
speech tests aided with the MHA system corresponding to good results
in the speech tests with CI, as expected. This test relates to residual
hearing. Before surgery, this test can be performed only on patients
whose hearing loss lies in the grey zone between hearing aid and CI
indication. There is a particular need for accurate prediction of CI out-
come in these patients because they may also benefit from a good hear-
ing aid, and the best hearing device for a given individual has to be
chosen with great care. In any case, if there is no residual hearing or
speech understanding, there is no decision to be made between a hear-
ing aid and a CI in any case. Thus, the evidence provided offers addi-
tional diagnostic information that is extremely useful for determining
CI candidacy, especially in this most challenging group of patients.

The aim in introducing the modulated ICRA5-250 noise is to mimic
everyday life situations more closely than with the unmodulated stan-
dard noise. Both noises are speech shaped, which means that they con-
sist of the same frequency range as speech. The modulated noise also
includes temporal characteristics of speech by mimicking speech mod-
ulations. With acoustic hearing, subjects usually perform better in this
modulated noise, as they are able to hear in the gaps and thus obtain
enough information to reconstruct the original sentences.!” In con-
trast, our CI subjects performed worse than in the unmodulated noise.
A possible explanation for this observation is that because of reduced
spectral resolutions, the current CI signal-processing strategies make
hardly any allowance for separate speakers operating over the same
frequency range. It follows that CI subjects experience difficulties in
distinguishing the speaker’s voice from the speech-shaped modulated
noise. This effect was also previously observed by Arlinger and
Gustafsson3! who found that the advantages normal-hearing subjects
can experience by hearing into the gaps in modulated noise were
reduced with ongoing hearing impairment. Qin and Oxenham?? tested
normal-hearing subjects by conducting simulations of CI signal pro-
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cessing. Here, processed and unprocessed speech stimuli are present-
ed and the results compared. Studies like these can possibly also con-
tribute to our understanding of hearing phenomena with CI. In this
study, too, the modulated noise was found to be beneficial compared
with the unmodulated noise for unprocessed speech stimuli, but this

benefit disappeared for the speech stimuli processed with the signal
processing of a typical cochlear implant.

Questionnaires

The questionnaires reflect well the development of hearing improve-
ment. Subjective hearing ability in quiet was generally better than abili-
ty in noise, and both variables, as well as subjective localization ability
and the total score, improved markedly from unaided hearing to hearing-
aid use to six months of CI use. Nevertheless, most subjects experienced
a floor effect with unaided subjective hearing abilities, thus yielding lit-
tle diagnostic evidence concerning the aided conditions.

What is striking is the evidences of the SES to the subsequent CI
outcome in speech tests and subjective improvement. Furthermore,
Niparko et a/.3 found in a multicenter study that language development
in children is highly dependent on household SES. One reason for this
influence could be that people of lower SES do not train their residual
hearing ability to its full potential because they are unable to afford a
sufficiently good hearing aid and have to rely on a simpler system paid
for by their health insurance provider.

Conclusions

These novel tests offer a more in-depth evaluation of our patients
than before and results confirm their usefulness. They showed highly
significant improvements, including speech perception under more
realistic conditions, as well as subjective improvements in hearing and
social life. The Master Hearing Aid system can be used for standardized
speech testing as all subjects were able to understand speech as well
as, or better than, when they used their own hearing aid, even without
a long period of familiarization. This makes it possible to carry out
more sophisticated speech tests before surgery, such as sentence tests
with different noises that were shown to predict subsequent perform-
ance with a CI. The innovative TRT test allows the linguistic compe-
tence of CI candidates to be assessed before surgery, and this also has
high diagnostic potential.

The reason for incorporating these tests into our routine clinical
practice is to utilize them for a later statistical model predicting the out-
come with a CI, so that the expected benefit from an implant can be com-
pared with that from a hearing aid. In this way, the most suitable hear-
ing device for a given individual can be chosen. Furthermore, an accu-
rate prediction model enables the subsequent fitting of the implant to be
evaluated and verified. The diagnostic evidence found between data
obtained before surgery and subsequent CI outcome show a promising
trend for this model, which is currently under development.
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