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Abstract

Objectives: To assess the subjective and objective perfor-
mance of the new fine structure processing strategy (FSP)
compared to the previous generation coding strategies CIS+
and HDCIS. Methods: Forty-six adults with a minimum of 6
months of cochlear implant experience were included. CIS+,
HDCIS and FSP were compared in speech perception tests in
noise, pitch scaling and questionnaires. The randomized
tests were performed acutely (interval 1) and again after 3
months of FSP experience (interval 3). The subjective evalu-
ationincluded questionnaire 1 atintervals 1 and 3, and ques-
tionnaire 2 at interval 2, 1 month after interval 1. Results:
Comparison between FSP and CIS+ showed that FSP per-
formed at least as well as CIS+ in all speech perception tests,
and outperformed CIS+in vowel and monosyllabic word dis-

crimination. Comparison between FSP and HDCIS showed
that both performed equally well in all speech perception
tests. Pitch scaling showed that FSP performed at least as
well as HDCIS. With FSP, sound quality was at least as good
and often better than with HDCIS. Conclusions: Results indi-
cate that FSP performs better than CIS+ in vowel and mono-
syllabic word understanding. Subjective evaluation demon-
strates strong user preferences for FSP when listening to

speech and music. Copyright © 2012 S. Karger AG, Basel

Introduction

A sound stimulus can be decomposed into amplitude,
frequency and phase signals using the Hilbert transform
[1]. Thus, we can regard a signal as being a constant am-
plitude, fine structure carrier, which is amplitude-mod-
ulated by an envelope signal. In speech and other acoustic
signals, the fine structure varies continuously and carries
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important information such as pitch and timbre. In nor-
mal hearing, the neural response to low frequencies re-
flects both the envelope and the fine structure informa-
tion of the signal, whereas in the neural response to high-
er frequencies beyond around 5 kHz, the envelope is
mainly represented [2].

In normal-hearing subjects, when presenting signals
that are limited to a number of independent channels as
used in cochlear implants (CIs) today, the primary infor-
mation carrier for (western) speech is the envelope,
whereas for music it is the fine structure [3, 4]. Smith et
al. [3] also found that interaural time delays in the fine
structure are more strongly determining perceived stim-
ulus site than interaural time delays in the envelope, al-
though the speech signal coded in the envelope still dom-
inates perception.

All continuous-interleaved-sampling (CIS) and n-of-
m-based coding strategies that have been in use in Cls
during the last 15-20 years rely mainly on envelope infor-
mation [5]. In general, users of these coding strategies
show good to very good speech perception in quiet, mod-
erate speech perception in noise and poor to moderate
music appreciation [6]. Specifically, the transmission of
tonal speech information, such as prosodic contour or
speaker gender, as well as music perception and apprecia-
tion is poor in CI users compared to normal-hearing lis-
teners [7-9].

Thus, the quintessential performance characteristics
of these coding strategies are in agreement with the re-
sults found by Smith et al. [3]. The observation that enve-
lope information alone is suitable for supporting very
good speech understanding but only moderate music ap-
preciation suggests that these strategies do not provide
sufficient fine structure information required for a better
performance in music perception.

This notion is supported by results from users of elec-
tric-acoustic stimulation (EAS), an approach to cochlear
implantation first described by von Ilberg et al. [10] that
has become widely accepted. In EAS, individuals with a
ski slope type hearing loss are treated by combining a CI
and a hearing aid in the same ear. The CI electrode is
shorter than usual and covers the cochlea only partially
and thus provides the mid- to high-frequency range. Low
frequencies are amplified by the hearing aid, given the
residual hearing could be preserved during CI surgery. In
individuals with little to no low-frequency hearing loss,
amplification may not be required at all. In contrast to
regular CI users, EAS recipients enjoy acoustic hearing in
the low frequencies, and thus have access to both enve-
lope and fine structure information.
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Results reported in users of EAS demonstrate im-
proved speech perception in noise and improved music
appreciation [11]. Therefore, EAS users perform better in
exactly those conditions where standard CI users experi-
ence the most difficulty. These results are in line with
Smith et al. [3], in that they further demonstrate how es-
sential the fine structure component is for sound percep-
tion. The major difference between EAS and regular CI
with complete cochlear coverage is the presence of fine
structure information in the low-frequency region.
Therefore, the results from EAS also suggest that im-
proved temporal coding in the low frequencies could en-
hance CI performance.

To improve the transmittance of fine structure infor-
mation, the fine structure processing (FSP) coding strat-
egy was developed by MED-EL (Innsbruck, Austria). FSP
is intended to better enable users to perceive pitch varia-
tions and timing details of sound. The FSP as well as the
HDCIS (high-definition CIS) coding strategies are avail-
able in the MED-EL OPUS 1 and OPUS 2 processors.

This paper reports and discusses the results of a multi-
centre clinical trial investigating the effect of the FSP
strategy on auditory perception in CI users compared
to the HDCIS and the CIS+ strategies available in the
TEMPO+ speech processor, the predecessor of the OPUS
audio processors. The objective of this study was to test
if the FSP strategy was superior or non-inferior to the
HDCIS strategy and if the FSP and HDCIS coding strat-
egies were superior or non-inferior to the CIS+ strategy.

Methods

Subjects

Forty-six adult subjects, who had received a PULSARCI'®® CI
unilaterally, were enrolled into the MED-EL fine structure clini-
cal trial (24 female, 22 male). They were recruited from 13 centres
across Germany. All subjects were postlingually deafened, except
for 1 subject who had an onset of progressive hearing loss at 2
years of age. However, we considered this subject to fulfil the in-
clusion criteria of postlingual deafness since the progressive hear-
ing loss allowed the use of natural hearing during the early stages
of speech and language development. Subjects had a minimum of
6 months of experience with the CIS+ coding strategy, and had to
score better than 40% on Freiburg monosyllables to be able to
complete the speech perception tests included in this study de-
sign. Aetiologies of hearing loss were: progressive (4), otosclerosis
(2), trauma (1), sudden hearing loss (1), noise trauma (1), NF2 (1),
Usher’s syndrome (1), viral infection (1), Méniére’s disease (1),
progressive hearing loss and flu infection (1), cholesteatoma (1),
middle ear infection (1), genetic (suspected, 1) and other (1). In 28
subjects, the aetiology was unknown. The subjects’ mean age at
hearing loss was 46 years (range: 2-71). Their mean age at implan-
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tation was 54 years (range: 20-76) and their mean age at testing
was 56 years (range: 20-77) with a mean CI experience of 1.4 years
(range: 7-31 months).

Subjects were required to have at least 10 active electrodes as
defined at the most recent fitting before the beginning of the
study. Five subjects had 10, 11 subjects had 11, and 30 subjects had
12 electrodes activated. Subjects were also required to have an
overall stimulation rate =15,600 pps for CIS+ with the TEMPO+
speech processor. Most comfortable loudness levels of active elec-
trodes had to be below compliance level.

Devices and Strategies

Subjects came into the study using their clinically fitted
TEMPO+ speech processor and were switched over to the OPUS
1 audio processor. The OPUS 1 allows either the slightly modified
CIS+ speech coding (HDCIS) or the new FSP coding strategy.
HDCIS operates equivalently to the CIS+ strategy in the
TEMPO+ speech processor [12]. Just like CIS+, HDCIS is an en-
velope-based strategy, where the envelope of the sound signal in
a certain frequency range is sampled, using a constant-rate pulse
train that bears no relationship to the temporal structure of the
sound signal. Thus, frequency is presented only using the place
cue, in other words, presented only via the location of the stimu-
lated electrode contact in the cochlea. Beyond the usual envelope
modulations in CIS-like strategies that mainly transmit funda-
mental frequency, the temporal fine structure of the sound signal
is not represented.

In contrast to fixed-rate envelope-based coding strategies like
HDCIS where the timing of stimulation is not an information car-
rier, FSP works in both time and place. The timing of stimulation
is used to code the temporal structure of the sound signal particu-
larly in the low- to mid-frequency range. This is achieved by using
channel-specific sampling sequences (CSSS) [13]. A CSSS is a se-
ries of stimulation pulses that is started at each positive-going ze-
ro-crossing in a channel’s band-pass filter output. In FSP, the
length of these sequences is related to the band-pass filter’s upper
corner frequency. Thus, the instantaneous repetition rate of these
sequences equals the instantaneous fine structure frequency of the
signal in the respective frequency range. In the FSP strategy, CSSS
is typically used on the lower (i.e. apical) 2-3 channels, which
means that depending on the band-pass filter arrangement, the
temporal fine structure is coded using CSSS for frequencies up to
300-500 Hz and the lower cut-off frequency is reduced from 250
Hz used for the CIS+ and HDCIS strategies [14] to between 70 and
100 Hz [14, 15] for FSP. For the current study, the clinical settings
in the fitting software for the lower cut-off frequency were used:
i.e. 100 Hz for FSP and 250 Hz for CIS+ and HDCIS.

On the remaining channels, tonotopic frequency coding is
achieved using ‘virtual channels’, which are pitch percepts that
are intermediate to the pitch percepts created by stimulating sin-
gle electrodes in isolation [16, 17]. Just like HDCIS, FSP uses band-
pass filters with a bell-shaped frequency response [18]. This allows
a smooth transition of stimulation from one electrode to the ad-
jacent apical or basal electrode as frequency decreases or increas-
es. As an example, stimulation amplitude on the more apical elec-
trode will decrease and stimulation amplitude on the more basal
electrode will increase, as input frequency increases. It was found
in a study by Nobbe et al. [18] that this filter design in conjunction
with sequential stimulation is as efficient in creating intermediate
pitches (and thus ‘virtual channels’) as simultaneous stimulation.

Fine Structure Processing Coding
Strategy in Experienced CI Users

Table 1. Overview of tests conducted for each coding strategy

CIS+ HDCIS FSP
(TEMPO+) (OPUS 1) (OPUS 1)

Speech tests (intervals 1 and 3) + + +

Questionnaire 1 (intervals 1 and 3) + +

Questionnaire 2 (interval 2) + +

Pitch scaling (intervals 1 and 3) + +
Study Design

All subjects were fitted with the OPUS 1 behind-the-ear audio
processor at the acute test interval (test interval 1). During test
interval 1, they were assessed using the CIS+ (TEMPO+), the
HDCIS (OPUS 1) and the FSP (OPUS 1) speech coding strategies
on sentences in noise, monosyllables in noise, and vowels in noise.
Subjects also completed a questionnaire (questionnaire 1). In this
questionnaire, the subjects compared the HDCIS and FSP strate-
gies on the OPUS 1, toggling between the two programmes to
make a comparative judgement. Finally, subjects completed a
pitch scaling test, comparing the HDCIS and FSP strategies on the
OPUS 1.

Subjects then wore the OPUS 1 audio processor using FSP. Af-
ter 1 month (test interval 2), they completed a postal question-
naire (questionnaire 2) comparing listening experience with the
OPUS 1 (FSP) to that with the TEMPO+ (CIS+). After 3 months
of OPUS 1 experience with FSP (test interval 3), which allowed
sufficient time for the subjects to become accustomed to the new
coding strategy, subjects returned to the clinic to be reassessed
using the same test protocol as for test interval 1 (see table 1 for
an overview of tests, coding strategies and test interval combina-
tions).

The study received all necessary ethics board approvals and
subjects signed an informed consent before their enrolment in the
study. Subjects were reimbursed for travel expenses and received
a compensation payment after finishing the study. If a subject de-
cided to prematurely terminate the study, then he/she received a
proportionate compensation payment.

Questionnaires

In questionnaire 1, subjects were asked to compare their hear-
ing impression of music and speech with the FSP and HDCIS
strategies, which were tested in a randomized order. The stimuli
were presented via headphones (Sennheiser HD570). Subjects lis-
tened to two pieces of music — a well-known German nursery
rhyme (‘Hédnschen klein’, same melody as ‘Little John’) and Mo-
zart’s ‘Little Night Music’ — as well as to a male-female dialogue
in quiet and in noise. Twenty-four questions were competitive on
a 5-step scale; these were included to test the hypothesis of FSP
being equal to or better than the HDCIS strategy. For the 5-step
scale questions, categories 3-5 were considered to be ‘equal to’ or
‘better than’. The analyses of these questions are shown on a per-
centage scale demonstrating the proportion of subjects scoring in
categories 3-5 in order to test the hypothesis. Questionnaire 1
furthermore included 6 questions on timbre of sound and pitch
of the voice. These questions were not of a competitive nature;
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their only purpose was to obtain an additional idea of the quality
of the different strategies, i.e. they were not used to measure the
efficacy of strategies.

In questionnaire 2, which was a postal questionnaire, subjects
were asked to retrospectively compare their hearing with the FSP
strategy (OPUS 1) to the hearing they had when using the CIS+
strategy (TEMPO+). The rationale behind administering ques-
tionnaire 2 after 1 month was based on the assumption that sub-
jects could still remember their experience with the TEMPO+
speech processor, i.e. with the CIS+ strategy, and could therefore
retrospectively answer competitive questions between FSP and
CIS+. It was furthermore expected that subjects would have had
sufficient time to adjust to the new coding strategy to give a rea-
sonable opinion about it. Questionnaire 2 consisted of 24 ques-
tions, with 18 questions of a competitive nature with a 5-step an-
swering scale ranging from ‘much better’ to ‘much worse’. The
other 6 questions (Q5, Q20-24) were descriptive measurements
about telephone use, music perception and music listening habits.
Individual questions from both questionnaires are included in
figure la—c and figure 2a-c.

Speech Perception Tests

For testing of speech perception, the OLSA sentence test [19-
21], the Freiburg monosyllable test [22], and a vowel test [23] were
used. The OLSA is a closed-set adaptive sentence test consisting
in total of 40 lists with 30 sentences each. The speech level was
constant at 70 dB SPL, and the noise level (OLSA noise) was varied
in order to determine the speech-to-noise ratio (SNR) that result-
ed in a 50% correct speech reception threshold for each individu-
al. The initial SNR was 10 dB in all subjects. One list of the OLSA
tests was administered in each condition. The SNRs used in the
vowel and monosyllable tests were determined from the results of
a training phase preceding all speech perception tests. In this
training phase, two lists of the OLSA test were administered, and
the speech reception threshold resulting from the second list was
used as the SNR in the vowel tests. The SNR used in the monosyl-
lable test was then determined by adding 10 dB to the SNR in the
vowel test. Two lists of monosyllables with 20 words each and 10
runs of the vowel test were performed in each condition. Speech
perception testing was carried out in free field with both the
speech and the noise presented from a loudspeaker at a distance
of 1 m from the subject’s head at 0° azimuth. The order of the
speech perception tests as well as of the coding strategies in all
tests was randomized.

Pitch Scaling

Pitch scaling was performed using pure tones with frequencies
between 110 and 1,245 Hz (110, 139, 156, 185, 220, 262, 311, 370,
440, 523, 622, 740, 880, 1,047, 1,245 Hz). The tones were 500 ms in
duration and had on- and off-ramps of 50 ms. Each stimulus in
the pitch scaling test consisted of a reference tone followed by a
test tone. The reference tone had a frequency of 370 Hz. The test
tone presented one of the above-mentioned frequencies (includ-
ing 370 Hz). The interval between the reference tone and the test
tone was 300 ms in duration.

Subjects were asked to indicate the magnitude of the difference
in pitch between the reference tone and the test tone on an open
scale, which did not provide any units or end points. Rather, each
subject could establish his/her own numerical units and end
points. The middle of the scale was marked with the digit 0 (zero).
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Subjects were asked to allocate negative pitch differences (i.e.
stimuli where the pitch of the test tone was lower than the pitch
of the reference tone) left of the middle, and positive pitch differ-
ences right of the middle.

Six runs, each consisting of one complete set of test tone fre-
quencies, were performed for the FSP and the HDCIS coding
strategies. Thus, for each coding strategy, each test tone frequen-
cy was presented 6 times. The order of test tone frequencies was
randomized in each run and the order of coding strategies was
randomized across runs.

The tones were presented at a comfortable loudness level via
headphones. The headphones used (Sennheiser HD570) were big
enough to completely and tightly enclose the behind-the-ear pro-
cessors. In order to eliminate the effect of loudness on pitch, all
tones were balanced in loudness prior to pitch scaling. A paired
comparison procedure was applied whereby the level of each test
stimulus was adjusted to produce equal loudness to the reference
stimulus. The resulting levels were used without roving through-
out the scaling. Some of the test tone frequencies are below the
lower frequency range limit used in the HDCIS strategy (250 Hz,
see above) so that the level of these test tones needed to be in-
creased considerably in order to produce equal loudness to the
reference tone. In order to account for this, an audibility criterion
was defined; if the level of the test tone of a certain frequency was
larger than the level of the reference tone by more than 15 dB, then
that frequency was considered inaudible and was not included in
the pitch scaling.

Statistical Analysis

Quantitative data are expressed as median or mean, with ei-
ther range (minimum and maximum) or standard deviation.
Qualitative data are presented as absolute and relative frequen-
cies. Quantitative data were checked for normal distribution us-
ing the Kolmogorov-Smirnov test.

For the statistical analysis of pitch scaling test results, the
open scale of each subject was transformed into a normalized
scale to make the pitch scaling comparable between subjects and
coding strategies. Normalization was performed by dividing
each pitch judgement by the maximum absolute number used by
the subject in the scaling. After normalization for each subject,
mean pitch judgements and standard deviation values were cal-
culated from the 6 judgements for each test tone frequency and
coding strategy. To characterize pitch scaling as a function of
coding strategy in each subject, the audible frequency range and
the perceived pitch range were calculated for each coding strat-
egy. The audible frequency range is the distance in hertz between
the lowest test tone frequency and the highest test tone frequency
used with a certain coding strategy in the test. Thus, the audible
frequency range is the complete frequency range used in the test
(110-1,245 Hz) minus those frequencies that were found to be

Fig. 1. a Results of questionnaire 1 at test interval 3: questions re-
lating to music, melody, singing voice and instruments. b Results
of questionnaire 1 at test interval 3: questions relating to voice
quality, male/female voices and dialogue in background noise.
c Results of questionnaire 1 at test interval 3: questions relating to
timbre and pitch.
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Q1: Music Mozart - overall hearing impression

Q3: Music Mozart — melody recognition

Q4: Music Mozart - instrument/singing voice recognition
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Q20: Dialogue - understanding of the female voice (auditory example)
Q22: Dialogue with background noise - the quality of a female voice
Q23: Dialogue with background noise - the quality of a male voice
Q26: Dialogue with background noise - female speech melody

Q27: Dialogue with background noise — male speech melody

Q28: Dialogue with background noise - male voice

Q29: Dialogue with background noise - female voice

Q30: Dialogue with background noise - the background sound

How do you judge FSP in comparison to HDCIS?
[ FSPis equal or better [ FSP is worse

40 50 60 70
Percentage

o
_
o
Nl
o
w
o
(o]
o

920

-
o -
o

Q2: Music Mozart - timbre of sound

Q7: Music Children’s song — timbre of sound

Q15: Dialogue - the female pitch

Q16: Dialogue - the male pitch
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How do you judge FSP in comparison to CIS+?

W FSP is equal or better [ FSP is worse

Q1: Speech understanding in quiet — female voice

Q2: Speech understanding in quiet — male voice

Q3: Speech understanding in background noise - male voice
Q4: Speech understanding in background noise — female voice
Q10: Speech understanding in a group situation — male voice
Q11: Speech understanding in a group situation - female voice
Q12: Speech understanding when watching TV

Q13: Speech understanding when listening to the car radio

Q14: Speech understanding when listening to passengers in the car

a Percentage

How do you judge FSP in comparison to CIS+?

I FSPis equal or better [ FSP is worse

Q15: Listening to music - known music

Q16: Listening to music — unknown music
Q17: Melody - known music

Q18: Single musical instrument - known music

Q19: Naturalness of sounds

b Percentage

How do you judge FSP in comparison to CIS+?

I FSPis equal or better [ FSP is worse

Q6: Speech understanding on the phone - known male voice
Q7: Speech understanding on the phone - unknown male voice
Q8: Speech understanding on the phone - known female voice

Q9: Speech understanding on the phone — unknown female voice

C Percentage

Fig. 2. a Results of questionnaire 2 at test interval 2: questions relating to speech understanding in quiet, back-
ground noise and group situations. b Results of questionnaire 2 at test interval 2: questions relating to music
listening, melody and naturalness of sounds. ¢ Results of questionnaire 2 at test interval 2: questions relating to
speech understanding (male/female voices) when using the telephone.
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inaudible in the loudness balancing procedure. The perceived
pitch range is the difference between the highest normalized
pitch judgement and the lowest normalized pitch judgement for
a certain coding strategy.

Two different statistical tests were applied to show both supe-
riority and non-inferiority according to the study design. The
methodology is described in the following two paragraphs.

Effects of coding strategy on speech perception and pitch scal-
ing were assessed using the Sasabuchi test or the Schuirmann test
[24] to show non-inferiority of FSP versus HDCIS and non-infe-
riority of FSP and HDCIS versus CIS+. When the Kolmogorov-
Smirnov tests showed that data were normally distributed, the
‘ratio of means’ design, Sasabuchi tests and relative test bounds of
8 = 0.8 were chosen. When the Kolmogorov-Smirnov tests indi-
cated that data were not normally distributed, the ‘difference of
means log scale’ design, Schuirmann tests and relative test bounds
of & = 0.8 were chosen.

To test superiority of FSP versus HDCIS and superiority of FSP
and HDCIS versus CIS+ paired sample t tests or Wilcoxon signed-
rank tests were used. Whether parametric (paired t test) or non-
parametric (Wilcoxon signed-rank test) tests were used depended
on the results of normality testing using Kolmogorov-Smirnov
tests.

Effects of coding strategy on hearing quality as tested using
questionnaires 1 and 2 were assessed using the binomial test to
compare the frequency distributions between FSP and HDCIS.

In all statistical tests, significance was defined as p < 0.05.
Equiv Test™ 1.0 (Cork, Ireland, http//www.statsol.ie) was used for
all non-inferiority testing. Non-inferiority testing was conducted
by the Institute of Medical Statistics, Informatics, and Health
Economics of the Medical University of Innsbruck. SPSS for Win-
dows 14.0 (Chicago, I11., USA, http//www.spss.com) was used for
all other analyses.

Results

Hearing Quality

Results for questionnaires 1 and 2 are shown in figure
la—c and figure 2a-c. In each graph, the content of the
questions is indicated on the vertical axis or in the title of
the graph. Questionnaire 1 was completed at both, test
interval 1 (acute fitting) and test interval 3 (after 3 months
of FSP use). Data reported on are from test interval 3, as
these would more realistically reflect hearing quality
judgements, following some device experience.

Relative frequencies for 23 of the 24 competitive as-
sessment questions of questionnaire 1 are shown in figure
la and b. One question was not included in figure 1a and
b as 97.8% of responses were missing. With respect to mu-
sic, depending on the question and the music being pre-
sented (see Methods for details), 64.4-91.1% of the sub-
jects rated the FSP strategy to be better than or equal to
HDCIS. With respect to speech, again depending on the
sound sample being used, 66.7-84.1% of the subjects rat-

Fine Structure Processing Coding
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ed FSP to be better than or equal to HDCIS. On all ques-
tions, binomial tests showed that the proportion of sub-
jects who have judged FSP = HDCIS was significantly
higher than (or in some cases at least equal to) the propor-
tion of subjects who preferred HDCIS (p < 0.05).

Results of the 6 questions on timbre of sound and pitch
of the voice are shown in figure 1c. For these questions,
the originally German answer categories are shown in
English. However, please note that there is no clear trans-
lation of the German answer categories ‘dunkel’ (‘viel
dunkler’ and ‘dunkler’) and ‘hell’ (‘viel heller’ und ‘hell-
er’). Both Langenscheidt’s dictionary (eWorterbiicher 4.0,
Revision 14, http://www.langenscheidt.de) and the LEO
dictionary (http://dict.leo.org/) translate the term ‘dun-
kel’ as ‘dark’, ‘deep’ and ‘dull’ and the term ‘hell’ as
‘bright’, ‘light’” and ‘clear’. We decided to use the transla-
tion ‘dark’ for ‘dunkel’ and ‘bright’ for ‘hell’. For these
questions on timbre and pitch, it could not be defined if
a brighter sound was to be preferred over a darker sound
and vice versa. These questions were not of a competitive
nature and were thus only included to obtain an addi-
tional idea of the quality of the different strategies. Across
all questions, more subjects found FSP to sound brighter
and clearer than HDCIS than there were subjects finding
ESP to sound darker and ‘more dull’.

After 1 month of at-home experience, subjects com-
pleted a postal questionnaire (questionnaire 2), which
asked them to compare listening experiences with the
OPUS 1 to those with the TEMPO+. All subjects returned
this questionnaire. Some results of questionnaire 2 are
shown in figure 2a-c. The open question noting different
music styles subjects listened to is not depicted in these
graphs as it presents no valuable information in regard to
the upgrade to the new FSP coding strategy. With respect
to speech understanding (fig. 2a), depending on the ques-
tion, 82.2-93.3% of the subjects rated FSP = CIS+. For
questions relating to music (fig. 2b), 90.9-93.3% of the
subjects rated FSP = CIS+. Binomial tests on all com-
petitive assessment questions showed that the proportion
of subjects who judged FSP = CIS+ was significantly
higher than the proportion of subjects who preferred
CIS+ (p < 0.001).

Telephone Use

Thirteen subjects did not use the telephone; as a result,
33 (71.7%) subjects answered questions about telephone
use. As this subgroup is not a representative sample of all
study participants, these questions were only analysed
descriptively. On average, subjects preferred FSP over
CIS+ on all telephone use questions (fig. 2¢). 84.8% of the
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Fig. 3. Mean pitch scaling values as a function of frequency. The line with the circles shows pitch scaling for
HDCIS, whereas the line with the triangles shows pitch scaling for FSP. Where the line is shown dashed, the
frequency range is not applicable to all subjects. With HDCIS, 8 subjects could recognize tones down to 220 Hz,
for 37 subjects the lowest frequency was 262 Hz. With FSP, for 7 subjects the lowest frequency was 110 Hz and
5 subjects could perceive the difference between tones down to 139 Hz. For the majority of the subjects (33) 185
Hz was the lowest frequency. Error bars represent standard deviations of the pitch range.

subjects reported that they understood a known male
communication partner as well or better with FSP in
comparison to CIS+ (worse: 15.2%). 81.5% of the subjects
reported that they understood an unknown male com-
munication partner as well or better with FSP in com-
parison to CIS+ (worse: 18.5%). 87.5% of the subjects re-
ported that they understood a known female communi-
cation partner as well or better with FSP in comparison
to CIS+ (worse: 12.5%). 74.1% of the subjects reported that
they understood an unknown female communication
partner better or much better with FSP in comparison to
CIS+ (worse: 25.9%).

Music Listening

36.4% of the subjects listened to music on a daily basis,
and 45.4% listened to music 1-2 times a week. Music with
the OPUS 1 sounded natural and pleasant for 39.1% of the
subjects, 52.2% reported that music sounded unnatural
but still pleasant; while 8.7% reported that music sounds
unnatural and unpleasant to them.

64.4% of the subjects reported that music sounds
‘broad’, “full’, ‘resonant’ and ‘complete’ (translation of
‘voll” from http://dict.leo.org/) with FSP in comparison to
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CIS+ (equal: 20%, worse: 15.5%). 48.9% of the subjects
reported that they perceived the timbre of music to be
‘brighter” with FSP in comparison to CIS+ (equal: 26.7%,
‘darker’ 24.4%).

Pitch Scaling

Again, data reported here were from test interval 3, as
these more realistically reflect pitch-scaling judgements,
following some device experience. Applying the audibil-
ity criterion mentioned above (see Methods section), the
lowest perceivable frequency was lower using FSP (110
Hz) in comparison to the lowest frequency when using
HDCIS (220 Hz) (fig. 3). There was no difference in audi-
bility for the highest tested frequency. In the range of per-
ceivable frequencies, both strategies produced increasing
pitch with increasing frequency. The mean audible fre-
quency range was higher with FSP (1,076.8 £ 29.1 Hz)
than with HDCIS (990.5 £ 16.2 Hz). A Schuirmann test
confirmed non-inferiority at a significant level (p <
0.001). A Wilcoxon signed-rank test revealed a statisti-
cally significant difference in median test results between
the two groups (p < 0.001), indicating that subjects could
hear a wider range of frequencies with the FSP strategy.
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Fig. 4. Speech perception scores at test interval 3. Subjects were tested with the OLSA, Freiburg monosyllable
and vowel tests using the FSP, HDCIS and CIS+ coding strategies.

The mean perceivable pitch range was higher with FSP
(115.8 * 47.1) than with HDCIS (78.2 £ 38.2). Non-in-
feriority of FSP was demonstrated (p < 0.001) and a
paired t test showed a statistically significant difference
in mean test results between the two coding strategies
(p =< 0.001). This indicates that with the FSP strategy,
subjects could perceive a significantly larger range of
pitches than with HDCIS. Further analysis showed that
this was due to differences at the lower pitch end. The
mean lowest pitch score was lower with FSP (-52.8 *
19.6) than with HDCIS (-18.6 £ 17.3). Again, non-infe-
riority was demonstrated (p < 0.001), and a Wilcoxon
signed-rank test revealed a statistically significant differ-
ence in mean test results between the two strategies (p <
0.001). The mean highest pitch scores were 74.0 + 15.2
for FSP and 71.7 £ 11.4 for HDCIS. Non-inferiority was
shown (p =< 0.001), whereas a Wilcoxon signed-rank test
revealed no statistically significant difference in mean
test results between the two strategies (p = 0.111).

Speech Perception Testing
Data of speech perception tests are shown in figure 4.
Data were analysed for test interval 3 (3 months’ device

Fine Structure Processing Coding
Strategy in Experienced CI Users

experience), as this was the defined end point of the clin-
ical investigation, showing data with some device experi-
ence.

At test interval 3, vowel scores were similar for FSP
(64.4 * 10.9%) and HDCIS (65.4 £12.5%) [p < 0.001
(non-inferiority) and p = 0.577 (superiority)]. Those for
ESP were significantly higher than those for CIS+ (59.6
+ 11.2%) [p =< 0.001 (non-inferiority) and p = 0.007
(paired t test — superiority)]. HDCIS vowel scores were
significantly higher than CIS+ scores (p = 0.001). Mono-
syllable scores showed the same behaviour for FSP and
HDCIS [FSP: 44.8 £ 19.03%; HDCIS: 42.3 * 18.8%;
p < 0.001 (non-inferiority) and p = 0.139 (superiority)]
and were also significantly higher for FSP than for CIS+
(389 = 17.8%) [p = 0.001 (non-inferiority) and p <
0.001 (paired t test — superiority)]. HDCIS monosyllable
scores were significantly higher than CIS+ scores (p =
0.008). In the OLSA test, speech reception thresholds
were slightly lower for FSP (3.0 £ 6.7 dB) and HDCIS
(2.9 = 7.0 dB) than for CIS+ (3.4 * 7.7 dB); however,
none of these differences was statistically significant
(fig. 4).
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Discussion

Before discussing the results, it should be noted here
that although the OPUS 1 audio processor was used in the
study (as this was the only audio processor available at
study start), the results can be extrapolated to the OPUS
2 audio processor, as the FSP and HDCIS coding strate-
gies are identically implemented in both processors.

Furthermore, it is to note that all tests used in this
study were based on the German language which might
raise the question about the applicability of our results in
regard to CI patients speaking different languages, such
as English. When extrapolating speech test results of
German-speaking CI users to languages with radically
different sound systems or phonetic structures, such as
some African languages, which use an egressive air-
stream for the production of their typical click sounds
[25], or many tonal languages (e.g. Mandarin), in which
pitch changes are used to change word meaning, difficul-
ties might occur as these linguistic devices are not found
in German. In contrast, the English language, for exam-
ple, has strong similarities in the consonant and vowel
systems (e.g. German: 15 vowels and 3 diphthongs, and
English: 12 vowels and 5 diphthongs) [26, 27] as well as in
the use of tense and lax vowels. This strong overlap be-
tween the phonetic inventories of English and German
means that listeners in both languages have access to
highly similar phonetic cues. This allows the conclusion
that speech data from one language can also be applied
to the other language, i.e. our research results are also ap-
plicable to English-speaking CI users as well as CI users
of various different languages.

The Effects of Coding Strategy on Hearing Quality

For the 5-step scale questions of questionnaire 1, cat-
egories 3-5 were considered to be ‘equal to’ or ‘better
than’ - a significantly higher proportion of subjects fell
within this category range (fig. 1a, b), indicating that the
FSP strategy provides an equal or better listening percept
on a subjective level in a number of listening conditions.
Statistical analysis showed that, for all questions, the pro-
portion of subjects judging FSP to be equal to, or better
than, HDCIS was significantly larger than the proportion
of subjects rating HDCIS better. This type of analysis is
important to provide a more subjective overview of lis-
tening experiences during daily listening activities. FSP
is designed to provide the listener with a better music per-
cept due to the additional access to lower pitch and fre-
quency, and this is indeed reflected in the outcomes of the
questionnaire.
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The other 6 questions (questions 2, 7, 15, 16, 24 and 25;
tig. 1c) turned out to be more difficult to interpret. Most-
ly they were related to the perception of timbre. The
choice options could be best translated as preferring ei-
ther a ‘darker’ sound or a ‘brighter’ sound when relating
to ‘Klangfarbe’ or sound colour. Although there is no di-
rect English translation, ‘Klangfarbe’ might best be de-
scribed as ‘timbre’. Among the group analysing the data,
there was much discussion (and variance) as to the mean-
ing of the outcomes on this portion of the survey. Some
expected a ‘darker’ sound to be richer, conveying more
low-frequency information and were thus surprised by
the outcome with a trend towards ‘brighter’ sound. Oth-
ers thought that ‘brighter’ might translate to clearer, bet-
ter listening, as this could be seen as a more positive word
than ‘darker’. In the end, it was agreed that the authors
should not overinterpret these results, as it is difficult to
assess what the subjects really intended to report, given
that we have differences in opinion on this. The respons-
es to these questions provide qualitative information re-
garding perception of sound and were thus not used to
test any hypothesis.

All 6 questions about telephone use, music perception
and music listening preferences in questionnaire 2 were
analysed separately from its remaining 18 competitive
questions. The relative frequency analysis on the com-
petitive questions regarding speech and music shows that
the preference for the FSP coding strategy was signifi-
cantly greater than for CIS+ (fig. 2a, b). 83.9% of the sub-
jects listened to music at least once or twice a week, if not
every day, which is in contrast to research by Veekmans
etal. [28] on CIS+ users — where only 17% of 23 users lis-
tened to music at all. A surprisingly large number (39.1%)
reported music to sound both natural and pleasant. This
contrasts Veekmans’ CIS+ data, where 63% noted that
music was ‘pleasant noise without melody’, and suggests
that providing fine structure elements to the coding strat-
egy allows users to now perceive music as more pleasant
and natural, and perhaps more ‘music-like’. This is sup-
ported by the fact that subjects found music to sound
‘fuller’ and ‘brighter” with FSP. The questions regarding
telephone use were descriptively analysed since not all
(71.7%) subjects reported using the telephone. A large
number of subjects did use the telephone to some degree
(71.7%), which reflects the same experience in a study by
Anderson et al. [29], where 71% of respondents reported
using the telephone after receiving their CI. FSP may
bring about better understanding, as in the current study,
there were improvements on understanding of familiar
(male: 84%, female: 87%) and unfamiliar speakers (male:
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81%, female: 74%). This is in comparison to the Anderson
study, where 65% understood familiar speakers and 46%
unfamiliar speakers well. Of those who used the tele-
phone, most showed a preference for the FSP coding
strategy (fig. 2¢).

All in all, the results of the questionnaires 1 and 2
indicate that most subjects found FSP to perform equal
to, or better than, CIS+ with a large variety of sound
signals and in a large variety of environments. In no
question did FSP perform worse than HDCIS. The re-
sults regarding music are of particular interest since
ESP is designed to provide better frequency information
in the low frequencies. These results suggest that in con-
trast to earlier assessments of music appreciation with a
CI [30, 31], FSP coding, which provides more informa-
tion on pitch frequency and possibly - depending on the
sound - also on the first few harmonics, may enhance
the music listening experience. This is verified by the
large number of subjects who reported that even though
music might sound unnatural (which can be expected),
it still sounds pleasant — suggesting access to the fine
structure of sound, over and above the envelope of
sound, has somewhat improved the music listening ex-
perience. In all, 91% of subjects reported that after using
FSP, music is now pleasant to listen to with their CI, ex-
ceeding by far the numbers reached with CIS, ACE and
SPEAK as reported in a study by Brockmeier et al. [32].
More recent studies confirm our results of an improved
music perception. Arnoldner et al. [14] investigated
speech and music perception in 14 postlingually deaf-
ened adults und used the MED-EL MUSIC test to assess
specific musical skills and subjective judgements. Re-
sults showed that subjects performed better with the
OPUS processor using FSP compared to the TEMPO+
using CIS in 2 out of 3 tests (rhythm and number of in-
struments). Similarly, Lorens and his research group
[33] tested 60 children using a visual analogue scale to
assess user satisfaction regarding music stimuli. In
the visual analogue scale at interval II (3—-4 months of
HDCIS experience only, none with FSP) subjects rated
FSP better than CIS+ by 27.1%, HDCIS better than CIS+
by 31.5% and no significant difference between FSP and
HDCIS. At interval III (3-4 months of FSP experience
only), subjects rated FSP better than CIS+ by 32.4%,
HDCIS better than CIS+ by 22.3% and again no signif-
icant differences between HDCIS and FSP. Thus, we can
conclude that our outcomes in adults also concur with
findings in children.

Fine Structure Processing Coding
Strategy in Experienced CI Users

The Effects of Coding Strategy on Pitch Scaling

The results from the questionnaires are complement-
ed by the results of the pitch scaling experiments. With
the FSP strategy, pitch scaling showed a significantly
greater access to lower frequencies (lowest audible fre-
quency for FSP: 110 Hz vs. for HDCIS: 220 Hz) and a sig-
nificantly lower pitch percept (lowest perceived pitch for
FSP: -58.1 vs. -12.8 for HDCIS) (fig. 3). This difference of
pitch scaling results between FSP and HDCIS/CIS+ cod-
ing strategies cannot only be attributed to the fine struc-
ture processing but also to the lower cut-off frequency for
ESP at 100 Hz compared to 250 Hz for CIS+ and HDCIS
strategies. As expected, no significant difference in au-
dible frequency or perceived pitch was found at the upper
end of the tested frequency range. Here, no technical dif-
ference exists between FSP and HDCIS, i.e. both strate-
gies provide envelope information only, so that no differ-
ence was to be expected.

Thus, the results show that the FSP strategy provides
the listener with better pure-tone hearing for frequencies
lower than 220 Hz indicating that the FSP strategy meets
its principal design goal, i.e. better frequency coding in
the lower frequencies. This obviously gives the listener
greater access to pitch which could provide better access
to the fundamental frequency (FO0). Better FO could im-
prove speech perception in a variety of listening condi-
tions and improve access to music via melody recogni-
tion, which is in line with the results of the questionnaires
discussed above. Interestingly, however, an experiment
by Krenmayr et al. [34], in which they compared two dit-
ferent fine structure strategies, demonstrated that the
pitch of a stimulus does not only depend on its FO but also
on the presentation of acoustic properties in stimulation
patterns. They furthermore concluded that fine structure
enables CI users to perceive lower pitches than purely en-
veloped-based coding strategies such as CIS/CIS+.

The Effects of Coding Strategy on Speech Perception

Results showed that subjects performed similarly with
FSP and HDCIS but significantly better with FSP and
HDCIS than with CIS+ on vowels and monosyllables (ta-
bles 2 and 3). Improved vowel and monosyllabic word
scores support the claim suggested by results of the ques-
tionnaires (see above) that FSP may indeed provide better
everyday listening outcomes for users than the CIS+
strategy. Our improved speech perception results in qui-
et are in line with multiple other studies showing a ben-
efit of FSP in speech understanding in children and adults
(14, 33, 35-37]. However, whereas sentence perception in
noise was not significantly different with FSP and HDCIS
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Table 2. Results for speech understanding scores (vowels, monosyllables, OLSA adaptive sentences in noise) at 3-month test intervals

(test interval 3)

Speech understanding at test interval 3

vowels monosyllables OLSA

ESP HDCIS  CIS+ EFSP HDCIS  CIS+ FSP HDCIS  CIS+
Mean 64.40 65.38 59.62 45.00 42.78 38.94 2.95 2.86 3.26
Median 64.00 65.00 61.00 45.00 45.00 37.50 1.50 2.10 1.60
Standard deviation 10.85 12.53 11.15 18.85 18.90 17.78 6.71 6.98 7.65
Minimum 46.00 33.00 33.00 7.50 7.50 7.50 -7.30 -7.60 -8.20
Maximum 88.00 99.00 90.00 82.50 85.00 77.50 20.30 19.60 25.00

Table 3. Results for speech understanding scores (vowels, mono-
syllables, OLSA adaptive sentences in noise) at test interval 3: p
values

Test Non-inferiority and FSPvs.  FSPvs.
superiority of FSP HDCIS CIS+
Vowels Non-inferiority of FSP <0.001* <0.001*
Superiority of FSP 0.577 0.007*
Monosyllables Non-inferiority of FSP <0.001* <0.001*
Superiority of FSP 0.139  <0.001*
OLSA Non-inferiority of FSP <0.001* <0.001*
Superiority of FSP 0.734 0.330

* p < 0.05: results indicating statistical significance.

from CIS+ in our study, study outcomes by Vermeire et
al. [37] as well as other research groups [14, 33, 36] dem-
onstrated statistically significant improvement of speech
understanding in noise with FSP compared to the CIS or
CIS+ coding strategy. It is to note, however, that the fol-
low-up time in both Vermeire’s [37] and Riss’ [36] studies
was 12 months, which indicates that subjects might need
more time to get fully accustomed to the FSP coding
strategy and to learn to use the cues that are available
with FSP to greater benefit in speech understanding in
noise.

Interestingly, the HDCIS speech perception test re-
sults in our study were quite similar to those of the FSP
coding strategy. When considering the results from ques-
tionnaire 1 (comparing FSP and HDCIS, with a signifi-
cant preference for FSP) and questionnaire 2 (comparing
ESP and CIS+, with a significant preference for FSP), this
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comes as a surprise considering that CIS+ and HDCIS are
essentially the same coding strategy. Perhaps speech per-
ception measures are not sensitive enough to the changes
that come with increased lower frequencies. This could
suggest that there are subtle changes that affect everyday
listening that cannot be measured in a laboratory setting
and suggests that the development of improved test meth-
ods is important. In addition, these results may again in-
dicate that subjects need a longer follow-up time with FSP
in order to get used to this coding strategy and to show
greater differences between FSP and previous coding
strategies.

Conclusions

Results from this clinical study demonstrate that us-
ers of FSP as implemented in the OPUS processor per-
formed as well or even better when compared to their
scores with CIS+ or HDCIS. These results also show that
CIS users should have no decrement in performance
when they transition to the FSP coding strategy. Subjects
performed significantly better on vowel and monosyl-
labic word perception tests with the OPUS processor
than with the TEMPO+. The study demonstrated a sig-
nificantly lower pitch perception and significant user
preference for FSP in questionnaire 2. Coupled with im-
proved rating of music appreciation as well as finding
regular music listening habits among subjects, these re-
sults not only suggest the superiority of the new FSP cod-
ing strategy, but also indicate that the addition of the
time code in FSP does indeed offer an important new
direction in overcoming the limitations of traditional CI
coding strategies.
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