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Cochlear implant (CI) recipients face great challenges in speech-in-noise recognition, partially due to the fact that
only temporal envelopes from a limited number of bands are preserved in most CI signal processing strategies. In
“n-of-m” strategies (e.g., the Advanced Combinational Encoder, ACE), the number of maxima () and elec-
trical dynamic range (EDR) are two essential parameters that may affect the envelope representation and further
influence speech perception. Speech recognition can be improved by optimizing parameter settings in CI pro-
gramming. To investigate the effects of nyq, and EDR on speech-in-noise perception, Mandarin speech reception
thresholds (SRTs) in babble noise were measured in CI recipients using ACE. The npyq, was set to 2, 4, 6, 8, and
16. The EDR was set to the base EDR (i.e., participants’ clinical EDR) and 50 % EDR (i.e., 50 %-compressed base
EDR). Results showed that: 1) there was no significant interaction effect between npq, and EDR, 2) SRTs with
Nmax = 2, 4, and 16 were significantly higher (or worse) than those with moderate npqy (6-8), 3) narrower EDRs
significantly lead to higher SRTs. Simulation experiments using a Gaussian-Enveloped Tones Vocoder in normal-
hearing listeners were also conducted and provided both supportive and additional observations to the CI results.
This study suggests that, in CI programming, nyqx and EDR are two independent influencing factors. Large npqx
(e.g., 16) is not recommended as it may harm speech intelligibility in noisy environments, and inaccurate EDR
measurements should be avoided.

1. Introduction number of bands, and deliver the further compressed and quantified

envelopes by the amplitude modulation of electric current pulse trains.

Hearing loss, a common sensory disorder, has become a global health
problem due to its increasing prevalence and adverse impact on quality
of life. According to the World Health Organization, 60.5 million people
worldwide suffer from severe or higher grades of hearing loss [1].
Cochlear implants (Cls) are the most successful sensory neuroprosthesis,
having restored functional hearing to 1 million people with severe-to-
profound sensorineural hearing loss [2]. Sound coding strategies
enable CIs to replace the normal cochlea and perform acoustic-electric
conversions to directly stimulate the auditory nerve. Most current CI
sound coding strategies extract temporal envelopes from a limited

As a result, CIs provides only coarse spectral information. Due to the
high redundancy of speech, many CI users reach close-to-normal speech
intelligibility in quiet environments [3,4]. However, they exhibit
considerable difficulty understanding speech in noisy environments
[5,6], which is detrimental to their quality of life.

Improving speech understanding in noise is often the top priority for
Cl recipients and there are two available signal processing approaches to
tackle the noise issue. Firstly, an intuitive approach is developing pre-
processing speech enhancement algorithms to increase signal-to-noise
ratio (SNR) before the core CI strategy processing. These include
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single-channel noise reduction and multi-microphone processing for
spatial filtering (i.e., “directional microphones” or ‘“beamformers”)
[7,8]. In various biomedical engineering applications, in order to
improve the SNR, a large variety of filters have been applied to extract
signals hidden in noise or reduce noise [9,10]. Secondly, the core CI
strategy could also be improved by parameter modification or novel
signal processing design to enlarge the acoustic cue differences between
signal and noise in the electric stimuli [11,12]. This is inspired by the
fact in normal-hearing (NH) people that acoustic cue differences in voice
characteristics and spatial locations between signal and noise can lead to
significant masking release in noisy environments. Our study belongs to
the second type and is concerned with the effects of two parameters on
the speech-in-noise perception of CI users.

Signal coding strategy is the core of CIs to achieve acoustic-electric
conversion, determining the output signal expression. The most
typical CI strategy, i.e., the Continuous Interleaved Sampling (CIS)
strategy, is purely based on temporal envelopes, and has all channels
(electrodes) active with stimulation in each processing frame, while “n-
of-m” strategies dynamically pick n channels with the highest energy for
stimulation in each frame from all m physically available ones. The
number of maxima (1, i.€., n) is equal to m in CIS and smaller than m
in “n-of-m” strategies. For example, a default setting of 8-0f-22 is used in
the Advanced Combinational Encoder (ACE) strategy, implemented in
the Nucleus® CI systems (Cochlear Limited, Australia) [13]. “n-of-m”
strategies were proposed to enable faster stimulation rate, reduce inter-
channel interaction, and increase battery life [14]. Previous research
suggests that most subjects have optimal speech recognition perfor-
mance when npg. is at least 9 [14,15]. However, it remains to be
investigated whether a larger npmqy is beneficial to provide sufficient
detail for a speech signal embedded in competing noise.

Electrical dynamic range (EDR) is another parameter in all contem-
porary CI strategies that can affect the temporal envelope expression.
EDR is defined as the difference between the CI user’s perceptual
threshold level (T level) and most comfortable level (C level) for elec-
trical stimulation. The acoustic envelope amplitude is mapped to an
electrical pulse amplitude using a loudness growth function in CI sound
coding strategies [16,17]. The pulse amplitude is related to the loudness
of the sound, i.e., increasing the current amplitude results in a louder
sound percept. In most clinical fittings, the EDRs are comparable among
electrodes for individual ears but variable among ears. Wider EDRs lead
to deeper modulation both in the spectral and temporal envelopes.

Both parameters of npg, and EDR have influences on the electric
representation of spectral modulation in the ACE stimuli. To the best of
our knowledge, the possible joint or interactive effects of n;;q, and EDR
on speech-in-noise perception have not been studied yet. This study aims
at investigating the effect of n,q, and EDR on speech-in-noise perception
for CI users. Within-subject experiments were conducted with actual CI
users using Cochlear 1td devices and with simulated CI users using a
pulsatile vocoder, both using the ACE strategy. The vocoder simulation
provided more opportunities to examine the effects of the two target
parameters.

2. Related works

The effect of “m” (i.e., the number of total channels) on speech-in-
noise perception has been extensively studied [18-21]. Significantly
affecting speech perception, spectral envelopes represented by intensity
variations (or modulations) among electrodes are key acoustic cues for
phoneme identification. Previous studies investigating the effect of the
number of total channels in the CIS strategy have found that speech
perception in noise improved with increasing channel number, but
typically saturated up to 8-10 channels [18-20]. More recently, Crog-
han et al. (2017) demonstrated that speech-in-noise perception might
not saturate at 8-10 channels, but continues to improve beyond 8 to 22
channels for contemporary CI recipients, particularly those with good
spectro-temporal resolution [21].
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However, there are limited studies investigating the effect of nyq, (i.
e., “n”) on speech-in-noise perception. Upper-bound performance of
sentence recognition has been observed in a “n-of-20” strategy when n
was increased to 9 for NH participants listening to vocoded speech
[15,22], and also in the ACE strategy when nyq, was increased to 8 for CI
recipients [23]. These studies were conducted about two decades ago
and many aspects have changed, e.g., electrode design [24], surgical
techniques [25], as well as cochlear implantation candidacy criteria
[26]. These changes might impact the performance of CI users on
speech-in-noise perception with different nq,. For example, the recent
work of Berg et al. (2019) found that increasing nyq, from 8 to 16
resulted in improved monosyllabic word recognition and sentence
recognition in noise in perimodiolar electrode recipients [27]. Their
findings suggested that CIs may be able to harness spectral information
from more electrodes. Therefore, it is worth revisiting the effect of g,
on speech intelligibility in CI users. A larger npmq, may activate more
electrodes with lower signal amplitudes. This may enrich the spectral
envelope, which may be useful for speech intelligibility.

The effect of EDR was studied in a between-subject protocol in some
previous studies, and the magnitude of the EDR was found to be weakly
associated with speech recognition [28,29]. This weak association may
be due to the high individual variability of actual CI recipients.
Considering the difficulty to examine its independent effects with a
practical size of the participant cohort, some within-subject experiments
were also performed. They observed a small but significant improve-
ment in speech-in-noise recognition when EDRs were compressed, i.e.,
increasing the T level higher than measured perceptual threshold in all
channels [30] and increasing T level (plus 5 % EDR) of specific elec-
trodes with a poor modulation detection threshold at 50 % the EDR [31].
This may be attributed to the fact that when the T level is increased, soft
sounds are mapped to higher current levels, so that the audibility of soft
sounds is improved. However, several studies have demonstrated that
inappropriate EDR compression exerted to a significant detriment in
speech perception [16,32-34]. The effect of EDR in actual CI users is still
to be explored.

The previous researches done so far have one common denominator,
Nmex and EDR can affect speech perception in CI recipients, but there is
still no consensus on their optimal settings and potential joint or inter-
action effects on speech-in-noise perception. We hypothesized that
larger nmax and wider EDR would yield better performance. To test this
hypothesis, speech-in-noise performance was measured with different
settings of ny,q, and EDR. Based on previous studies and the experience
of our hearing center, ny,qy, which is often set to 8 by default, was set
from 2 to 16 in this study. In contrast, true T levels and C levels for in-
dividual patients are generally measured accurately in a standard psy-
chophysical procedure, and cannot be set to arbitrary values like nyqy.
Therefore, increased T levels were set resulting in narrower EDRs for CI
users. These artificially increased T levels could not represent a patient
with the same true T levels, but they allow us to get some implications
for true narrower EDRs, and to observe the influence of poorly-fitted T
levels which do possibly happen.

3. Material and methods
3.1. Study participants

Twelve adult Nucleus® CI recipients (seven males and five females,
aged 29.5 + 9.4 years) and ten normal-hearing (NH) listeners (three
males and seven females, aged 24.1 + 2.3 years) were recruited. In-
clusion criteria for CI users included at least 1 year of CI experience, use
of the ACE strategy, 22 active electrodes, and severe-to-profound
sensorineural hearing loss in both ears (pure tone thresholds for 0.5,
1, 2, and 4 kHz > 65 dB HL; see Fig. 1) without hearing device inter-
vention. One CI participant was unable to complete the task and was
excluded. Table 1 provides demographic information for the CI group.
All NH listeners are native Mandarin speakers with pure-tone thresholds
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Fig. 1. Unaided pure-tone audiograms of CI participants. Arrows indicate no response at the audiometer’s maximum output levels..

Table 1
Demographic distribution of the CI participants.
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D Age Gender Etiology of deafness Duration of deafness (years) Duration of CI use (years) implant Sound
(years) processor
S01 30 F Ototoxicity 20 2 CI24RE CP802
S02 21 M Unknown 2 19 CI24M CP810
S03 45 F Unknown 20 10 CI24R(ST) CP810
S04 23 F Genetic 3 20 CI22M CP910
S05 25 F Unknown 5 5 CI24R(CA) CP900
S06 24 F Unknown 20 4 CI512 CP900
S07 25 M Unknown 3 22 CI24M CP1000
S08 27 M Unknown 4 17 CI24M CP950
S09 50 M Unknown 2 3 CI24RE CP802
S10 31 M Malformation 8 10 CI24RE CP810
S11 24 M Meningitis 17 5 CI24RE Freedom
mean 29.5 N/A N/A 9.9 11.2 N/A N/A

within 20 dB HL at octave frequencies from 125 to 8000 Hz in both ears),
and were recruited from South China University of Technology. All
participants signed informed consent statements and were paid for their
participation. The study was approved by the Ethics Review Board of
Shenzhen University.

3.2. Speech materials

Sentences from the Mandarin Chinese matrix (CMN matrix) test [35]
spoken by a female speaker were used as the target speech. A 4-talker
babble noise was used as the interferer. It was built using sentences
from a female-speaker corpus from Mandarin speech perception (MSP)
[36] and a male-speaker corpus from Mandarin Hearing in Noise Test
(MHINT) [37]. First, two MSP lists (List 1 and List 2), each including 10
sentences, and one MHINT list (List 1) including 20 sentences divided
into two 10-sentence lists, were selected to obtain four 10-sentence lists.
Then, the 10 sentences within each of the four 10-sentence lists were
concatenated and their root mean square (RMS) level was normalized.
After that, the 2male-2female babble noise was built by the super-
position of four pieces with a fixed duration of 10 s selected from each
concatenated list with a random start point. In each trial, a piece of
babble noise was selected with a random start point and was presented
300 ms before the target speech, ending 300 ms after.

3.3. Sound processor programs

All CI participants used the “8-of-22” ACE strategy with a 900-Hz
stimulation rate in their MAPs, and were programmed in monopolar

mode with the ball/needle and plate electrode (MP1 + 2) as the refer-
ence electrode. The default setting of C levels were mapped to 65 dB SPL
and T levels were mapped to 25 dB SPL per channel. The slow-acting
dynamic acoustic gains of ADRO® and Autosensitivity™ were enabled
while the SmartSound® iQ function with SCAN was off. The partici-
pant’s daily-used MAP was used as the base MAP. Then, EDR and npgy
were modified based on the base MAP according to the experimental
protocol. All new MAPs were then tested in the “live-mode”, and the
volume control was adjusted to achieve a loudness balance across MAPs.
The volume control in the fitting software is realized by changing the C
levels. During our experiment, the maximum C level change is about
6.4CL which was much smaller than the selected EDR.” CI participants’
own voice or the experimenter’s voice were additionally confirmed to be
at a comfortable level.

For the NH listeners, a pulsatile Gaussian-enveloped tones (GET)
vocoder [38] was used to simulate the ACE strategy. Compared to the
conventional channel vocoders using continuous sine wave or noise
carriers, GET vocoders use discrete acoustic Gaussian-enveloped tones
to simulate the pulsatile electrical pulses in a pulse-to-pulse mapping
fashion. Therefore, it provides direct simulations of EDR and maxima
selection, neither of which are considered in conventional vocoders.

The implementation of this GET vocoder is reported in detail in [39]

2 The volume control may be adjusted across 10 steps (from 1 to 10). In
general, clinical MAPs for CI users use default %EDR (i.e., 20%) and volume
control (i.e., 6). Therefore, a participant with an EDR of 80CL would experience
a 6.4CL increase in stimulation when adjusting the volume control from 6 to 10
(80CL * 20% *4 / 10= 6.4CL) [7].
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and is briefly summarized here. The GET vocoder differs from the con-
ventional channel vocoders [40] mainly in the synthesizing end. Con-
ventional vocoders extract envelopes in each channel, and use them to
amplitude modulate a set of continuous carriers (sine wave tones, or,
band-limited noise). The acoustic-electric mapping process in actual CIs
is skipped and the pulses are not simulated. The GET vocoder first goes
through the whole sound coding processing stages as in actual CI stra-
tegies (e.g., ACE) to get the pulsatile stimuli (sequences of stimulation
channel and corresponding current level), including information of
acoustic-electric mapping (using the default setting of the acoustic-to-
electric compression function in ACE) and maxima selection. Then the
inverse electric-to-acoustic function was used to convert the current
level of all electrical pulses to acoustic levels. In this study, electrical
pulses in the ACE strategy were generated using the software kit of the
CCi-MOBILE research processor [41,42] which implemented the ACE
strategy in MATLAB (version v2.2cl, https://crss.utdallas.
edu/ClLab/software.html). Then in each channel, the electric pulses
were simulated by the Gaussian-shaped pulses, whose peak levels were
defined by the acoustic levels, to construct the modulators for further
amplitude modulation. Sinusoidal carriers with random initial phase are
then amplitude modulated by the modulators, and the modulated sig-
nals across channels are summed and presented to both ears, i.e., diot-
ically. Detailed implementation of the GET vocoder in the current study
exactly followed the description of the GET vocoder in [39].

3.4. Setup and test conditions

Each CI participant was tested with ten conditions (a factorial design
of five npgy settings and two EDR settings). The five npqy include nyg, =
2,4, 6,8 and 16. The two EDR conditions were the base EDR (EDR used
by CI users in their daily life) and the 50 % EDR. Similar as in [32], the
50 % EDR was programmed by keeping C levels unchanged while
increasing T levels (i.e., programmed T level = base T level + 50 % EDR
on each electrode). Fig. 2 shows the across-channel average EDRs for the
two conditions of each CI participant. The narrowest base EDR was
43.5CL for S06 and the widest was 81.4CL for S03. During the process of
building these 10 MAPs, the base MAP serves as a benchmark for
loudness balance. For CI participants, the stimulus was presented
through a loudspeaker (Yamaha HS5) connected to a sound card
(Focusrite 2i4) at 1 m in front of the participants, and had an output
level of about 65 dB SPL.

Each NH participant was tested with nineteen conditions, including
eighteen vocoded conditions (a factorial design of six npq, settings and
three EDR settings) and one non-vocoded condition (i.e., original
speech). The six npqy settings were npq, = 2, 4, 6, 8, 12 and 16. The three

100+

mm 50% EDR Em base EDR

80

60

40+

20

Electrical Dynamic Range (CL)

S01 S02 S03 S04 S05 S06 SO07 S08 S09 S10 S11
Participants

Fig. 2. The across-channel average width of the electrical dynamic range in
current level (CL) units for the base condition and the 50% compression con-
dition for the 11 participants.
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EDR settings were 30, 100, and 150CL centered at 150CL (i.e., 135 to
165CL, 100 to 200CL, and 75 to 225CL). The central value of 150CL was
selected based on the MAP records in our clinic. Fig. 3A-L shows ex-
amples of CI electrodogram and vocoded spectrogram using different
Nmax and EDR settings. As ny,q, increased, the density of pulses of all
channels increased. In addition, the enlarged view of one channel with
the same npgq, in Fig. 3M-O illustrates better envelope representation
with a larger EDR. For NH listeners, the vocoded stimulus was diotically
delivered through a pair of headphones (HD650) connected to a sound
card (Focusrite 2i4). Stimuli were presented at a comfortable level for
each participant.

The experiments were conducted in a soundproof room with an in-
door background noise below 30 dBA. Speech reception thresholds
(SRTs), defined as the SNR required for 50 % correct performance, were
measured using a 1-down-1-up adaptive procedure [43] in a closed-set
format. The same test procedure was used for both CI and NH partici-
pants. Each participant took a 20-30-minute pre-test training with two
lists (40 sentences) that were not used in the formal tests. In the formal
test, two runs for each condition were conducted to check for consis-
tency, and the average of the two runs was used to determine the final
results. Therefore, each CI user finished 20 runs (10 conditions x 2 runs/
condition) within one day, and each NH participant finished 38 runs (19
conditions x 2 runs/condition) in two sessions separated with an in-
terval of at least twenty-four hours. All experiments were carried out in a
double-blind fashion and all conditions were presented in random order
for each run.

3.5. Statistical analyses

The Shapiro-Wilk (S-W) normality test was made, followed by a two-
way repeated-measures analysis of variance (RM ANOVA). Sphericity
was tested using Mauchly’s test to ensure the assumption of sphericity
was not violated, and multivariate models were applied if these as-
sumptions were not met. Post hoc analysis was performed using Fisher’s
least significant difference (LSD) correction. An independent samples t-
test was used to compare the results of CI users and vocoder simulations.
p < 0.05 was considered statistically significant using an error rate of a
= 0.05.

4. Results
4.1. CI participants

Fig. 4 shows the individual SRTs in different npq, settings for CI
participants with base EDR (panel A) and 50 % EDR (panel B), as well as
the comparison of mean SRTs in different conditions (panel C). In panel
A and B, each point was a mean of two measured SRTs, with the dif-
ference between the two measured SRTs was 1.4 + 1.3 dB. All results
were confirmed to be in compliance with normal distribution by the S-W
test. A two-way RM ANOVA was completed with npyg, and EDR as the
independent variables and the SRTs as the dependent variable. There
was a significant main effect of npgy [F (4,7) = 11.592, p < 0.01] and of
EDR [F (1,10) = 6.545, p < 0.05]. No npq, x EDR interactions were
found to be significant [F (4,7) = 1.532 , p > 0.05].

Post hoc multiple comparisons with LSD corrections revealed signif-
icant performance differences between np., = 2 and all other mnygq,
conditions (p < 0.05 for all comparisons). The worst performance was
observed at nyq, = 2 (mean = 4.2 dB). The best performance was
observed at nyq = 6 (mean = — 0.9 dB) and 8 (mean = — 0.7 dB), with
SRTs significantly lower than those of npg = 2 (mean = 4.2 dB), 4
(mean = 0.0 dB) and 16 (mean = 0.2 dB) (p < 0.05 for all comparisons).
Additionally, there was a small but significant difference between base
EDR and 50 % compression EDR (mean SRT gap = -0.9 dB).

Berg et al. (2019) which found that perimodiolar electrodes may
have a positive effect on speech perception with increased npq.. Among
the 11 CI participants in our experiment, five (black lines in Fig. 4A)
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were using lateral wall electrodes, and the remaining six (gray lines in perimodiolar electrode recipients with base EDR (p < 0.05), and also in
Fig. 4A) were using perimodiolar electrodes. It can be observed from lateral wall electrode recipients with 50 % EDR (mean SRT = — 1.2 dB
Fig. 4A that participants with these two different types of electrodes vs 0.4 dB) (p < 0.05). Both of these two comparisons showed opposite
demonstrated different patterns when npq, was increased from 8 to 16 at results to the finding of Berg et al. (2019). No significant difference was
the base EDR. A significant performance difference were found between found for the other two conditions (Table 2).

Nmax = 8 (mean SRT = — 1.1 dB) and njuq = 16 (mean SRT = 0.4 dB) in
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Table 2
Paired samples t-tests for nyq, = 8 and 16.
Nmax = 8 Timax = t P
16
base lateral wall electrodes (n -1.7 + -1.8 + 0.17 0.874
EDR =5) 1.6 2.2
perimodiolar electrodes -1.1+ 0.4+ —-3.21  0.024*
(n=6) 2.0 2.3
50 % lateral wall electrodes (n -1.2+ 0.4 £+ -3.47  0.026*
EDR =5) 1.4 2.2
perimodiolar electrodes 0.8 £ 1.6 + -1.27  0.262
(n=26) 2.2 2.0

" represents p < 0.05 with statistical significance.
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4.2. Vocoder simulations in NH participants

Results of vocoder simulations and non-vocoded original tests in NH
participants are shown in Fig. 5A. For the non-vocoded condition, the
mean SRT was — 9.7 dB, which was significantly better than all vocoded
SRTs. The mean SRTs for the vocoded conditions were mostly higher
than 0 dB. Data normality was confirmed by the S-W test. A two-way RM
ANOVA found a significant main effect of npney [F (5, 5) = 75.9, p <
0.001] and of EDR [F (2, 18) = 480.1, p < 0.001]. Furthermore, the rnyq,
x EDR interaction was also significant [F (10, 90) = 44.811 ,p <
0.001].

Results of LSD multiple-comparisons are shown in Fig. 5B-D. iy, = 2
derived significantly higher mean SRTs than ny,q, = 4 for all three EDR
conditions (p < 0.05 for all comparisons). Default ny,,, = 8 for the ACE
strategy derived significantly lower mean SRTs than at ne. = 12 and 16
for almost all EDR conditions (p < 0.05), except nmgx = 8 VS My = 12 at
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Fig. 5. Mean SRTs for different listening settings in the vocoder test. A. SRTs for all 19 conditions. B-D. SRTs across different n,,, at EDR = 30, 100 and 150CL. Error
bars represent standard deviation (SD). Symbols for statistical significance levels: *p < 0.05 (refers to LSD multiple-comparison).
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EDR = 150CL (p = 1.00). Additionally, npe. = 8 yields mean SRTs
comparable to npg = 4 in EDR = 100 and 150CL condition (gap = -0.2
dB and -0.6 dB, p > 0.05 for two comparison), but significantly higher
than that in EDR = 30CL (gap = 2.1 dB, p < 0.05).

Wider EDR derived significantly lower SRTs for almost all gy
conditions (p < 0.05) (Fig. 5A). The only exceptions with non-significant
differences were 30CL vs 100CL at n;q, = 2 and 100CL vs 150CL at gy
= 2, 4, and 8 conditions (p > 0.05). The results also showed that when
the EDR is narrower, the SRTs were more susceptible to changes in npqy,
e.g., the difference between the maximum and minimum mean SRTs are
12.3 dB and 2.7 dB for EDR = 30 and 150CL, respectively.

4.3. Actual CIs vs vocoder simulations

The results of actual CI users (Fig. 4C) and vocoder simulations
(Fig. 5A) in different conditions are summarized in Fig. 6. All curves
showed convex shapes. Among the five EDR conditions of either CI or
simulation, CI users with base EDR performed best in all conditions
except at Nyq = 2, while in all CI simulation conditions, NH listeners
performed the worst when EDR = 30CL. Note that the curves of EDR =
150CL (NH) and 50 % EDR (CI) match quite well with each other.
Independent-sample ¢ tests were used to compare the independent
groups with each nyq, between EDR = 150CL (NH) and either EDR (CI)
condition. As shown in Table 3, there is no significant difference be-
tween the results of CI and CI simulations except at npyg, = 8 and Ny =
16 in the comparison of EDR = 150CL (NH) and base EDR (CI). The
acute mean CI simulation results at EDR = 150CL coincide with those of
the experienced CI users at base EDR and 50 % EDR. Their differences
are not significant and no>0.6 dB with npq, > 2.

5. Discussion
5.1. Effect of the number of maxima (Nmgy)

In previous studies investigating the effects of active electrode
number and number of maxima (i.e., Nyqy), the factor of EDR was not
controlled or even reported. In our study, compared to nyu. = 6 and 8,
the suboptimal n,q, (corresponding to the higher mean SRTs) were
larger npmqy (i.e., 16) and smaller npgy (i.€., Npgx < 4) in different EDR
conditions for both CI users and vocoder simulations using in NH lis-
teners (Fig. 4C and Fig. 5). The results that nyq, = 2 and 4 would derive
poorer performance was consistent with the results of [15], which is
intuitive given the coarse spectral resolution (Fig. 3A-C). Even so, the
mean SRTs with n,,q = 2 for all conditions was around 5 dB, which is a
surprisingly good performance result.

The finding that a large npgy (i-e., npe = 16) yielded poorer per-
formance contradicts previous studies. Both Dorman et al., (2002) and
Plant et al., (2002) reported performance saturation when ny,q, reaches
about 8 [15,23], while Berg et al. (2019) suggested that performance
was significantly better with npe. = 16 maxima than with np,q,, = 8 for
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Fig. 6. Mean SRTs for different listening conditions among CI users and
simulation in NH listeners.
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perimodiolar electrode CI recipients [27]. Berg et al. (2019) also pointed
out that there was a significant negative correlation between electrode-
to-modiolus distance and the degree of benefit afforded by nyq, = 16
[27]. In our study, 6 CI recipients with perimodiolar electrodes (i.e.,
with relatively smaller electrode-to-modiolus distance) and 5 CI re-
cipients with lateral wall electrodes (i.e., with a relatively larger
electrode-to-modiolus distance) were included. However, no benefit of
Nmex = 16 was found in participants with small electrode-to-modiolus
distance. Instead, participants performed better at nmq, = 8 than at
Nmax = 16. This finding implies that more individual factors of CI users
should be considered and regression and correlation analyses may be
needed with a larger sample size in future studies.

In theory, there are several factors that could contribute to a larger
Nmax Dot necessarily yielding better performance for CI users in our
study. Firstly, the increased ny,;q, may introduce more noise [44], and CI
users have poorer abilities to segregate the target speech from the
background noise. The higher the npq,, the greater the likelihood of
selecting a noise dominant channel, especially in a low SNR condition.
The combined effects make it more difficult for CI listeners with higher
Nmax to perceive speech. Additionally, the increased channel interaction
with npg, increase might be a contributing factor. Finally, because of
poor spectral resolution and high inter-channel interference, the lateral
wall electrodes used by many CI recipients may prevent taking advan-
tage of the more spectral information that comes with nyq, = 16.

5.2. Effect of electrical dynamic range (EDR)

In our study, narrower EDR within each patient’s psychophysically
measured range was always associated with poorer performance in both
CI and vocoder groups (Fig. 6). The EDR compression results in reduced
speech recognition by significantly increasing the T level for all chan-
nels, as was shown in prior studies among CI users [28,32]. Although it
has also been shown that significantly better sentence recognition in
noise is observed during EDR compression, this is mainly due to the
small amount of T levels adjustment in their study [30,31]. In signal
processing, spectral modulation depth increases with increasing EDR.
The wider the EDR, the better representation of spectral peaks (Fig. 3G-
L) and spectral envelope contrast (Fig. 3H-O), and the smaller the
interference in the speech gap (Fig. 3G-L). Spectral contrast enhance-
ment may help with background-noise reduction and improvement of
speech recognition [45]. It is reasonable to presume that the mechanism
underlying poor recognition in narrower EDR could be the blurring of
spectral contrast due to shallower envelope modulation. In addition, in
tonal languages like Mandarin, pitch represented by FO-related period-
icity plays a critical role in determining word meaning. However, the FO
representation in the ACE strategy may become more indistinct as the
amplitude modulation becomes shallower (i.e., EDRs become narrower),
which is related to the weakening of signal periodicity.

Some studies have shown that higher T levels can improve the aided
threshold and audibility of soft sounds [12,30,31]. However, com-
pressing EDR by increasing the overall T level in all channels will
amplify both noise and speech, which may reduce the SNR and impair
speech recognition. The increased risk of interaction across channels
should be noted with increasing stimulation level (T level). Further-
more, the increase in EDR by decreasing T levels was found to result in
degraded speech recognition [33,46]. Thus, by setting the T levels above
or below the “true” perception threshold, CI recipients cannot use suf-
ficient spectral information even with wider EDR.

In order to maximize the use of EDR depending on the auditory
nerve, it is crucial to measure the “true” threshold accurately in CI
programming. The fitted EDR is within the range of 40-60CL for most CI
users [28] and the majority of CI user’s EDR showed only small amounts
of change in levels in long-term post-implantation [47]. Simulation level
might correlate with nerve survival and distance from the electrode to
the modiolus [28,48]. Considering the potential advantage of a wide
EDR, CI device and surgery techniques are suggested to be improved to



Y. Mo et al.

Biomedical Signal Processing and Control 79 (2023) 104169

Table 3
Independent samples t-tests for CI and CI simulations.
EDR = 150CL (NH) Base-EDR (CI) t P EDR = 150CL (NH) 50 %-EDR t P
(n=10) (n=11) (n=10) (cn
(n=11)
Nmax = 2 31+17 4.2 + 3.8 —0.85 0.404 31+17 4.2 £ 4.0 —0.69 0.497
Nmax = 4 1.0+ 1.3 —-0.3+24 1.44 0.166 1.0+ 1.3 0.4+24 0.70 0.493
Niax = 6 -0.1+1.3 -1.4+1.7 2.00 0.060 -0.8+1.3 -0.5+1.9 0.57 0.578
Nmax = 8 03+1.7 -1.4+17 2.28 0.034* 03+£1.7 —-0.1+21 0.50 0.626
Nmax = 16 1.5+ 2.0 —0.6 +24 2.14 0.046* 1.5+ 2.0 11+21 0.50 0.624

* represents p < 0.05 with statistical significance.

preserve a wider EDR for users in the future. Meanwhile, audiologists
should accurately assess T/C levels of CI recipients at all electrodes to
avoid the negative impact of inappropriate EDR on speech perception.

5.3. Effectiveness of CI simulation with GET vocoder

Overall trends of SRTs as a function of EDR or np. = 2, 4, 6, 8, and
16 are similar between the actual and GET simulated CI listeners (Fig. 6).
And the SRT-nyqy function for CIs in GET vocoder simulations in EDR =
150CL is almost in perfect agreement with that of 50 % compression
EDR and base EDR (Table 2.

In light of the significant interaction between EDR and npqy, the
optimal npgy is smaller than 8 (i.e., 4 and 6) for EDR = 30CL, but around
8 for EDR = 100 and 150CL. Conversely, this significant interaction was
not found in CI users. Furthermore, the SRT-nq, curves of vocoders with
EDR = 30 and 100CL are steeper than those of CIs, which may be
explained by individual variability in speech perception of actual CI
users. It is possible that the GET simulation results with a narrow EDR (i.
e., 30CL) are a prediction for some poor performance CI users. Narrower
EDRs introduce more spectral-temporal interactions and shallower
modulations which may also be limitations for poor performance users.

One reason for the worse results (i.e., higher SRT) for GET simulation
than our actual CI results using comparable EDRs may come from
training effects. In current study, training was only carried out in two-of-
eighteen conditions before the acute test, but our actual CI participants
all have at least two years of listening experience and generally have
good speech communication abilities. Simulation results may get closer
to Cl results after adequate training to the NH listeners. Previous studies
have shown that NH listeners can get significant improvements in
recognizing vocoded speech after systematic training [49-52].

5.4. Limitations
There were several limitations in our experiments:

1) The narrow EDRs of CI users in this experiment were obtained by
increasing the T level, and cannot fully represent “true” narrow
EDRs. Recruiting more participants with different EDRs for between-
subject experiments will be required for future studies.

2) For the vocoder simulation, the simulated EDRs were also not

simulating the true absolute thresholds and most comfortable levels,

which means the loudness dynamic ranges are not equivalent be-
tween the actual and simulated CI listeners.

To get better (or closer to actual CIs) simulation results, two di-

rections could be tried. The first is adding systematic adaptive

training before formal testing. The second is optimizing the vocoder
parameters. Further research is needed to validate and optimize this
technique.

The effects of the two target parameters on CI speech quality

perception in quiet conditions or high SNR conditions was not

examined.

3

~

4

-

6. Conclusion

For both actual and GET-simulated CI listeners, recognition of
speech-in-noise with negative (<0 dB) SNRs is a great challenge, while
NH listeners could still recognize ~ 50 % of speech at much lower SNRs
(e.g., ~ —10 dB in our experiment) even without spatial cues. Our results
also indicate that pulsatile GET vocoder could generate good predictions
and implications for SRT in noise with Cls.

Electrical dynamic range and number of maxima in an “n-of-m”
strategy are independently associated with speech-in-noise perception
by influencing the spectro-temporal envelope modulation transmission.
In the ACE strategy, additional information provided by increasing npmqx
from 8 to 16 may degrade speech in noise recognition with CIs. The EDR
compression, caused by inaccurate measurements and settings in ACE
strategy, is detrimental to temporal envelope presentation and speech-
in-noise recognition in CI recipients.
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