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ABSTRACT

Loudness growth functions characterize how the loudness percept changes with current

level between the threshold and most comfortable loudness level in cochlear implant

users. Even though loudness growth functions are highly listener-dependent, cur-

rently default settings are used in clinical devices. This study investigated whether

electrically-evoked auditory steady-state response amplitude growth functions corre-

spond to behaviorally measured loudness growth functions. Seven cochlear implant

listeners participated in two behavioral loudness growth tasks and an EEG recording

session. The 40-Hz sinusoidally-amplitude-modulated pulse trains were presented

to CI channels stimulating at a more apical and basal region of the cochlea, and were

presented at different current levels encompassing the listeners’ dynamic ranges. Behav-

iorally, loudness growth was measured using an Absolute Magnitude Estimation and a

Graphical Rating Scale with loudness categories. A good correspondence was found

between the response amplitude functions and the behavioral loudness growth func-

tions. The results are encouraging for future advances in individual, more automatic,

and objective fitting of cochlear implants.
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HIGHLIGHTS

• Amplitude growth functions of electrically-evoked auditory steady-state responses

matched with behavioral loudness growth functions

• Both basal and apical regions of the cochlea showed this match, and the best

results (smallest mean square errors) were found for apical stimulation

• These findings have potential for objective cochlear implant fitting

ABBREVIATIONS

• AME: Absolute Magnitude Estimation

• ASSR: Auditory Steady-State Response

• CAEP: Cortical Auditory Evoked Potential

• CI: Cochlear Implant

• EABR: Electrically-Evoked Auditory Brain Stem Response

• EASSR: Electrically-Evoked Auditory Steady-State Response

• ECAP: Electrically-Evoked Compound Action Potential

• EEG: Electroencephalogram

• ESRT: Electrically-Evoked Stapedius Reflex Threshold

• GRS: Graphic Rating Scale

• MCL: Most Comfortable Loudness

• MSE: Mean Square Error
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• T: Threshold

• UCL: Uncomfortable Loudness

1 INTRODUCTION

For most commercial cochlear implant (CI) devices, the fitting or programming for an1

individual listener is done by setting the current level corresponding to the threshold of2

hearing (T level), and the current level corresponding to the most comfortable loudness3

level (MCL level, depending on the brand sometimes also referred to the C, M, or MAL4

level with slightly different definitions), for each CI channel.5

The loudness percept changes with current level can be characterized by a loudness6

growth function between the T and MCL level, i.e. the dynamic range. Loudness7

growth functions show a large variability across subjects, channels, and stimulus8

properties, such as the rate of stimulation and phase duration (Chatterjee et al., 2000;9

Fu, 2005; Hoth, 2007; Sanpetrino and Smith, 2006; Shannon, 1985; Zeng and Shannon,10

1994; Busby and Au, 2017).11

As the electrical dynamic range is much smaller than the acoustical dynamic range12

of normal hearing listeners, compression is used to map the acoustical channel output13

levels to electrical current levels used for stimulation. For equal loudness growth14

across channels, or loudness growth corresponding to normal hearing, this mapping15

needs to be individualized by measuring the complete loudness growth functions and16

dynamic ranges for each channel. However, usually the default settings are used in17

clinical practice and complete loudness growth functions are not measured to save18

measurement time. However, CI listeners are sensitive to changes in the mapping and19

it affects their loudness perception (Theelen-van den Hoek et al., 2016), and the best20

performance on speech perception is found when normal loudness growth is restored21
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(Fu and Shannon, 1998).22

The aim of this study was to find an objective measure of loudness growth in23

cochlear implant participants. Such an objective method has the potential to more24

automatically fit cochlear implants. As behavioral measures of loudness growth are25

sometimes judged as difficult and complicated, an objective measure might be more26

reliable. An objective method also gives the possibility to test listeners who are unable27

to give reliable behavioral responses, such as listeners with an intellectual disability or28

young children.29

In a previous study we have shown that the 40-Hz auditory steady-state response30

(ASSR) amplitude function is a good neural correlate of the loudness growth function31

in case of acoustical hearing, tested in normal hearing and hearing impaired listeners32

(Van Eeckhoutte et al., 2016). The ASSR is a frequency-specific, stationary auditory33

evoked potential that can be detected in the electroencephalogram (EEG), purely ob-34

jectively using a statistical test, i.e., without any subjective judgements (Picton, 2011).35

A modulation frequency of 40 Hz was used for two reasons. First, it yields the best36

signal-to-noise ratios in awake adult participants. Second, when using this modulation37

frequency a clear dominant source is found at the primary auditory cortex, as well as38

some subcortical contributions (e.g., Reyes et al., 2005; Steinmann and Gutschalk, 2011;39

Darestani Farahani et al., 2017), and a cortical basis of loudness has been suggested40

(Heinz et al., 2005; Thwaites et al., 2016).41

We hypothesize that the same correspondence between loudness growth and ASSR42

amplitude growth functions can be found for electrically-evoked auditory steady-state43

responses (EASSR) in cochlear implant users. To make a direct comparison between44

the behavioral loudness and neural amplitude growth functions, we kept the stimuli45

for both measurements as similar as possible.46
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2 MATERIAL AND METHODS47

2.1 Participants48

Seven native Dutch-speaking cochlear implant users (2 women, 5 men) participated in49

this study. They were recruited from the Ear-Nose-Throat department of the University50

Hospital UZ Leuven, of which the medical ethics committee approved the project.51

The mean age of the participants was 43.4 ± 22.3 years. Since age does not affect52

the 40-Hz ASSR amplitudes of adult participants (e.g., Goossens et al., 2016; Grose53

et al., 2009), this broad range of ages should not confound our results. All participants54

provided informed consent in accordance with the declaration of Helsinki. They all55

had a Nucleus device of Cochlear Ltd. Table 1 provides an overview of the implant56

type, test side, experience with the CI and etiology of the participants. The Edinburgh57

Handedness Inventory was completed by all participants. One participant was left-58

handed and one ambidextrous. Since the same results were found for all participants,59

we did not exclude any left-handed participants. The participants’ travel expenses were60

reimbursed.61

[Insert Table 1 near here]62

2.2 Stimuli63

Electric stimulation consisted of sinusoidally-amplitude-modulated biphasic cathodic-64

first pulse trains presented to one CI (the implanted side or randomly chosen in case of65

bilateral CIs). The amplitude modulation mode of the stimulus was set in Amperes,66

and a modulation frequency of 40 Hz was used. The pulse rate was 900 pps and the67

inter-phase-gap 8 µs, to be consistent with the stimulus used in the clinical processors68

of the participants. A pulse width of 60 µs was chosen in combination with bipolar69

stimulation (BP + 2). In this way we could use linear interpolation over the duration70
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of the CI artifact, as it is the easiest and most efficient method of removing the CI71

artifacts resulting from the electrical stimulation that contaminate the EEG (Hofmann72

and Wouters, 2012; Deprez et al., 2017). A change in loudness growth can be obtained73

by changing either the pulse duration or the pulse amplitude. In this study, the pulse74

duration was held constant, and only the pulse amplitudes were modified. CI channels75

15 (stimulation to 15-12) and 6 (stimulation to 6-3) were stimulated in blocks, in order to76

stimulate at a more apical and basal region of the cochlea. The stimuli were presented77

at different current levels encompassing the participants’ dynamic ranges. The stimuli78

were presented for 1 s during the behavioral tasks, and for 600 epochs of 1.024 s (614.479

s) for EEG recordings. The modulation frequency was rounded to 40.0391 Hz in order80

to have an integer number of periods and pulses for each epoch. The stimuli were81

created in Matlab R2013a (The MathWorks, Inc., Natick, MA) and RBA, the software82

platform for the Recording and analysis of Brain responses to Auditory stimulation83

(Hofmann and Wouters, 2012), at a stimulation sampling rate of 96 kHz. The stimuli84

were validated with an oscilloscope and an implant-in-a-box.85

2.3 Procedures and apparatus86

The participants were tested in two sessions. The more apical channel (channel 15) was87

stimulated in the first session and the more basal channel (channel 6) in the second88

session. The time between two test sessions was not longer than 28 days and usually89

within two weeks. Behavioral tests took place in a normal room (outside the audio90

booth), while EEG recordings were made in the electromagnetically shielded sound91

booth.92

A research processor (L34) and programming device (POD), controlled by the93

Nucleus Implant Communicator (NIC) interface was used. All the requisites were94

provided by Cochlear Ltd.95
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Dynamic range determination For the determination of the dynamic range, the T96

level was defined as the level at which the participant perceived a just audible, very soft97

sound and the MCL level was defined as the level at which the participant perceived a98

loud to very loud sound that was still tolerable.99

In a first step we measured the T and MCL levels for the unmodulated pulse trains100

during an adjustment procedure. During this procedure, the participants had to rate the101

loudness of the stimuli using a graphical rating scale (GRS) with categories ("Inaudible",102

"Very soft", "Soft", "OK/comfortable", "Loud", "Very loud", "Unbearable"), by choosing103

any position on the scale, with the loudness categories serving only as guidelines. The104

start level was set at a safe level below the T level of the participant’s clinical map in105

monopolar mode. The experimenter increased or decreased the current levels according106

to the feedback of the participants, to find the unmodulated T and MCL level.107

In a next step, the levels were adjusted to find the MCL level for the modulated108

pulse train, modulating between the unmodulated T level and a changing maximum109

level. The difference between the MCL level of the modulated pulse train and the T110

level of the unmodulated pulse train was set as the fixed amplitude modulation depth111

in further steps. The amplitude modulation depth was chosen in such a way to obtain112

an equal perceptual 100 % amplitude modulation depth across subjects.113

Subsequently, the T level of the modulated pulse train was measured using a more114

precise adaptive procedure implemented in the software platform APEX3 (Francart115

et al., 2008). The adaptive procedure consisted of a three-alternative forced-choice116

procedure without feedback with a two-down, one-up rule, converging to 71% correct,117

and a step size of 10 current levels that was reduced to 5 current levels after the first118

reversal. The participants had to choose one out of three intervals on a computer screen119

that were lighted up consecutively with only one interval containing the stimulus. The120

task ended after 6 reversals, and the T level was calculated as the mean level of the121
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last 6 trials. This level was used for the final estimation of the dynamic range, i.e. the122

difference between the MCL level of the modulated pulse train and the T level of the123

modulated pulse train.124

Behavioral measures of loudness growth Two loudness growth tasks were admin-125

istered (see Van Eeckhoutte et al. (2016) for details). In these tasks, the stimuli were126

presented at different current levels depending on the participant’s dynamic range for127

the tested channel. The dynamic range was divided in equally spaced steps leading128

to e.g., 15-20 different current levels. To reduce context effects caused by the tendency129

of participant to judge the loudness of a stimulus relatively to the previous stimulus130

(Brand and Hohmann, 2001), the stimuli were presented in a pseudorandom order,131

such that the maximum difference in current levels between two successive stimuli132

never exceeded more than half of the participant’s dynamic range. The first stimulus133

was presented at a current level halfway the dynamic range. For both loudness growth134

tasks, each current level was presented 4 times.135

In the first loudness growth task, the Absolute Magnitude Estimation (AME), the136

participants had to rate the loudness of the stimuli by typing numbers (Hellman and137

Meiselman, 1990; Marks and Florentine, 2011). In the second loudness growth task, the138

participants had to choose a position on a Graphic Rating Scale (GRS) with loudness139

categories that corresponded to the loudness of the stimuli (Allen et al., 1990; Brand140

and Hohmann, 2001; Svensson, 2000). In both tasks, the participants were free to choose141

any number or any position on the scale, i.e., also decimals or a position between two142

loudness categories. The loudness growth tasks were implemented in APEX3.143

EEG recordings for EASSR growth functions For the EEG recordings, up to 7 current144

levels for each participant were chosen from the current levels used in the behavioral145

tasks. Current levels near the threshold that would lead to non-detectable EASSRs and146
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current levels that would be too loud to listen to for several minutes were not chosen for147

stimulation. Feedback of the loudness of the stimuli was also asked while presenting148

the highest current level chosen for stimulation during EEG recordings.149

EEG was recorded with the ActiveTwo System Software (Biosemi) using a recording150

sampling rate of 8192 Hz. A head cap consisting of 64+2 Ag/AgCl active scalp elec-151

trodes was mounted on the head of the participants, in accordance to the standard 10-20152

electrode position system. The recording electrodes positioned on top of the CI-coil153

were not used. The participants could sit in a comfortable chair or lie down in a bed,154

and were asked to relax. A self-chosen, subtitled, and silent video was presented to155

the participants to prevent them from falling asleep and to keep the attentional state156

constant across participants and measurement conditions. The stimuli were consecu-157

tively presented with increasing current level. The participants were also given breaks158

depending on their needs.159

The data were analyzed offline in Matlab R2013a (The MathWorks, Inc., Natick, MA).160

The raw data were first converted into epochs of 1.024 s each. Linear interpolation was161

used to eliminate CI stimulation artifacts, from 100 µs before the onset of the stimulation162

pulse until 1000 µs after the stimulation pulse. This means that the maximum possible163

interpolation duration or the interpulse interval, which is the inverse of the pulse rate,164

equals 1.1 ms for stimulation at 900 pps, and that one sample per pulse period, the165

pre-stimulus sample, is retained. (Hofmann and Wouters, 2012; Deprez et al., 2017).166

Thereafter the data was filtered using a second-order butterworth high-pass filter with167

a cut-off frequency of 2 Hz, and the 5% epochs with the highest peak-to-peak amplitude168

were rejected to remove other remaining recording artifacts.169

The recording channels were referenced to recording electrode Cz. A Fast Fourier170

Transformation (FFT) was used to convert the epochs to the frequency domain. The171

Hotelling t2-test determined the significance level of the response at the frequency bin172
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corresponding to the modulation frequency. The significance level was set at α = 0.05.173

Only significant EASSR amplitudes will be shown, which can be interpreted as the174

response at the modulation frequency being significantly different from random EEG175

activity.176

The electrode selection we will present was based on Van Eeckhoutte et al. (2016).177

Of this electrode selection, only the recording electrodes on the contralateral side of the178

CI were used in order to avoid CI stimulation artifacts. This resulted in the following179

electrode selections: ’P1, P3, P5, P7, P9, PO3, PO7, O1’ in case of a CI in the right ear or180

’P2, P4, P6, P8, P10, PO4, PO8, O2’ in case of a CI in the left ear.181

2.4 Data transformation and analysis182

Similar to Van Eeckhoutte et al. (2016), the data was transformed and normalized in183

order to directly compare the different measures. First, for the behavioral experiments,184

the mean response across trials with the same current level was calculated. Usually data185

was collected for more levels (near threshold or too loud to listen to for 5 minutes) for the186

behavioral measures AME and GRS than for recording EASSRs. For the transformation,187

the same range of current levels was used, i.e. the range between the lowest and highest188

level used for EASSR recording. Then, for each measure (GRS, AME, or EASSR) the189

logarithm of the responses was taken, and the mean logarithm across current levels190

was subtracted from the logarithm of each response to obtain zero-mean curves. For191

easier interpretation, we transformed the values back to GRS values by elevating 10 to192

the power of the sum of the transformed responses and the mean of the transformed193

GRS responses (see Van Eeckhoutte et al. (2016) for equations).194

After transformation, mean square errors (MSEs) were calculated between pairs195

of measures (i.e., MSEs between AME and GRS curves, between AME and EASSR196

curves, and GRS and EASSR curves). To statistically test for differences in MSEs, a197
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linear mixed-effects model was used that included the fixed factors "Channel" (either198

6 or 15) and "MSE comparison" (AME-GRS, AME-EASSR, or GRS-EASSR), set as199

repeated measures, and the random factor "Participant". The contrast "Beh-EASSR"200

tested the behavioral MSE comparison (AME-GRS) against the MSE comparisons that201

also contained EASSR responses (AME-EASSR and GRS-EASSR), and the contrast "Diff-202

EASSR" tested the difference between both MSE comparisons that included EASSR203

responses (AME-EASSR and GRS-EASSR). To ensure normally distributed residuals of204

the model, first outliers were removed for each MSE comparison based on the median205

absolute deviation or MAD-median rule (Wilcox et al., 2013). In total 9 out of 42 values206

(7 participants x 2 CI channels x 3 MSE comparisons) were removed for statistical207

testing. A significance level of α = 0.05 was chosen. The analyses were performed using208

R (R Core Team, version 3.3.1, 2016).209

3 RESULTS210

Figure 1 shows the result of a typical CI listener. Like with acoustical stimulation,211

for both CI channels, the EASSR amplitudes increased with increasing current level,212

while the EEG background noise remained the same across current levels, with an213

average noise amplitude of 0.029 ± 0.003µV across participants. Furthermore, the214

EASSR amplitude growth functions had a similar shape to both behavioral loudness215

growth functions, for channel 15 as well as channel 6.216

[Insert Figure 1 near here]217

The individual transformed responses are shown in Figure 2. As can be seen in the218

figure, in most cases the curves of the three measures (AME, GRS and EASSR) were219

close to each other. Also note that both the T and MCL levels were different among220
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all seven participants, which is different from acoustical hearing where the maximum221

level of the dynamic range is similar across participants.222

[Insert Figure 2 near here]223

The median values of the MSE comparisons AME-GRS, AME-EASSR, and GRS-224

EASSR were 0.003, 0.006, and 0.003 for channel 15, and 0.008, 0.009, and 0.005 for225

channel 6, respectively, and are shown in Figure 3. Thus, the median values were226

always below 0.010. The mean values were also around 0.010, except for two MSE227

comparisons that contained the same outlier of one participant who had MSE values228

of 0.38 and 0.50 for the MSE comparisons AME-GRS and AME-EASSR for channel 15.229

The MSE values were caused by the same AME result, i.e., an AME response that was230

not expected given the other data of this participant.231

[Insert Figure 3 near here]232

The median MSE values were slightly higher for channel 6 than for channel 15.233

After outlier removal, the linear mixed-effects model indicated a significant effect of234

the factor "Channel" (see Table 2). Both contrasts were not significant. For the contrast235

"Beh-EASSR" this means that the MSE values of the behavioral measures were not236

significantly different from the MSE values that contained EASSR values (i.e., AME-237

GRS vs. AME-EASSR and GRS-EASSR). For the contrast "Diff-EASSR" this means238

that the MSE values within MSE comparisons that contained EASSR values were not239

significantly different from each other (i.e., AME-EASSR vs. GRS-EASSR). In conclusion,240

the loudness estimations based on behavioral responses were not significantly different241

from the loudness estimations based on EASSR amplitudes.242

[Insert Table 2 near here]243
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4 DISCUSSION244

4.1 Main findings245

Behavioral loudness growth and EASSR amplitude growth functions were measured in246

seven CI participants. Behavioral loudness growth functions had the same shape as the247

EASSR amplitude growth functions. After transformation, median MSE values between248

two measures were always below 0.010. Moreover, the MSE values between two249

behavioral loudness growth tasks were not significantly different from the MSE values250

between a behavioral loudness growth task and the EASSR amplitudes. Consequently,251

a good correspondence between loudness estimates based on behavioral responses and252

loudness estimates based on EASSR amplitudes was found.253

We used stimuli that were similar to the stimuli used in current clinical CI processors,254

but we used bipolar stimulation instead of monopolar stimulation to reduce the CI255

stimulation artifact. We hypothesize to find similar results using monopolar stimulation256

in future studies, when more advanced methods to remove the CI stimulation artifact257

are validated (Deprez et al., 2017).258

For the hearing impaired participants in our previous study with acoustical stimula-259

tion (Van Eeckhoutte et al., 2016), carrier frequencies of 500 Hz and 2000 Hz were used,260

which stimulated at a more apical and a basal part of the cochlea. The best results were261

found for the 500 Hz carrier frequency. As channel 15 also stimulates at a more apical262

part of the cochlea compared to channel 6, the better results (lower median MSE values)263

for channel 15 are likely a result of the place of stimulation in the cochlea. Longer264

durations of deafness or hearing impairment are generally found at more basal places265

of the cochlea. Note that we always stimulated at 900 pps in this study, but different266

places of the cochlea were stimulated by stimulating channels 15 and 6.267

The MSE values found in this study were very similar to the ones found in the acous-268
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tical study. Median MSE values were between 0.005 and 0.016 for MSE comparisons269

including ASSRs in the acoustical study, and median MSE values were between 0.003270

and 0.009 for the same comparisons in this study. To make a direct comparison to both271

studies, we conducted a Wilcoxon rank-sum test that yielded no significant differences272

between the MSE values of the hearing impaired participants of the acoustical study273

and the MSE values of the CI participants (W = 1261, p = 0.997).274

As MSE values might be hard to interpret, we converted the values to a typical root275

mean square error in loudness scale units, as this may be more intuitive to interpret.276

Converting the MSE values 0.003 and 0.009 to a typical root mean square error on a277

GRS loudness scale (between 0 and 1) gives errors of 0.06 and 0.1. Converting the278

values to a loudness scale with loudness categories between 0 and 50, from "Inaudible"279

to "Too Loud" (Brand and Hohmann, 2001), gives errors of 2.7 and 4.7 categorical280

units, respectively. As one category on the latter scale contains 5 categorical units, this281

means that the median measurement errors found in this EASSR study were within282

one loudness category.283

4.2 Objective measures of loudness growth in CIs284

We found a good correspondence between the EASSR amplitude growth function285

and the loudness growth function measured behaviorally. Other measures have been286

proposed as well for cochlear implant users, with less positive results.287

Although with increasing stimulus level, monotonic amplitude growth functions288

were described for the electrically-evoked auditory brainstem response (EABR) (e.g.,289

Abbas and Brown, 1991), Steel et al. (2014) reported no relation of wave V amplitude290

growth with loudness growth in CI adolescents.291

Another measure that has been used is the electrically-evoked compound action292

potential (ECAP), which is a measure of the synchronous, summed neural activity of au-293
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ditory nerve fibers. The ECAPs can be measured easily and fast using the intracochlear294

electrodes of the cochlear implant. Steel et al. (2014) reported a positive correlation295

between the ECAP amplitude growth and loudness growth in CI users, but only for296

the upper part of the dynamic range (with r = 0.75), and not for the lower part of the297

dynamic range (with r = 0.11).298

More recently, research has focused on cortical auditory evoked potentials (CAEPs).299

The CAEP amplitudes increase with increasing stimulus level (Firszt et al., 2002; Visram300

et al., 2015). Hoppe et al. (2001) reported correlations of r = 0.82,r = 0.69, and r = 0.83301

between CAEP amplitudes and behavioral loudness judgments for basal, medial, and302

apical channels. However, while many studies (also described above) showed group303

mean data, it is also necessary to investigate the correspondence between behavioral304

loudness ratings and objective measures for each individual, as done in the current305

study.306

While we prefer the analysis presented for analyzing non-linear relations, like the307

relation between level and loudness, we calculated Pearson correlation coefficients on308

our data in order to facilitate comparison with literature. On individual level, linear309

correlations were on average for channel 15 r = 0.88 ± 0.17 and r = 0.91 ± 0.09, and for310

channel 6 r = 0.86 ± 0.12 and r = 0.91 ± 0.08 for GRS and AME, respectively. On group311

level, using transformed responses, for channel 15 we found r = 0.91 and r = 0.81, and312

for channel 6 r = 0.86 and r = 0.87, for GRS and AME scales, respectively. Overall, the313

correlation coefficients found in this study are larger than the correlation coefficient314

found for the upper dynamic range using ECAPs (Steel et al., 2014), and are higher or315

at least in the same range of the correlation coefficients for CAEP amplitudes reported316

by Hoppe et al. (2001).317

The lack of correspondence using EABRs and ECAPs might be explained by the318

cortical basis of loudness that has been suggested (Heinz et al., 2005; Thwaites et al.,319
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2016). As for CAEPs, cortical sources have been described for the 40-Hz ASSR, as well320

as subcortical contributions (e.g., Reyes et al., 2005; Steinmann and Gutschalk, 2011).321

The lack of correspondence is possibly also partly due to the difference in stim-322

ulation, for ECAP measurements needed to cancel out the stimulus artifact. It has323

been shown that the correlation between ECAP measures and loudness varies with324

stimulation rate (Zimmerling and Hochmair, 2002). However, the correlation between325

EABR and behavioral thresholds does not improve when using the same stimulus326

duration and rate for both measures (Davids et al., 2008a,b). In our study, a good327

correspondence was found using the same stimuli for behavioral and EEG measures.328

4.3 Clinical applications for CI fitting329

For the objective fitting of cochlear implants, an objective estimation of the MCL and T330

levels are needed. Below we discuss other neural correlates that have been described331

for objective CI fitting, with mixed results.332

For the estimation of the MCL level, positive results have been found with the333

electrically-evoked stapedius reflex threshold (ESRT). This brainstem reflex mechanism334

is a contraction of the stapedius muscle and is measured using visual observation335

or tympanometry (Pau et al., 2011). Even though a large intersubject variability was336

described, the ESRTs have been shown to correlate well postoperatively with behavioral337

comfort levels (Hodges et al., 1997; Caner et al., 2007; Gordon et al., 2004) or MCL338

levels (Allum et al., 2002; Stephan and Welzl-Müller, 2000), and rarely exceed the339

uncomfortable loudness (UCL) levels (Battmer et al., 1990; Spivak and Chute, 1994;340

Stephan et al., 1990). This makes the ESRT a safe measure for clinical practice. Moreover,341

the ESRT tends to be more stable over time compared to the behaviorally measured342

MCL level (Spivak and Chute, 1994). However, in about 20 to 50% of the patients343

the reflex cannot be measured, mainly due to middle ear pathologies or meningitis344
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(Battmer et al., 1990; Bresnihan et al., 2001; Hodges et al., 1997; Spivak and Chute, 1994;345

van den Borne et al., 1996).346

The EABR has also been intensively investigated for correspondence with either T347

or MCL levels. Some authors have claimed that the EABR threshold correlates with348

the behavioral T level (Abbas and Brown, 1991; Mason et al., 1993; Truy et al., 1998),349

while others described better correspondence to the behavioral MCL level (Shallop350

et al., 1991), or UCL level (Gallégo et al., 1999). Most studies report a large variability351

between patients, with the only confidence that the EABR threshold corresponds to a352

level that is audible for the patient, but can be anywhere between the behavioral T level353

and the UCL level (Brown et al., 1994).354

Similar results have been described for the ECAPs. Considerable inter- and intra-355

subject variability and only weak to moderate correlations have been found for ECAP356

thresholds and T or MCL levels (Brown et al., 2000; Cafarelli Dees et al., 2005; Cohen,357

2009; Eisen and Franck, 2004; Franck and Norton, 2001; Hughes et al., 2000; Smooren-358

burg et al., 2002; King et al., 2006; Lai and Dillier, 2007; Potts et al., 2007; Thai-Van et al.,359

2004; Van Den Abbeele et al., 2012), such that it should not be used as the sole method360

for objective CI fitting (McKay et al., 2013; Abbas and Brown, 2015).361

For CAEPs, a tendency to saturate at higher stimulus levels was reported (Abbas362

and Brown, 2015), as well as a high correlation (r = 0.93) between behavioral thresholds363

and CAEP thresholds, with the latter obtained using extrapolation of global field power364

amplitude growth functions (Visram et al., 2015).365

Furthermore, as thoroughly shown for acoustical thresholds (e.g., Luts et al., 2006;366

Picton, 2011), for cochlear implant users Hofmann and Wouters (2010, 2012) demon-367

strated that 40-Hz EASSR thresholds can be used to reliably predict behavioral T levels368

using bipolar stimulation. More advanced methods to remove the CI stimulation369

artifacts for monopolar stimulation are promising (Deprez et al., 2017).370

18



Manuscript EASSRs and loudness growth Maaike Van Eeckhoutte

In summary, for cochlear implant users it seems that the 40-Hz EASSRs and CAEP371

thresholds have the greatest potential to be used to objectively estimate behavioral T372

levels, and if it is possible to measure, the ESRTs to estimate the behavioral MCL levels.373

As demonstrated in this study, the 40-Hz EASSR amplitudes correspond to the loudness374

growth within the dynamic range. Given the current relatively long measurement times375

that are still needed for CAEP and EASSR measurements, in many cases a combination376

of behavioral and objective measures will still be desirable to ensure reliable and377

relatively fast clinical measurements. However, this study demonstrates the feasibility378

of using the 40-Hz EASSR for future objective, more automatic, and individualized CI379

fitting.380

5 CONCLUSIONS381

EASSR amplitude growth functions behave in the same way as loudness growth382

functions, as shown in this study for seven CI listeners who were involved in two383

behavioral loudness growth tasks and one EEG recording session. After transformation384

to directly compare the different measures, a good match was always found between385

two measures, with median MSE values below 0.010. As this was true for stimulation386

at apical (channel 15) as well as basal (channel 6) regions in the cochlea, EASSR have387

potential for the objective fitting of cochlear implants in clinical practice.388
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Table 1: Overview of the participants’ CI details.

Participant Implant type Test side CI experience (years) Etiology

S1 CI24R Left 11 Progressive
S2 CI24RE Right 8 Unknown
S3 CI24RE Right 4 Unknown
S4 CI24M Left 11 Unknown
S5 CI24M Left 11 Progressive/Mumps
S6 CI24RE Right 3 Progressive/Hereditary
S7 CI24M Left 14 Unknown

Table 2: The linear mixed-effects model that included the contrasts “Beh-EASSR", which
compared MSE values that contain only behavioral loudness growth (AME-GRS) and that
contain EASSR data (AME-EASSR and GRS-EASSR), and the contrast “Diff-EASSR", which
compared MSE values for conditions that contain EASSR data (AME-EASSR and GRS-EASSR).
The factor "Channel" means the CI stimulation channel, i.e. either channel 15 or channel 6.

Factor Coefficient t-value p-value 95% CI

Intercept 0.003 2.208 0.049 [0.0003;0.006]
Contrast Beh-EASSR -0.0001 -0.189 0.853 [-0.002;0.001]
Contrast Diff-EASSR -0.001 -0.755 0.467 [-0.004;0.002]
Channel 0.006 4.536 0.001 [0.003;0.008]
Contrast Beh-EASSR x Channel -0.0004 -0.481 0.640 [-0.002;0.001]
Contrast Diff-EASSR x Channel -0.0002 -0.136 0.895 [-0.003;0.003]
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Figure 1: The raw results of a typical CI listener (CI7) for stimulation of CI channels 15 and 6.
The top two panels show the results of the behavioral loudness measures, i.e. the numbers that
the participants typed in the Absolute Magnitude Estimation (AME) task (on a linear scale),
and the responses on the Graphic Rating Scale (GRS). The bottom panel shows the EASSR
amplitudes and the recorded EEG noise (solid and dashed lines, respectively). The error bars
indicate the mean ± one standard deviation of the behavioral responses for each current level.
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Figure 3: Mean square errors (MSEs) of the transformed data for each CI participant between 1)
the AME and GRS responses, 2) the AME and EASSR responses, and 3) the GRS and EASSR
responses, for stimulation of channel 15/12 and channel 6/3. Two outliers, with MSE values
of 0.38 and 0.50, were not visualized to make the figure more clear. These outliers were from
channel 15 and the same participant (CI1), and correspond to the MSEs of AME-GRS and
AME-EASSR respectively. The boxplots show median values with first and third quartiles.
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