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Abstract 17 

Cochlear implant users require fitting of electrical threshold and comfort levels for optimal 18 

access to sound. In this study, we used single-channel cortical auditory evoked responses 19 

(CAEPs) obtained from 20 participants using a Nucleus device. A fully objective method to 20 

estimate threshold levels was developed, using growth function fitting and the peak phase-21 

locking value feature. Results demonstrated that growth function fitting is a viable method for 22 

estimating threshold levels in cochlear implant users, with a strong correlation (r = 0.979, p < 23 

0.001) with behavioral thresholds. Additionally, we compared the threshold estimates using 24 

CAEPs acquired from a standard montage (Cz to mastoid) against using a montage of 25 

recording channels near the cochlear implant, simulating recording from the device itself. The 26 

correlation between estimated and behavioural thresholds remained strong (r = 0.966, p < 27 

0.001), however the recording time needed to be increased to produce a similar estimate 28 

accuracy. Finally, a method for estimating comfort levels was investigated, and showed that 29 

the comfort level estimates were mildly correlated with behavioral comfort levels (r = 0.50, p 30 

= 0.024).  31 
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1 Introduction 36 

Cochlear implant stimulation needs to be adjusted for each individual in order to provide the 37 

appropriate range of sound perception for optimal speech understanding. An important part of 38 

the process involves determining the electrical dynamic range. The lower bound of the 39 

dynamic range corresponds to a stimulus that produces a just-perceivable sound and is termed 40 

the threshold (T) level; the upper bound corresponds to a stimulus that produces a 41 

comfortably loud sound and is termed the comfort (C) level. Clinically, the dynamic range is 42 

usually determined by behavioral feedback from the implantee. This process is time 43 

consuming and unfeasible for infants (Hughes, 2013) and other individuals who are unable to 44 

give their own feedback or follow instructions. Objective determination of the dynamic range 45 

is advantageous when behavioral feedback is not available. Thus, much research has been 46 

undertaken to evaluate whether neural responses to stimulation can be used to determine 47 

objective estimates of threshold and comfort levels. However, current objective measures 48 

may be inaccurate, time-consuming or too labour or resource intensive to have widespread 49 

clinical utilization (Vaerenberg et al., 2014). A less-explored, but promising, objective 50 

measure is the cortical auditory response (CAEP, Visram et al. (2015)), along with the phase 51 

locking value feature (Mao et al., 2018). The present study used phase-locking values 52 

extracted from single channel cortical responses to estimate the threshold level for cochlear 53 

implant users. 54 

A widely investigated neural response is the electrically-evoked compound action potential 55 

(ECAP). ECAP thresholds only have a moderate correlation with behavioural thresholds (a 56 

maximum r value around 0.5 to 0.6, which decreases as rate of stimulation of the behavioral 57 

measure increases) (Abbas and Brown, 2015; McKay and Smale, 2017; McKay et al., 2013; 58 

Miller et al., 2008). Despite its limited accuracy, ECAPs are used as a rough guideline for 59 

clinical implant fitting due to easy acquisition with neural telemetry hardware incorporated in 60 

modern implants (Shapiro, 2014). Additionally, ECAPs use single stimulus pulses, which is 61 

not representative of the stimuli used for clinical threshold finding (high-rate pulse trains). 62 

The electrically-evoked auditory brainstem response (eABR) suffers from the same problem. 63 

Only single or short pulses can be delivered as to not obscure the response with stimulation 64 

artefact. Thus, low rates of stimuli generate relatively good correlations with behavioral 65 

threshold (for example, r = 0.89 at 10 pps (Hodges et al., 1994) and  r = 0.83 at 35-80 pps 66 

(Brown et al., 2000)). At higher stimulation rates that are more representative of what is 67 



usually used in clinic, eABR thresholds are only marginally more accurate than ECAP 68 

thresholds (r = 0.74 at 400 pps, r = 0.69 at 1000 pps (Brown et al., 1999)). In contrast, using 69 

the electrically-evoked auditory steady state response (eASSR) with seven channel and 96 70 

kHz sampling rate, Hofmann, Wouters (2010) found thresholds that were highly correlated 71 

with behavioral thresholds (r = 0.96), although one of 26 subjects’ thresholds could not be 72 

estimated. The hardware requirement for this method is currently a barrier in its translation to 73 

clinical usefulness; in addition, paediatric testing with eASSRs require the patient to be still, 74 

which also limits its clinical usefulness. 75 

Cortical responses as an objective measure for cochlear implant threshold estimation is a 76 

developing area of research. Visram et al. (2015) showed high correlations (r = 0.93) between 77 

behavioral thresholds and cortical thresholds obtained using high-rate pulse train stimuli and 78 

using the global field power feature. The global field power is found by calculating the 79 

standard deviation of EEG amplitude across every recording channel. The requirement for 80 

multiple recording locations is not ideal for easy clinical use. Another challenge for automatic 81 

cortical evoked response estimation is the way that morphology changes with age, 82 

particularly in the infant population (Kushnerenko et al., 2002; Silva et al., 2013; Wunderlich 83 

et al., 2006). In our previous work using cortical responses in subjects with normal acoustic 84 

hearing (Mao et al., 2018), we presented an algorithm to address the challenges of both ease 85 

of clinical use and morphology heterogeneity: we used single channel acquisition, which 86 

allows easier translation into clinical situations; the algorithm also made no assumptions 87 

about the shape of the response morphology. The present work examined whether a similar 88 

method can effectively estimate electric hearing thresholds in cochlear implant users, and 89 

thus its suitability for automatic threshold determination in cochlear implant clinics. 90 

Traditionally, cortical responses are recorded from the Cz or nearby positions (Abbas and 91 

Brown, 2015; Cone and Whitaker, 2013). Studies have shown altered morphology and 92 

reduction in cortical response amplitude when recording location is varied, which is likely 93 

due to sub-optimal alignment of the EEG electrodes with the electric dipoles generated by 94 

responding neurons (Kelly et al., 2005; Näätänen and Picton, 1987). However, it is unknown 95 

whether the phase-locking value (PLV) of the cortical response, which quantifies the 96 

similarity in phase across response trials of the same stimulus (Delorme and Makeig, 2004; 97 

Tallon-Baudry et al., 1996), is affected similarly, as its use in the hearing field is limited. In 98 

this study, we investigated whether threshold estimation using the phase-locking value 99 



feature of the cortical auditory potential is robust to changes in electrode location. Because 100 

the method in this paper may be applicable to future technology in which implanted 101 

electrodes of a cochlear implant are used to measure the cortical evoked response, we 102 

investigated how the recording location of the EEG response affects the accuracy of threshold 103 

determination. 104 

In summary, we hypothesized that the peak phase-locking value feature of the cortical 105 

auditory potential would allow accurate estimation of electrical hearing thresholds in cochlear 106 

implant users. In addition, we compared the deterioration in amplitude and phase-locking 107 

value when recording location was changed to a more clinically convenient location, and 108 

hypothesized that the correlations between the objective estimates using phase-locking value 109 

and behavioral measures would be still clinically significant when the data quality was 110 

deteriorated by recording from a suboptimal recording position. Finally, we investigated 111 

whether comfort levels could be estimated using the PLV feature growth functions.  112 



2 Methods 113 

2.1 Subjects and stimuli 114 

20 adult users of cochlear implants participated in this study. Their ages ranged from 39 to 86 115 

(mean = 65.2, std. = 10.7) years. All implants were Nucleus CI24RE implants and had been 116 

in use for at least three years. Table 1 shows the demographic information for each subject. 117 

This study was conducted under the approval of the Human Research Ethics Committee of 118 

the Royal Victorian Eye and Ear Hospital, and each participant gave written informed 119 

consent.  120 

The test stimulus for both behavioral and EEG measures activated the implant electrode 121 

assigned to the 1kHz frequency, which was electrode 16 for all subjects except one (for 122 

whom it was electrode 14). Test stimuli were 50-ms duration biphasic pulse trains delivered 123 

to this electrode in monopolar 1+2 stimulation mode. The current level was varied trial-to-124 

trial to create stimuli of different intensities. Pulse widths of 26 µs, interphase gap of 8.4 µs, 125 

and rate of 900 pulses-per-second were used for 15 out of 20 subjects. The remaining five 126 

subjects needed a greater pulse width or pulse rate to reach comfortable loudness without 127 

exceeding the Nucleus devices’ current level upper limit of 255 units(shown in Table 2). 128 

Table 1. Subject demographic information and implant side. 129 

Subject  

number 

Age Gender Duration of 

CI use 

Test ear Cause of deafness 

1 70 F Unknown R Measles when young 
2 67 M 5 R Otosclerosis 
3 68 F 3 L Otosclerosis 
4 39 F 4 R Unknown 

5 69 M 6 L Hereditary 
6 71 F 3 L Hereditary 
7 74 M 1.5 L Injury 
8 48 M 8 L Congenital 

9 58 M 10 L Injury 
10 59 F 6 L Unknown sudden onset 
11 52 M 6 R Meningitis 
12 61 M 8 R Congenital 



13 62 M 4 L Hereditary 

14 64 M 1 R Unknown progressive 
15 86 F 7 L Ototoxicity 
16 76 M Unknown R Progressive hereditary  
17 78 M 3.5 R Unknown 

18 65 F 3 R Unknown 
19 71 M 4 R Unknown sudden onset 
20 66 F 8 R Unknown 
 130 

Table 2. The stimulation parameters pulse width and pulses-per-second used for each subject.  131 

Subject number Test pulse width (µs) Test pulses-per-second 

2 50 900 

3 62 900 

5 62 900 

6 50 900 

12 26 1800 

Other 15 subjects 26 900 

 132 

A 50-ms stimulus duration was used for cortical measurements, as it is the longest duration 133 

that does not obscure the cortical response with the cochlear implant stimulation artefact 134 

(Visram et al., 2015). The subjects’ clinical maps were created using 500-ms duration pulse 135 

train stimuli, which may be perceived as louder than a 50-ms pulse train of the same current 136 

level (Donaldson et al., 1997). Therefore, we re-determined the comfort and threshold levels 137 

of all subjects using the same 50-ms pulse trains using the following behavioral procedures.  138 

2.2 Behavioral data collection 139 

Behavioral comfort levels were determined using a categorical loudness scale, which had 140 

levels of “unheard”, “very soft”, “soft”, “soft but comfortable”, “comfortable”, “loud but 141 

comfortable”, “very loud” and “too loud”. The stimuli were presented sequentially, beginning 142 



at a current level near each subject’s clinical map threshold level, and increased by ten 143 

current levels until “comfortable” category was reached, then by five current levels until 144 

“loud but comfortable” was reached and finally by two current levels until “very loud” was 145 

reached. The current level was then reduced in two current level steps until “loud but 146 

comfortable” was reached again, and this final current level was deemed the behavioral 147 

comfort level. The behavioral comfort level is defined in this paper as the upper bound of the 148 

dynamic range (DR), also referred to as the behavioral 100% DR level.  149 

Behavioral threshold levels were determined using an adaptive, 2-down 1-up, three-interval, 150 

three alternative, forced-choice task using the ImpResS research interface (a custom-built 151 

system for psychophysics using direct electrical stimulation). Each of the three intervals were 152 

1000 ms in duration, and only one randomly chosen interval contained the 50 ms pulse train. 153 

Subjects were asked to select the interval that contained sound and to guess if unsure. Each 154 

interval lit up with a button on the ImpResS research interface. Stimuli were initiated at the 155 

“soft but comfortable” level. The step size was four current levels for two turns and then two 156 

current levels for eight further turns. The task was repeated and the average of the two 157 

staircases’ final six turning points was deemed to be the behavioral threshold level, or 158 

behavioral 0% DR level. 159 

2.3 EEG data collection 160 

Electrical stimuli were presented at six levels relative to the subjects’ behavioral dynamic 161 

ranges: -50, 10, 20, 40, 60 and 100% DR. The EEG data from the -50% DR sub-threshold 162 

stimuli were used as baseline levels in the analysis. Stimuli were presented with an inter-163 

stimulus interval randomly jittered between 1.35 and 1.65 seconds, and each of the six 164 

stimulation levels were presented in a random order for at least 300 epochs per level 165 

depending on testing time limitations. EEG data were acquired with a BioSemi ActiveTwo 166 

EEG system from 64 scalp channels arranged in the international 10-20 configuration, with 167 

the Common Mode Sense (CMS) and Driven Right Leg (DRL) placed on the left and right 168 

sides of the midpoint between Pz and POz respectively. Left and right mastoid channels were 169 

also included.  170 

Data were sampled at 2048 Hz, and a fifth order sinc response anti-aliasing filter with -3dB 171 

cut-off at 400 Hz was applied by the BioSemi hardware. Cochlear implant stimulus artefacts, 172 

which included the power-up pulses in the 100 ms preceding stimulus onset and the 50 ms of 173 

stimulus artefact, were removed before any post-processing by substituting data from a pre-174 



stimulus region randomly selected from within -600 to -300 ms in each epoch. Substitution 175 

was used to ensure the time-frequency spectrogram used to calculate the PLV did not have 176 

discontinuities.  177 

For each subject, one to five measurement channels were blocked by the implant’s external 178 

coil position (average 2.4 channels) and were disconnected. In addition, one to three channels 179 

per subject (average 0.6) were too noisy to use and were rejected via visual inspection 180 

(visible, very large line noise interference). Montages were created by referencing each 181 

unrejected channel to the mastoid channel contralateral to the side of the cochlear implant; 182 

each channel is referred to by their location and reference, for example “Cz-M” refers to the 183 

montage which is the Cz channel referenced to the contralateral mastoid channel.  184 

In addition, we created one manually selected montage for each subject (denoted “CI-closest” 185 

montage) with the active electrode positioned as close as possible to the subject’s cochlear 186 

implant sound processor which was not blocked by the external coil. The aim was to collect 187 

data from the scalp that would be somewhat similar to that which would be collected by using 188 

implanted electrodes of the cochlear implant. T7 or T8 was selected as the active channel in 189 

18 cases for left and right implants respectively (P7 and C6 were used instead for subjects 9 190 

and 12 respectively because of coil placement). The reference channel was selected 191 

subjectively to be the closest to the extra-cochlear plate electrode of the Nucleus cochlear 192 

implant. Many of these channels were disconnected due to the coil placement. In those cases, 193 

the mastoid ipsilateral to the implant was selected as the reference channel (13 cases). Fig. 1 194 

Panel A shows an example of subject 18’s Cz-M and CI-closest montages, as well as the two 195 

disconnected channels electrodes P8 and P10 (stacked on cochlear implant cartoon), and two 196 

noisy channels TP8 and P2 (red crosses). Following montage determination, all montages of 197 

right sided implant subjects were mirrored horizontally in the analysis of the data; thus, all 198 

data were analysed as if the implant was on the left side. 199 

Pre-processing was performed in MATLAB (version 2016b, MathWorks, MA, USA). 200 

Continuous data were zero-phase filtered between 1 and 45 Hz with elliptical filters designed 201 

with a passband ripple of < 1% and stopband attenuation of > 40 dB. Data were then down-202 

sampled to 256 Hz and epoched in a window -600 ms to +1200 ms relative to stimulus onset. 203 

Any epochs with amplitudes that exceeded ±100µV or RMS voltage that exceeded 300 µV2 204 

were then rejected as artefact contaminated epochs. At least 250 artefact-free responses 205 

(corresponding to approximately 6 minutes of recording) were acquired at each stimulus level 206 



for each subject, and the collection of these responses are hereby referred to as blocks. After 207 

pre-processing, the dataset contained blocks of epochs from 20 subjects, each with six 208 

stimulus intensities. In the analysis, we used a subset of the epochs to examine the effect of 209 

recording time versus threshold estimation accuracy. 210 

2.4 Feature extraction and growth function fitting 211 

Two features were individually extracted from the data recorded at each montage. The first 212 

feature, peak-to-peak amplitude, was extracted by taking the average of each block of epochs 213 

and then taking the peak-to-peak voltage potential in a 50 to 500 ms post-stimulus window. 214 

The second feature, peak phase-locking value (peak PLV), was calculated by first taking a 215 

spectrogram of each epoch in a block with a 400 ms Hamming window and 20 ms time steps, 216 

and then calculating the PLV at each time-frequency point according to the following 217 

formula, where N is the number of epochs and θ represents the phase angle at each time (t) 218 

and frequency (f) point. 219 

PLV(t,f)=
1
N
��� cos�θi(𝑡𝑡, 𝑓𝑓)�

N

i=1

�

2
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N

i=1

�
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The peak PLV was extracted from the PLV spectrogram by taking the maximum PLV in a 1 220 

to 20 Hz and 50 to 600 ms window. The PLV is in dimensionless units, and can range 221 

between zero (no similarity between epochs) and one (every epoch has exactly the same 222 

phase at a particular time-frequency point). 223 

Each feature was bootstrapped for 100 iterations by sampling epochs with replacement and 224 

the median of the bootstrap distribution was used in growth function fitting. Exponential 225 

growth functions of the following form for peak-to-peak amplitude or PLV features were 226 

fitted to the features extracted from data for 10, 20, 40, 60 and 100% DR stimulus levels: 227 

𝑓𝑓(𝑥𝑥) = 𝑎𝑎(1 − 𝑒𝑒−
𝑥𝑥−𝑏𝑏
𝑐𝑐 ) 

Where x is the % DR, a is the upper asymptote of the feature growth function, b is the x-axis 228 

intercept and c controls the rate of growth of the exponential function. 229 

2.5 Threshold level estimation 230 

Fig. 1 Panel B demonstrates the proposed threshold estimation procedure using an example 231 

from subject 11. Following the growth function fitting, the sub-threshold response’s feature, 232 



in this case its phase locking value, was used to calculate the feature baseline level. The 233 

growth function was used to estimate the threshold level by finding the % DR on the x-axis 234 

where the function was equal to the baseline phase-locking value. Objective threshold 235 

estimation quality was quantified by comparing goodness of fit r values between the 236 

behavioral thresholds and objectively determined threshold estimates, as well as the standard 237 

deviation of the differences between the two. 238 

<<Insert Figure 1 about here, in color>> 239 

3 Results 240 

Fig. 2 shows the measured behavioral threshold and comfort levels for each subject.  241 

<<Insert Figure 2 about here, in color>> 242 

3.1 Comparison of montage position and feature type 243 

Fig. 3 Panels A to D show representative data from subject 18’s response to stimuli presented 244 

at 100% DR. Features from the Cz-M montage (Panels A and B), which tends to have the 245 

most reliable responses (Abbas and Brown, 2015), can be compared to those from the CI-246 

closest montage (Panels C and D). It can be observed that both peak-to-peak amplitude and 247 

peak phase-locking value features were smaller when using the CI-closest montage. 248 

Additionally, the CAEP was observed to be different in the two montages, visually evident 249 

both in the time domain (Panels A and C) and the phase spectra (Panels B and D). No 250 

stimulus artefact was visually present in the recording. 251 

Panel E shows the ratio between feature amplitudes from the two different montages in all 20 252 

subjects at each stimulation level (10, 20, 40, 60 and 100% DR). In response to 100% DR 253 

stimuli for example, the peak-to-peak amplitude feature calculated from the CI-closest 254 

montage was on average 52.6% of the size of the same feature calculated from the Cz-M 255 

montage, while for the peak PLV feature the ratio was 72.0%. To compare the feature 256 

amplitude ratio from the different recording locations, a general linear model was used with 257 

subjects as a random factor, and stimulus level and feature as fixed factors, as well as a level-258 

feature interaction term. We found a significant effect of stimulus level (F4,171 = 13.77, p < 259 

0.001): the ratio was generally decreasing with increasing level. We also found a significant 260 

effect of feature (F1,171= 14.62, p < 0.001): the ratio was smaller for peak-to-peak amplitude. 261 



There was no significant interaction between level and feature (F4,171 = 0.73, p = 0.573); 262 

although an interaction effect may have been obscured by the large inter-subject variation. 263 

Finally, we observed that the ratio is above 1 for many subjects at the lower stimulation 264 

levels. This was likely due to noise levels dominating the recordings at each location.  265 

This result suggests that the peak phase-locking value measure may be more resistant to 266 

changes in the recording montage than the peak-to-peak amplitude feature. However, this 267 

does not directly imply that the growth function fit and threshold estimation was better using 268 

the peak PLV. In the following analyses, we focused on the peak phase-locking value feature 269 

for threshold estimation and used the peak-to-peak amplitude as a comparison. 270 

<<Insert Figure 3 about here, in color>>  271 

3.2 Using PLV growth function to estimate hearing threshold in CI users 272 

Estimated thresholds were determined for each subject using the method described in Fig. 273 

1B. Each circle on Fig. 4 corresponds to one subject, with behaviorally-determined threshold 274 

on the x-axis, and the threshold estimate derived from the PLV growth functions on the y-275 

axis. Thresholds estimated from data recorded from Cz-M are shown in Fig. 4A, and from the 276 

CI-closest montages in Fig. 4B. Both montages produced objective estimates of threshold that 277 

were highly correlated with the behavioral thresholds (Cz-M: r = 0.979, p < 0.001; CI-278 

closest: r = 0.966, p < 0.001). To further assess the reliability of the objective threshold 279 

estimates, they were first converted to percent behavioral dynamic range (% DR). The 280 

standard deviation (SD) represents how the threshold estimate varies across subjects, and 281 

therefore how reliable the estimation method is. For the Cz-M montage, the across subjects 282 

SD was 5.6% DR (mean +9.3% DR, range –5.6 to +18.4% DR). For the CI-closest montage, 283 

the across subjects SD was 7.2% DR (mean +10.6, range -4.2 to +24.3% DR). A two-sample 284 

F-test on the threshold estimates in units of % DR revealed no significant difference between 285 

recording from the Cz-M and the CI-closest montages (F19,19 = 0.595, p = 0.265). 286 

<<Insert Figure 4 about here, in color>> 287 

The threshold estimates generated by the peak PLV feature were compared against the 288 

estimates obtained using peak-to-peak amplitude feature, at both recording locations. This 289 

analysis was performed by comparing the standard deviations of threshold estimates across 290 

subjects for both features at both recording locations, a total of four conditions. Fig. 5 shows 291 



the standard deviations and their 95% multiple comparison confidence intervals, as generated 292 

in Minitab (version 18.1, Minitab Inc., PA, USA). The multiple comparisons test showed a 293 

significant difference in standard deviation (p = 0.047), and post-hoc analysis showed that 294 

there was only a significant difference between peak-to-peak amplitude using the two 295 

different recording locations. This is evidence that the peak PLV feature is more robust to 296 

recording location changes than the peak-to-peak amplitude feature. 297 

 <<Insert Figure 5 about here, in grayscale>> 298 

To further examine the other placement locations’ threshold estimation performance, we 299 

compared the performance of Cz-M data against each of the other left-implant-normalized 300 

scalp channels while using the peak phase-locking value feature. P7-M and TP7-M were 301 

excluded from analysis as more than half were disconnected due to obstruction by the 302 

subjects’ implant coils. We bootstrapped the r values (100 iterations) for each of the 303 

remaining 62 channels and found that no montage performed significantly better than Cz-M 304 

(empirical distribution comparison using p < 0.05), although FPz-M performed the best (r = 305 

0.990, compared to Cz-M where r = 0.979). Only six channels (PO7, TP8, P6, O1, Oz, O2) 306 

performed significantly worse. These were all occipital channels or channels near the 307 

implant-contralateral mastoid that created montages which may have not captured the cortical 308 

response well for growth function fitting. These results show that recording montage 309 

placement precision is not important for the best growth function threshold estimate; rather, 310 

the care should be taken to not place the active electrode too close to the reference electrode 311 

or the occipital region of the scalp when using the growth function method. 312 

3.3 The effect of reducing number of epochs on the threshold estimate 313 

To further investigate clinical viability, the effect of reducing the number of epochs used for 314 

the threshold estimate was calculated. Data recorded from the Cz-M and CI-closest montages 315 

were used, and threshold estimation accuracy was compared while limiting the data to 316 

between 20 and 200 epochs per stimulus intensity in steps of ten epochs. The number of 317 

epochs used was converted into a ‘testing time’ value by multiplying by the average inter-318 

stimulus interval (1.5 seconds). In the growth function fitting, the -50% DR response data (a 319 

stimulus level very unlikely to be perceived) was substituted with background EEG activity, 320 

thus reducing the number of stimulus levels needed from six to five. The threshold estimation 321 

procedure (as described in Fig. 1B) was performed in each subject 50 times, each time 322 

iterating randomly selected epochs within each stimulus block, for a total of 1000 simulated 323 



runs per ‘testing time’. Results where the baseline PLV feature was greater than the 324 

asymptote of the fitted growth function or where the threshold estimate was less than 0 or 325 

greater than 255 current levels were rejected as invalid fits.  326 

Fig. 6 Panels A and B show histograms of threshold estimation accuracy after a simulated test 327 

time of five minutes and ten minutes to test 5 stimulus levels, corresponding to 40 and 80 328 

epochs per level respectively. Fig. 6 Panels C and D show the results for all recording times 329 

simulated in terms of r value and estimate difference in % DR, respectively. In Panel D, a 330 

wider spread of threshold estimates calculated from data recorded at the CI-closest montage 331 

can be seen compared to the Cz-M montage, implying a lower reliability of estimation. Table 332 

3 summarizes these results. At five minutes test time, there was a significant difference 333 

between the standard deviation of the estimates calculated from data recorded at the two 334 

montages (two sample F-test, F967,851 = 0.652, p < 0.0001). The significant difference remains 335 

at ten minutes test time (F990,950 = 0.338, p < 0.0001). These results show that data from the 336 

CI-closest montage do not produce threshold estimates that are as reliable as data from the 337 

Cz-M montage. However more testing time can compensate for the less accurate estimate 338 

(Fig. 6C). It is possible that the non-significant difference between the two recording 339 

locations when using all data (seen in previous section and in Fig. 4) is due to the asymptotic 340 

effect on the threshold estimate accuracy when more data are used. These results indicate that 341 

lower threshold estimation accuracy obtained from the CI-closest montage can be 342 

compensated for by recording more data. Lastly, the same analysis was performed with the 343 

peak-to-peak amplitude feature applied to the CI-closest location as a comparison. We found 344 

that the peak PLV performed better by having a lower standard deviation of threshold 345 

estimate than the peak-to-peak amplitude at 5 minutes testing time (F851,825 = 0.651, p < 346 

0.0001) and at 10 minutes testing time (F950,933 = 0.508, p < 0.0001). 347 

<<Insert Figure 6 about here, in color>> 348 

Table 3. Summarized results from Fig. 6 Panels A and B. Threshold estimation accuracy for the two recording 349 
locations and two testing times are expressed in correlation coefficient and % DR deviation from behavioral 350 
threshold. 351 

Testing time Montage 
Correlation 

coefficient 

Difference between 

threshold estimate and 

behavioral threshold 

Number of invalid 

fits (out of 1000 

simulated runs) 



across subjects (mean ± 

1 std.) (% DR) 

5 minutes, 

equivalent to  

5 blocks of 

40 epochs 

Cz-M 0.823 12.9 ± 19.9 32 

CI-

closest 
0.723 14.2 ± 24.7 

148 

 

10 minutes, 

equivalent to  

5 blocks of 

80 epochs 

Cz-M 0.924 11.1 ± 11.1 9 

CI-

closest 
0.808 13.5 ± 19.1 

49 

 352 

3.4 Comfort level estimation using population and growth function information 353 

The data were further examined to see if the PLV growth functions could be used to 354 

determine comfort level. A trial method to estimate comfort levels based on population 355 

values of PLV was developed, and then evaluated with a leave-one-out cross validation.   356 

Fig. 7 illustrates the proposed comfort level estimation method. The procedure assumed that 357 

the comfort level corresponds to a feature amplitude that is at a fixed proportion, m, of the 358 

amplitude of the feature growth function asymptote: 359 

𝑚𝑚 =
𝑃𝑃𝑃𝑃𝑉𝑉𝐶𝐶 − 𝑃𝑃𝑃𝑃𝑉𝑉𝑏𝑏

𝑃𝑃𝑃𝑃𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑃𝑃𝑃𝑃𝑉𝑉𝑏𝑏
 

Here, PLVC is the peak PLV at the behavioral comfort level, PLVasym is the asymptotic PLV 360 

based on the growth function fit, and PLVb is the base PLV calculated from the sub-threshold 361 

level. The procedure involves determining m from a population with known comfort levels 362 

(Fig. 7A) and applying this population value of m to an individual with unknown comfort 363 

level to estimate their comfort level (Fig. 7B). Fig. 7A uses subject 11 as an example of 364 

calculating m for an implant user whose behavioral comfort level is known. This performed 365 

for all subjects except 18, and the population-averaged m is denoted mpop. Fig. 7B illustrates 366 



the leave-one-out method for determining comfort level for subject 18, Given mpop, we find 367 

the comfort level estimate as such: 368 

𝑃𝑃𝑃𝑃𝑉𝑉𝐶𝐶  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝(𝑃𝑃𝑃𝑃𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑃𝑃𝑃𝑃𝑉𝑉𝑏𝑏) + 𝑃𝑃𝑃𝑃𝑉𝑉𝑏𝑏 

Finally, we use subject 18’s growth function to predict the stimulus intensity that corresponds 369 

to their estimated PLVC. 370 

<<Insert Figure 7 about here, in color>> 371 

We found a moderate correlation between comfort level estimates calculated with the data 372 

acquired from the Cz-M montage and the behavioral comfort level (r = 0.50, p = 0.024, see 373 

Fig. 8A). However, there was no significant correlation when using data acquired from the 374 

CI-closest montage (r = 0.14, p = 0.565, see Fig. 8B). The comfort level estimation result is 375 

not sufficiently accurate for clinical application. 376 

<<Insert Figure 8 about here, in color>> 377 

4 Discussion 378 

In this study, a fully objective method for estimating the hearing threshold for a cochlear 379 

implant electrode was developed using single-channel EEG recordings combined with phase-380 

locking values and growth function fitting. The method can generate objective threshold 381 

estimates that correlate well with behavioral thresholds.  This method can therefore be used 382 

for improving mapping procedures in adult and potentially infant implant recipients. Further, 383 

we have shown that data recorded from a location physically close to the cochlear implant 384 

can generate equally accurate threshold estimates, albeit with longer recording times. Future 385 

cochlear implant systems which incorporate recording electrodes either implanted or mounted 386 

on the external sound processor may benefit from using phase-based objective measures such 387 

as the peak phase-locking value feature investigated in this study.  388 

4.1 Additional information from the growth functions 389 

An interesting observation was made from Fig 6D: on average, threshold estimates were 390 

overestimated by around 10% DR compared to the behavioral threshold. More specifically, 391 

Fig. 4 showed this overestimate was higher when the behavioral thresholds were lower. 392 

While the mechanisms that contribute to these observations are unclear, it is possible that the 393 



lower behavioral thresholds correspond to better neural survival in the cochlea. Better neural 394 

survival may mean more stochastic responses across epochs due to an abundancy of available 395 

neurons to respond to the sound, leading to a lower phase-locking value. A lower-valued PLV 396 

growth function, along with the assumption that the baseline phase-locking value is 397 

unchanged, would lead to an overestimate of the behavioral hearing threshold. Along with the 398 

finding that threshold estimates using CAEP global field power growth functions have greater 399 

uncertainty when behavioral thresholds are lower (Visram et al., 2015), further exploration of 400 

the interaction of the growth function characteristics with behavioral threshold levels is 401 

needed. 402 

In our previous work (Mao et al., 2018), we used the same hearing threshold estimation 403 

method but in acoustic listeners. The growth functions that were produced in the two studies 404 

are difficult to directly compare for various reasons: firstly, there was a large age difference 405 

(previous study: mean = 25 years; this study: mean = 65 years); secondly, the range of 406 

stimulus intensities used is hard to compare as the levels were of different units (percent 407 

dynamic range and dB SL); finally, comfortable level stimuli were not analysed in the 408 

previous study, so the range of loudness of the stimuli differed. Regardless, a comparison 409 

could be made by observing the PLV growth function asymptotes. The acoustic listeners 410 

reached an asymptotic PLV of 0.86 ± 0.17 (mean ± 1 std. across 20 subjects), whereas the 411 

cochlear implant listeners reached a PLV asymptote of 0.49 ± 0.20 (mean ± 1 std. across 20 412 

subjects). The significantly lower PLV asymptote (Two-sample unpaired t-test, t = 3.43, p = 413 

0.0015) for cochlear implant listeners may be due to two factors. First, the growth function 414 

asymptotes for acoustic listeners may have large uncertainties. Since the acoustic listeners 415 

were only tested to 60 dB SL, it was possible that their growth functions did not approach an 416 

asymptotic PLV value; rather, the PLV values may have been in the linear region of feature 417 

growth. To compare, we extracted the 95% confidence interval for the asymptote during 418 

curve fitting. We found that the 95% confidence interval for the fitted asymptote was 4.15 in 419 

the acoustic listeners compared to 0.93 in the cochlear implant listeners (significantly higher; 420 

rank-sum test: p = 0.001). An unreliable estimate for asymptote, however, did not affect the 421 

threshold estimation accuracy (Mao et al., 2018). Second, the older age of the cochlear 422 

implant users may contribute, although this has not been shown in literature; it is only known 423 

that CAEP magnitude decreases with age (Goodin et al., 1978). In our study with 20 subjects, 424 

there was no correlation between growth function asymptote and age (Pearson correlation, r = 425 

-0.25, p = 0.29). 426 



If the asymptote comparisons are reliable and there is lower maximal phase-locking for 427 

cochlear implant listeners, it may mean that individual responses to the same stimuli are more 428 

varied. This may have implications on speech understanding; individuals may have more 429 

trouble distinguishing speech tokens if, for example, their perception of the same speech 430 

token is already different each time. Thus, an interesting experiment would be to test whether 431 

maximal phase-locking values were correlated with speech understanding. 432 

4.2 Comfort level estimation 433 

There are currently no cortical response features described in literature that correlate well 434 

with comfort levels of hearing. The use of PLV growth functions as tried with the current 435 

data did produce a significant correlation, but with insufficient accuracy to be clinically 436 

useful. The comfort level estimates varied greatly in accuracy across subjects, and this 437 

variation may have at least two sources. First, there is variation in the behavioral estimate due 438 

to the subjectivity of estimates given by the subjects, and there is no way of knowing how 439 

consistent “comfortably loud” is across subjects. Second, there is no evidence that the 440 

absolute phase-locking value can reflect loudness perceived. This is clear when comparing 441 

the much lower levels of PLV in the cochlear implant group compared to the normal hearing 442 

group in the previous study, despite the loudness range being greater in the cochlear implant 443 

group. The algorithm attempted to account partially for this by comparing ratios of 444 

asymptotic peak phase-locking with comfort level peak phase-locking instead of directly 445 

comparing absolute phase-locking values across subjects; however, the results were still not 446 

sufficiently accurate to be clinically useful. This is also initial evidence that the phase-locking 447 

value feature is a poor measure of loudness.  448 

4.3 Towards a fully objective clinical tool for cochlear implant mapping 449 

There are still challenges remaining to the implementation of the totally objective threshold 450 

estimation technique in clinical settings. Some device manufacturers do not use the threshold 451 

level in their fitting procedure (for example, Advanced Bionics implants are fitted at the 452 

comfort level only), thus this method may not be applicable to these devices. Another 453 

limitation of all current methods that utilize cortical responses is the need to use scalp 454 

electrodes and additional measurement equipment. Unfortunately, the neural telemetry 455 

systems that exist in current implants to record ECAPs from intracochlear electrodes can only 456 

record data for several milliseconds at a time, and therefore cannot fully capture a cortical 457 

response, which is hundreds of milliseconds in duration. There are two possible workarounds: 458 



adapt existing hardware by concatenating multiple windows of responses (Campbell et al., 459 

2015; Mc Laughlin et al., 2012), or develop improved or additional recording hardware in 460 

cochlear implants. In either case, measuring the cortical response using electrodes in the 461 

cochlear implant system currently requires that the recording electrode positions are distant 462 

from the ideal location of Cz. A recording location near the implant gives rise to two issues: 463 

larger stimulation artefacts (Mc Laughlin et al., 2013) and reduced response magnitudes 464 

(Kelly et al., 2005).  465 

In this study, the stimulation artefacts were removed by using a short (50 ms) stimulus pulse 466 

train, so that the response of interest (after 50 ms from stimulus onset) was not affected. 467 

Clinically, a 500-ms duration pulse-train is used to find behavioral threshold. Stimulus 468 

duration may affect perception differently in different individuals; thus, the thresholds 469 

estimate from the cortical response may be less correlated to the 500-ms behavioral 470 

thresholds than was found in this study for the 50-ms behavioral thresholds. One possible 471 

solution to account for the threshold difference is to use a correction factor to account for the 472 

average difference between 50-ms and 500-ms thresholds, which have been found to be 473 

correlated (Visram et al., 2015). Another solution is to use a 500-ms duration stimulus and 474 

perform stimulation artefact correction with a single channel method (Mc Laughlin et al., 475 

2013). However, it is uncertain whether the artefacts can be completely removed with that 476 

method (Mc Laughlin et al., 2013). Any leftover stimulus artefact can affect the growth 477 

function fitting greatly, as they appear systematically in each response block and will 478 

artificially elevate the fitted growth function. It is likely that, for the estimation method 479 

presented in the current work, correcting for a shorter stimulus duration may be a more 480 

suitable approach than risking residual stimulation artefact by using a longer stimulus. 481 

The current results showed that measuring cortical responses from electrodes located near the 482 

implant itself will lead to reduced PLV values compared to measurement positions near Cz. 483 

Further, the lower PLV magnitude lengthens the recording time required to reach the same 484 

accuracy and reliability as obtained from data collected at Cz. Thus, the study supports the 485 

potential for the use of the cochlear implant to perform recording via reverse telemetry 486 

systems. As mentioned above, this can be achieved with either an improved recording 487 

capability of the existing neural telemetry systems, or the implementation of a behind-the-ear 488 

recording electrode on the speech processor itself. An improved neural telemetry system 489 

would use an intra-cochlear electrode and extracochlear electrode as the active and the 490 



reference electrodes. Thus, the orientation of the pair of recording electrodes may be slightly 491 

different to what we used in the current study (mainly T7/T8 to the ipsilateral mastoid), and 492 

our result may not be indicative of the performance when using two implanted electrodes. 493 

Instead, our result is more predictive of performance when a behind-the-ear electrode is 494 

referenced to an extra-cochlear electrode, for example.  495 

We only tested a single, mid-array stimulation electrode in this study. Generally, stimuli on 496 

the more basal electrodes (corresponding to higher frequencies) generate lower peak-to-peak 497 

cortical response amplitudes (Firszt et al., 2002), causing possible poorer growth function 498 

fitting and thus worse threshold estimates. Visram et al. (2015) found that reliable growth 499 

functions of global field power could not be fitted for three out of nine subjects for a basal 500 

electrode (electrode 3), whereas the function for a mid-array electrode could be fitted for all 501 

subjects. Further work is required to determine whether our proposed single-channel, phase-502 

locking feature approach is applicable along the whole implant array. It is possible that the 503 

phase-locking value would be less affected than other features by smaller response 504 

amplitudes, as suggested by the results of this study, and thus might generate accurate 505 

threshold estimates for all electrodes. 506 

The preparation of subjects took approximately 15 minutes because a full scalp EEG cap was 507 

used in this study. In a clinical setting, only a small subset of scalp electrodes would be 508 

needed (a minimum of three would be needed to perform the analysis presented in this paper) 509 

which may take two to three minutes. Thus, application of this method in clinic is as 510 

straightforward as testing an ABR. Further, if the recording was incorporated into the 511 

implant, the preparation time would be eliminated entirely. 512 

5 Conclusion 513 

In this study, a fully objective and reliable method for hearing threshold estimation in 514 

cochlear implant users was demonstrated, using the cortical auditory response, the phase-515 

locking value and a single recording channel.  The PLV method was robust to differences in 516 

scalp recording locations, , provided additional measurement time. A future goal is the 517 

implementation of a telemetry system with measurement electrodes built into an implant or 518 

behind-the-hear device, which would be able to record cortical responses and thus perform 519 

fully automated threshold estimation. A more accurate comfort level estimation method is 520 

needed for fully objective implant fitting. 521 
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