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 28 

ABSTRACT  29 

  This report presents a new method for removing electrical artifact contamination 30 

from the electrically evoked compound action potential (eCAP) evoked by single cathodic-31 

leading, biphasic-pulse stimulation. The development of the new method is motivated by 32 

results recorded in human cochlear implant (CI) users showing that the fundamental 33 

assumption of the classic forward masking artifact rejection technique is violated in up to 34 

45% of cases tested at high stimulation levels when using default stimulation parameters. 35 

Subsequently, the new method developed based on the discovery that a hyperbola best 36 

characterizes the artifacts created during stimulation and recording is described. The 37 

eCAP waveforms obtained using the new method are compared to those recorded using 38 

the classic forward masking technique. The results show that eCAP waveforms obtained 39 
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using both methods are comparable when the fundamental assumption of the classic 40 

forward masking technique is met. In contrast, eCAP amplitudes obtained using the two 41 

methods are significantly different when the fundamental assumption of the classic 42 

forward masking technique is violated, with greater differences in the eCAP amplitude for 43 

greater assumption violations. The new method also has excellent test-retest reliability 44 

(Intraclass correlation > 0.98). Overall, the new method is a viable alternative to the 45 

classic forward masking technique for obtaining artifact-free eCAPs evoked by single-46 

pulse stimulation in CI users. 47 

Key Words: cochlear implants, auditory nerve, electrically evoked compound action 48 

potential  49 
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INTRODUCTION 50 

 The electrically evoked compound action potential (eCAP) measured at the 51 

auditory nerve is a summed response generated by a group of auditory nerve fibers 52 

(ANFs) responding synchronously to electrical stimulation [1, 2]. This near-field response 53 

can be recorded directly from a patient’s cochlear implant (CI) using the telemetry 54 

functions implemented in the CI and the commercial software provided by the CI 55 

manufacturer. The eCAP has been shown to be useful for estimating the physiological 56 

status of the auditory nerve [3-9]. These estimates of the physiological status of the 57 

auditory nerve may have clinical benefits such as longitudinal monitoring of neural health 58 

[10, 11], implant fitting [12-14] and explaining variance in speech perception performance 59 

among CI users [9, 15-18]. 60 

 The primary challenge in recording eCAPs is the presence of unwanted voltages 61 

(i.e., electrical artifacts) that contaminate and obscure the neural response. The largest 62 

artifact is caused by decaying charges produced during stimulation (i.e., stimulation 63 

artifact) due to capacitors in the CI [19] and the capacitive properties of the electrode–64 

electrolyte interface [20]. The stimulation artifact increases with stimulation level and is 65 

typically several orders of magnitude larger than the eCAP. Another artifact comes from 66 

the switching of the recording amplifier during the measurement process (i.e., recording 67 

artifact). While smaller than the stimulation artifact, the recording artifact is sufficiently 68 

large that it can contaminate the eCAP response, especially at stimulation levels near the 69 

eCAP threshold. Therefore, techniques to remove or reduce the stimulation and recording 70 

artifacts from eCAP recordings are necessary. 71 
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 Several artifact rejection techniques have been used or proposed over the past 72 

few decades for recording eCAPs in response to single-pulse stimulation. These 73 

techniques include the classic two-pulse forward masking [FwdMsk; 1], alternating 74 

polarity, and subthreshold template subtraction [21], along with more recent techniques 75 

such as precision triphasic-pulse stimulation [22], independent component analysis [23], 76 

and multi-curve-fitting [24]. The strengths, weaknesses, and limitations of each technique 77 

have been described previously [e.g., 2, 23, 25, 26]. 78 

 In recent years, FwdMsk has by far been the most commonly used artifact rejection 79 

technique for eCAP recordings, especially in CI users [e.g., 3-5, 7-9, 12, 15, 27, 28-32]. 80 

However, while the important considerations and limitations of FwdMsk are well known in 81 

theory, it is difficult to choose appropriate stimulation parameters in practice because of 82 

the challenges in verifying the underlying assumptions of this technique when collecting 83 

eCAP data. Therefore, as the motivation for the development of the method described in 84 

this report, we first review the theoretical basis and demonstrate the limitations of FwdMsk 85 

before describing the new method.  86 

TWO-PULSE FORWARD MASKING 87 

 The classic two-pulse forward masking technique [1] has been used in many 88 

studies over the last few decades for recording eCAPs in CI users. The method creates 89 

templates of the stimulation and recording artifacts by recording voltages in response to 90 

four stimuli. The first stimulus is a single pulse (i.e., probe pulse) which results in a 91 

recorded voltage trace (‘A’ trace) that includes the probe stimulation artifact, the recording 92 
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artifact, and the eCAP evoked by the probe. The second stimulus is the same as the first 93 

stimulus with the addition of a masker pulse which precedes the probe pulse by a 94 

specified inter-stimulus interval (i.e., masker-probe interval, MPI). In addition to the 95 

masker stimulation artifact and the neural response evoked by the masker pulse, the 96 

recorded voltage trace (‘B’ trace) consists of the probe stimulation artifact, the recording 97 

artifact, and potentially an eCAP response evoked by the probe pulse. Ideally, a relatively 98 

high masker stimulation level compared to the probe stimulation level and a short MPI 99 

are used to set the neurons in an absolute refractory state so that there is no neural 100 

response to the probe pulse. This is the fundamental assumption of FwdMsk. The third 101 

stimulus is the same as the second stimulus without a probe pulse. This single (masker) 102 

pulse results in a recorded voltage trace (‘C’ trace) that contains the masker stimulation 103 

artifact, the recording artifact, and the neural response evoked by the masker pulse. The 104 

fourth stimulus is a zero-amplitude stimulation that provides a template of the recording 105 

artifact (‘D’ trace) caused by the switching of the recording amplifier. After the four traces 106 

are recorded, a template waveform (‘T’ waveform) that consists of the probe stimulation 107 

artifact, the recording artifact, and any eCAP response evoked by the probe pulse in the 108 

second recording, is derived by adding the fourth recording to the difference between the 109 

second and third recordings (i.e., ‘T’ = ‘B’ – ‘C’ + ‘D’). Finally, the eCAP waveform (‘E’ 110 

waveform) is obtained by subtracting this artifact template from the first recording (i.e., ‘E’ 111 

= ‘A’ – ‘T’). Therefore, any neural response to the probe pulse included in the ‘B’ trace is 112 

also in the artifact template ‘T’ and alters the derived eCAP waveform ‘E’. This method is 113 

illustrated in Figure 1 for supra-threshold stimulation levels. Examples of each recorded 114 
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trace and derived waveform are shown in Figure 2 for one case in which the artifact 115 

template is free of neural response (i.e., complete masking) and one case in which the 116 

artifact template has a neural response (i.e., incomplete masking). 117 

 118 

Figure 1. Illustration of the classic two-pulse forward masking artifact rejection technique 119 

for removing artifacts from recordings of the electrically evoked compound action 120 

potential (eCAP). 121 

 122 
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 123 

Figure 2. Examples of recorded traces and derived waveforms obtained using the classic 124 

two-pulse forward masking artifact rejection technique for one case in which the artifact 125 

template is free of neural response (left panel) and one case in which the artifact template 126 

has a neural response (right panel).  127 

 128 

  As stated above, FwdMsk only produces an artifact-free eCAP waveform if there 129 

is no neural response to the probe pulse when proceeded by a masking pulse. The two 130 

primary factors that affect the validity of this assumption are the stimulation level of the 131 

masker pulse relative to the stimulation level of the probe pulse and the duration of the 132 

MPI. The considerations and implications of each of these two factors are reported below. 133 
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Stimulation Level of Masker Pulse  134 

  In FwdMsk, the masker pulse must be sufficiently large to activate the target ANFs. 135 

Otherwise, the neurons that are not activated by the masker pulse may be activated by 136 

the probe pulse that follows. This incomplete masking is manifest by neural response 137 

being present in the ‘B’ trace, as observed in the right panel of Figure 2, and results in a 138 

reduced eCAP compared to the fully-masked condition. A difference in stimulation level 139 

between the masker pulse and the probe pulse (i.e., masker offset) of +10 current levels 140 

(CL) has been proposed to be sufficient for producing the desired masking effect [33] and 141 

is a frequently used masker offset [e.g., 4, 6, 8, 9, 12, 27-30]. 142 

Duration of Masker-probe Interval 143 

  In FwdMsk, the MPI must be equal or shorter than the absolute refractory period 144 

(ARP) of the target neurons so that all neurons activated by the masker pulse will not 145 

respond to the probe pulse. Otherwise, some neurons activated by the masker pulse may 146 

have recovered sufficiently to respond to the probe pulse and generate an action 147 

potential. The fraction of neurons that respond to the probe pulse is influenced by at least 148 

two factors: the difference between the MPI and the ARP, and the speed of recovery 149 

during the relative refractory period (RRP). More neurons respond to the probe pulse 150 

when there are larger differences between the MPI and the ARP and when there is faster 151 

recovery during the RRP. Therefore, there are larger neural responses in the artifact 152 

template with larger differences between the MPI and the ARP, as shown in the middle 153 

panel of Figure 3. Additionally, phase-shifts in the artifact templates relative to the probe-154 
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only recordings, likely due to cross-fiber variability in refractory recovery times [34], 155 

change the morphology of the derived eCAP waveforms. As observed in the bottom panel 156 

of Figure 3, there are increasing changes in peak latencies and peak amplitudes relative 157 

to the fully-masked condition (i.e., MPI = 300 µs) with increasing time between the MPI 158 

and the ARP. Therefore, eCAP amplitudes and peak latencies obtained using FwdMsk 159 

are not accurate if the MPI is longer than the ARP, with larger errors occurring for larger 160 

differences between the MPI and the ARP. 161 

 162 

 163 
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Figure 3. Recorded traces to probe-only stimulation (top panel) and derived artifact 164 

templates and eCAP waveforms (middle and bottom panel, respectively) obtained using 165 

the classic two-pulse forward masking artifact rejection technique for single-pulse stimuli 166 

with various masker-probe intervals at one electrode location in one adult cochlear 167 

implant user. The absolute refractory recovery period estimated at this electrode location 168 

(i.e., t0) is provided in the corner of the bottom panel. 169 

 170 

  In practice, it is not straightforward to verify whether the MPI is set correctly when 171 

collecting eCAP data in individual CI users because it requires an estimate of the ARP. 172 

Therefore, it is not well-known how often the assumption of complete masking is met 173 

when using FwdMsk. Moreover, recovery from refractoriness is affected by the stimulation 174 

level, with faster recovery occurring at higher stimulation levels [34, 35]. At low stimulation 175 

levels and short MPIs (i.e., < 300 µs), a faciliatory effect could occur in which neurons not 176 

activated by the first pulse could be activated by the second pulse due to temporal 177 

integration of the charge [36]. The strongest facilitation effect is observed when the first 178 

pulse is near the eCAP threshold [35, 37], and the effect increases for shorter MPIs [38]. 179 

Refractory recovery periods and facilitatory effects are also influenced by the health of 180 

the ANFs [39, 40]. Therefore, the optimal MPI for recording eCAPs using FwdMsk could 181 

vary across CI users, electrode locations and stimulation levels. 182 

Absolute Refractory Periods at High Stimulation Levels 183 
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  As discussed previously, FwdMsk is dependent on the MPI being within the ARP 184 

of the target ANFs. An MPI of 400 µs has been used frequently in eCAP studies in CI 185 

users with Cochlear™ Nucleus® or Advanced Bionics devices [e.g., 3-5, 7-9, 12, 15, 25, 186 

27, 28-32, 40]. Therefore, it is important to understand whether 400 µs is generally within 187 

the ARP, and therefore, an appropriate MPI for recording eCAPs in CI users. The ARP 188 

(i.e., the time period following stimulation in which none of the target neurons could 189 

generate an action potential) can be estimated by fitting an exponential decay function to 190 

the eCAP refractory recovery function as has been done in previously published studies 191 

[e.g., 8, 9, 19, 40, 41]. The eCAP refractory recovery function is obtained using the 192 

modified template subtraction technique [26]. The modified template subtraction 193 

technique is a modification of FwdMsk that enables the measurement of artifact-free 194 

eCAPs obtained in a paired-pulse stimulation paradigm with various MPIs. Importantly, 195 

the default reference MPI used in the modified template subtraction technique is 300 µs, 196 

instead of 400 µs used in FwdMsk. Using the modified template subtraction technique, 197 

Morsnowski, et al. (41) reported a median ARP of 390 µs across 84 electrode locations 198 

measured in 14 CI users when evaluated at the participant’s maximum comfort level (i.e., 199 

C level). Therefore, more than half of the electrode locations in their study had an ARP of 200 

less than 400 µs when measured at C level. 201 

  To confirm the finding reported in Morsnowski, et al. (41), we evaluated ARPs at 202 

473 electrode locations across 80 pediatric and adult CI users (Pediatrics: 27 participants, 203 

38 ears, 127 electrode locations; Adults: 53 participants, 62 ears, 346 electrode 204 

locations). All participants used a Cochlear™ Nucleus® device (Cochlear Ltd.) and had 205 
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normal inner ear anatomy. eCAP recordings were obtained using the Advanced Neural 206 

Response Telemetry function implemented in the Custom Sound EP (v. 5.1, v.5.2 or 207 

v.6.0) commercial software (Cochlear Ltd, Sydney, NSW, Australia) using the modified 208 

template subtraction technique [26]. Both the masker and the probe were symmetric, 209 

cathodic-leading, biphasic pulses with an interphase gap of 7 µs and a pulse phase 210 

duration of 25 µs/phase. The masker and the probe were presented to the test electrode 211 

at the participants’ C level and 10 CL below C level, respectively, to obtain a masker offset 212 

of +10 CL. eCAPs were recorded as the MPI was systematically increased from 100 μs 213 

to 10 ms. Other recording parameters included a 122-µs recording delay, an amplifier 214 

gain of 50 dB, and a sampling rate of 20,492 Hz. Estimates of the ARP (i.e., t0) were 215 

obtained by fitting a decaying exponential function to the eCAP amplitudes plotted as a 216 

function of MPI as done in our previous studies [8, 9, 40]. Any estimates of the ARP below 217 

300 µs were excluded as poor fits, as was done by Morsnowski, et al. (41), because of 218 

the use of 300 µs as the reference MPI in the modified template subtraction technique. In 219 

total, 16/473 (3.4%) of the estimates were excluded (Pediatrics: 3/127 = 2.4%; Adults 220 

13/346 = 3.8%). 221 

  The ARP estimates measured in pediatric and adult CI users are shown separately 222 

in Figure 4. The result of a Mann-Whitney U test showed that estimated ARPs were 223 

significantly longer in the pediatric CI users than in the adult CI users (U = 17422, p = 224 

0.010). This can be explained, at least in part, by the difference in stimulation levels used 225 

in these two participant groups. Specifically, the result of a Mann-Whitney U test showed 226 

that the stimulation level was significantly lower in the pediatric CI users than in the adult 227 
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CI users (U = 16088, p < 0.001). There was a significant negative correlation between 228 

estimated ARP and stimulation level for both patient populations (Pediatrics: N = 124, r = 229 

-0.28, p = 0.002; Adults: N = 333, r = -0.31, p < 0.001), indicating shorter ARPs at higher 230 

stimulation levels. This is consistent with the results of other studies [34, 35]. More 231 

importantly, 192/457 (42.0%) of the estimated ARPs were less than 400 µs (Pediatrics: 232 

41/124 = 33.1%; Adults: 151/333 = 45.4%). These data clearly indicate that FwdMsk is 233 

not sufficient for removing artifacts from eCAP recordings in many cases due to violated 234 

underlying assumptions.  235 

 236 

 237 
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Figure 4. Violin plots of absolute refractory periods estimated from electrically evoked 238 

compound action potential refractory recovery functions measured at 127 electrode 239 

locations in 27 pediatric cochlear implant (CI) users (blue circles) and 346 electrode 240 

locations in 53 adult CI users (red circles). The white circle represents the median value. 241 

The black box represents the interquartile range (IQR), and the vertical black lines extend 242 

to the value that is the furthest from the median while still being within 1.5*IQR from the 243 

lower or upper quartile. The dashed horizontal line at 400 µs illustrates the default 244 

masker-probe interval used in the forward masking technique for single-pulse stimulation. 245 

 246 

   To date, a viable alternative to traditional artifact rejection techniques has not been 247 

identified. As a step toward addressing this issue, we recently developed a new method 248 

for removing artifacts from eCAP recordings measured for cathodic-leading stimulation.  249 

METHODS  250 

Study Participants 251 

The development and validation of the new method for removing artifacts from 252 

eCAP recordings was performed in a subset of the 80 pediatric and adult CI users in 253 

whom estimates of the ARP were obtained at multiple electrode locations (see subsection 254 

Absolute Refractory Periods at High Stimulation Levels above). Specifically, this subset 255 

of CI users included 17 pediatric and adult CI users (8 Female, 9 Male) ranging in age 256 

from 16.9 to 84.0 years (mean: 53.5 years, SD: 22.1 years). Participants A3, A5, and P2 257 

were implanted bilaterally, and each ear was tested separately in this study. Additional 258 
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eCAPs were measured at the two electrode locations with the largest difference in the 259 

estimated ARP in each of the 20 ears tested. Across all ears tested, there were 20 260 

electrodes tested with an estimated ARP less than 400 µs and 20 electrodes tested with 261 

an estimated ARP greater than 400 µs. Demographic information for each of the 17 study 262 

participants, along with the estimated ARP obtained at each of the electrodes tested in 263 

this study, are provided in Table 1. Written informed consent and/or verbal assent was 264 

obtained from all study participants and/or their legal guardians at the time of data 265 

collection. The study was approved by the Biomedical Institutional Review Board (IRB) at 266 

The Ohio State University (IRB study #: 2017H0131). 267 

  268 
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 269 

TABLE 1. Demographic information of all study participants. CI24RE (CA), Freedom 270 

Contour Advance electrode array; SHL, sudden hearing loss; AN, acoustic neuroma; 271 

EVA, enlarged vestibular aqueduct; ARP, absolute refractory period. 272 

 273 

 274 

 275 

 276 

 277 

Participant 
ID Sex 

Ear 
tested 

Age 
(years) 

Internal 
device and 
electrode 

array 
Etiology of 

hearing loss 
Electrodes 

tested 
Estimated 
ARP (µs) 

A1 M L 60s CI512 SHL 3, 9 392, 392 
A2 M L 60s CI512 Meniere's 15, 18 378, 380 
A3 F L 60s CI24RE (CA) Hereditary 3, 21 330, 377 
A3 F R 60s CI24RE (CA) Hereditary 9, 15 353, 309 
A4 F L 30s CI24RE (CA) Trauma 3, 9 414, 464 
A5 F L 50s CI532 Unknown 4, 15 656, 349 
A5 F R 50s CI24RE (CA) Unknown 9, 21 485, 513 
A6 F R 50s CI24RE (CA) Hereditary 3, 21 387, 454 
A7 M L 60s CI632 Unknown 3, 9 579, 429 
A8 M L 60s CI532 AN 9, 15 501, 375 
A9 F R 80s CI532 Hereditary 3, 7 366, 359 

A10 F L 30s CI532 Unknown 3, 9 554, 903 
A11 F R 50s CI532 Hereditary 12, 15 357, 358 
A12 M R 80s CI632 Unknown 3, 9 441, 447 
A13 F L 50s CI632 Unknown 3, 15 944, 713 
A14 M L 70s CI632 Unknown 15, 21 389, 358 
P1 M R 10s CI24RE (CA) Connexin 4, 12 463, 380 
P2 M L 10s CI24RE (CA) Usher 14, 21 342, 350 
P2 M R 10s CI24RE (CA) Usher 2, 9 413, 467 
P3 M L 10s CI24RE (CA) EVA 12, 21 1321, 403 
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eCAP Measurements 278 

All eCAPs were obtained following the same procedures as those used in our 279 

previous studies [e.g., 8, 9, 40] and using the Custom Sound EP (v. 5.1 or 6.0) software 280 

interface (Cochlear Ltd, Sydney, NSW, Australia). The stimulus was one cathodic-281 

leading, biphasic pulse with an interphase gap of 7 µs and a pulse phase duration of 25 282 

µs/phase. The stimulus was presented at the participants’ C level for all electrodes tested 283 

and repeated four times for calculating test-retest reliability. All stimuli were presented in 284 

a monopolar-coupled stimulation mode to individual CI electrodes via an N6 sound 285 

processor connected to a programming pod. For all eCAP measurements, the recording 286 

window was set to 64 samples (3,123 µs), the longest recording window allowed in 287 

Custom Sound EP. Additional recording parameters were a 122-µs recording delay, an 288 

amplifier gain of 50 dB, a sampling rate of 20,492 Hz, and 50 sweeps per averaged eCAP 289 

response. 290 

Hyperbola-fitting Artifact Subtraction Method 291 

 The hyperbola-fitting artifact subtraction method (HyperFit) was developed to 292 

address the limitations of FwdMsk. This method is based on the discovery that the 293 

waveform of the combined stimulation and recording artifacts is best characterized as a 294 

hyperbola for stimulation at a single electrode location (e.g., co-located masker and 295 

probe). Therefore, we first discuss the characterization of the artifact template as a 296 

hyperbola. We then provide a conceptual overview of the new method and detail how the 297 

method was implemented in this study. 298 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 17, 2024. ; https://doi.org/10.1101/2024.01.17.24301435doi: medRxiv preprint 

https://doi.org/10.1101/2024.01.17.24301435
http://creativecommons.org/licenses/by-nd/4.0/


19 
 
 

 

Artifact Characterization for Co-located Masker and Probe 299 

  We investigated the morphology of the combined stimulation and recording 300 

artifacts (i.e., artifact template) by analyzing the 100 recordings obtained using FwdMsk 301 

at electrode locations where the estimated ARP at C level was greater than 400 µs. 302 

Additionally, the masker offset was +10 CL for each of these recordings. Therefore, the 303 

artifact template obtained via FwdMsk for each of these recordings should be free of 304 

neural responses. For each recording, the artifact template was calculated by adding and 305 

subtracting the traces obtained using FwdMsk (see Figure 1). Representative artifact 306 

templates obtained at seven electrode locations in five CI users are shown in Figure 5A.  307 

 308 

 309 

 310 
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 311 

Figure 5. Representative artifact templates derived from recordings of the electrically 312 

evoked compound action potential (eCAP) using the classic two-pulse forward 313 

masking artifact rejection technique. Panel A: Artifact templates (colored traces) 314 

derived from eCAP recordings obtained at seven electrode locations in five cochlear 315 

implant users. Panel B: The results of linear regression using only the section of 316 

artifact template occurring after 2200 µs for three of the artifact templates shown in 317 

Panel A. 318 

   319 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 17, 2024. ; https://doi.org/10.1101/2024.01.17.24301435doi: medRxiv preprint 

https://doi.org/10.1101/2024.01.17.24301435
http://creativecommons.org/licenses/by-nd/4.0/


21 
 
 

 

  As can be seen in the figure, the artifact templates decrease monotonically with a 320 

rapid decay at the beginning of the recording window and then gradually transition to a 321 

line with a negative slope at the end of the recording window for all stimulation levels. To 322 

verify that the final section of the artifact templates reached a linear asymptote, linear 323 

regression was performed on the section of the artifact template occurring after 2200 µs. 324 

The results of linear regression for sections of three of the artifact templates shown in 325 

Figure 5A are provided in Figure 5B. Each subpanel shows a significant negative slope, 326 

and the residuals appear to be normally distributed without any systematic bias. Results 327 

of linear regression revealed that the slope was negative and significant (p ≤ 0.008), and 328 

the residuals were normally distributed as verified by the Anderson-Darling test (p ≥ 0. 329 

538) for all 100 eCAP recordings after correcting for multiple comparisons using the False 330 

Discovery Rate [42]. Therefore, these results confirmed that the artifact template reached 331 

a slanted asymptote for all recordings.  332 

  These features observed in the artifact template (i.e., rapid initial decay and 333 

slanted asymptote) can be well described by a hyperbola. A hyperbola is a smooth curve 334 

that is described by the rational function 𝑦 = 𝑎𝑥 + 𝑏 + 𝑐(𝑥 + 𝑑)−1. This function has a 335 

vertical asymptote at 𝑥 = −𝑑 and a slanted asymptote at 𝑦 = 𝑎𝑥 + 𝑏. Therefore, 336 

parameter 𝑑 of the function corresponds to the vertical asymptote that bounds the rapid 337 

initial decay, while parameters 𝑎 and 𝑏 correspond to the slope and the vertical offset of 338 

the line at the latter end of the recording, respectively. Parameter 𝑐 reflects the speed of 339 

the transition between those two portions of the recording, where a larger value of 𝑐 340 
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corresponds to a slower transition. A summary of the parameter values obtained when 341 

fitting a hyperbola each of the 100 artifact templates is provided in Table 2. 342 

 343 

 344 

Table 2. Summary of the parameter values obtained when fitting a hyperbola to artifact 345 

templates. 346 

 347 

 348 

 349 

 350 

  351 

 352 

  To verify that a hyperbola best describes the artifact template, we compared the 353 

goodness of fit (i.e., R2) obtained with a hyperbola for all 100 recordings to the goodness 354 

of fit obtained with two other functions that have been proposed to represent the artifact 355 

template: a two-component exponential function 𝑦 = 𝑎𝑒𝑏𝑥 + 𝑐𝑒𝑑𝑥 + 𝑒 [24] and a combined 356 

exponential and linear function 𝑦 = 𝑎𝑒𝑏𝑥 + 𝑐𝑥 + 𝑑 [43]. The R2s were not normally 357 

distributed for any of the three functions, so we report medians and interquartile ranges 358 

instead of means and standard deviations. A Friedman test was also conducted to 359 

determine whether the R2 differed between the three function fittings. As expected, the 360 

 a (µV/µs) b (µV) c (µV•µs) d (µs) 

Minimum -0.051 -2,457.6 18,663 -119.4 

Maximum -0.002 -94.3 205,970 -58.1 

Mean -0.019 -757.8 67,631 -96.1 
Standard 
deviation 0.016 618.4 50,992 18.5 
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R2 was higher for the hyperbola than for the other two functions (Hyperbola: median = 361 

0.999, IQR = 0.001; Two-component exponential function: median = 0.671, IQR = 0.578; 362 

Combined exponential and linear function: median = 0.991, IQR = 0.004). The result of 363 

the Friedman test showed a significant difference between the three fitting functions 364 

(χ22,198 = 123.5, p < 0.001). All post hoc comparisons were also significant (p < 0.001 for 365 

all comparisons). Therefore, these results confirm that a hyperbola characterizes the 366 

artifact template better than the other two functions. 367 

Conceptual Overview of the Hyperbola-fitting Artifact Subtraction Method 368 

 The method is illustrated in Figure 6 and entails creating an artifact template for 369 

individual recordings by fitting a hyperbola to the probe-only recording trace with greater 370 

fitting-weight given to data points in the sections of the recording in which little or no neural 371 

response is present. Specifically, greater fitting-weight is given to the data points in the 372 

recording in which the time from the onset of the probe stimulus is less than 200 µs or 373 

greater than 2200 µs. These time periods are chosen because the neural response is 374 

assumed to be very small and/or not present in these time periods. Even if there is some 375 

neural response in recording within the first 200 µs after the onset of the probe stimulus, 376 

the stimulation artifact is much larger than the neural response. A cutoff time of 2200 µs 377 

is chosen as a conservative estimate of the time point when the eCAP response has 378 

ended, which has been estimated up to 1300 µs [44, 45]. Moreover, this portion of the 379 

recording window is characterized by a line with a negative slope (see previous 380 

subsection). Therefore, we assume that the neural response should be very small or not 381 

present in that portion of the recording. After fitting the hyperbola, the hyperbola (i.e., 382 
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artifact template) is subtracted from the probe-only recording to give the artifact-free 383 

eCAP waveform. 384 

 385 

 386 

 387 

 388 

Figure 6. Illustration of the hyperbola-fitting artifact subtraction technique. The electrically 389 

evoked compound action potential (eCAP) waveform (black line, right panel) is derived 390 

by subtracting the hyperbola (red line, left panel) that is fit to the probe-only recording 391 

(black line, left panel) with greater fitting-weight given to data points within the time 392 

periods in which little or no neural response is present (lightly shaded regions, left panel). 393 

 394 

 395 

 396 

 397 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 17, 2024. ; https://doi.org/10.1101/2024.01.17.24301435doi: medRxiv preprint 

https://doi.org/10.1101/2024.01.17.24301435
http://creativecommons.org/licenses/by-nd/4.0/


25 
 
 

 

Implementation of the Hyperbola-fitting Artifact Subtraction Method 398 

 The new method was implemented in this study in a series of three steps using 399 

MATLAB (v. 2021b) software (MathWorks Inc.).  400 

Step 1: Re-sample the probe-only recording at 102,460 Hz 401 

 The default sampling frequency used in Custom Sound EP is 20,492 Hz, which 402 

corresponds to a sampling period of 48.8 µs. Therefore, for stimulation and recording 403 

parameters used in this study (i.e., pulse phase duration = 25 µs/phase, interphase gap 404 

= 7 µs, recording delay = 122 µs), only one sample was obtained within the first 200 µs 405 

after the stimulus onset. Specifically, the first sample occurred at 179 µs and the second 406 

sample occurred at 227.8 µs after the stimulus onset. Therefore, the probe-only recording 407 

was resampled at 102,460 Hz (i.e., 5x the original sampling rate) using spline interpolation 408 

to obtain a sampling resolution of 9.8 µs, which provided three data points within the first 409 

200 µs after the stimulus onset. The resampling was done using the ‘spline’ method of 410 

the ‘interp1’ MATLAB function which uses cubic spline interpolation. 411 

Step 2: Fit the hyperbola to the re-sampled waveform with custom weighting values 412 

 In typical function-fitting, each data point is given equal weight in the least-squares 413 

error minimization. However, due to the presence of both artifact and neural response in 414 

the probe-only recordings, it was necessary to use custom weighting values to emphasis 415 

the fitting to the portions of the recording in which little or no neural response is present. 416 

Specifically, the data points in the recording in which the time from stimulus onset is less 417 

than 200 µs or greater than 2200 µs were given the standard weight of 1, while all other 418 
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data points were given a weight of 0.015. This weighting emphasized the fitting of the 419 

vertical asymptote (i.e., fitting-parameter 𝑑) and the slanted asymptote (i.e., fitting-420 

parameters 𝑎 and 𝑏) while also allowing the remaining data points, even if they contain 421 

substantial neural response, to guide the transition between the asymptotes (i.e., fitting-422 

parameter 𝑐). The function fitting was done using the ‘fit’ function of MATLAB’s Curve 423 

Fitting Toolbox. Other than the custom weighting values, all other fitting options were the 424 

default options. 425 

Step 3: Subtract the hyperbola from the original probe-only recording 426 

 Importantly, this subtraction is performed only at the original sampling times. 427 

Therefore, this method does not modify the probe-only recording when deriving the eCAP 428 

waveform. Rather, the up-sampling simply creates more data points for the fitting process.  429 

Comparison between Forward Masking and New Method 430 

 In theory, eCAP amplitudes obtained using FwdMsk and HyperFit should be similar 431 

in cases where the masker offset is sufficiently large, the estimated ARP is greater than 432 

the MPI, and the masker and probe pulses are presented at the same electrode location. 433 

In contrast, a difference in eCAP amplitudes obtained using the two methods would be 434 

expected if the estimated ARP were less than the MPI, with greater differences in eCAP 435 

amplitudes observed for greater differences between the estimated ARP and the MPI. 436 

We tested these theoretical expectations by comparing eCAP amplitudes obtained using 437 

FwdMsk and HyperFit at each of the 40 electrodes tested. 438 

Statistical Analyses 439 
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 The theoretical expectations were assessed using Linear Mixed-effects Models 440 

(LMMs). Specifically, the effect of the artifact removal method on the eCAP amplitude 441 

was assessed with a LMM where the eCAP amplitude was the outcome variable, the 442 

artifact removal method was the fixed effect, and participant, electrode location and test 443 

ear (i.e., Left/Right) were random effects. One LMM was used with the data for which the 444 

estimated ARP was less than 400 µs and one used with the data for which the estimated 445 

ARP was greater than 400 µs according to the theoretical expectations. A third LMM 446 

assessed the effect of the estimated ARP on the difference in the eCAP amplitude 447 

obtained using the two artifact removal methods when the estimated ARP was less than 448 

400 µs. For this LMM, the difference in the eCAP amplitude obtained using the two 449 

methods (FwdMsk – HyperFit) was the outcome variable, the estimated ARP was the 450 

fixed effect, and participant, electrode location and test ear were random effects. 451 

 The test-retest reliability of the fitting-parameters and the eCAP amplitudes 452 

obtained using HyperFit for repeated measurements of the same stimulus were evaluated 453 

with the intraclass correlation coefficient (ICC). ICC(2,1) was chosen as the metric of 454 

interest because it quantifies the level of agreement across trials [46]. All statistical 455 

analyses for this study were performed using MATLAB (v. 2021b) software (MathWorks 456 

Inc.).  457 

RESULTS AND DISCUSSION 458 

Representative eCAP waveforms derived using FwdMsk and HyperFit are shown 459 

in the bottom panels of Figure 7 and Figure 8 from recordings at three electrode locations 460 
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at which the estimated ARP was greater than 400 µs and less than 400 µs, respectively. 461 

The probe-only recordings and the artifact templates from which the eCAP waveforms 462 

were derived are shown in the top panels of each figure. 463 

 464 

 465 

 466 

Figure 7. Representative probe-only recordings and artifact templates (top 467 

panels), along with electrically evoked compound action potential (eCAP) waveforms 468 

(bottom panels), obtained using the classic two-pulse forward masking artifact rejection 469 

technique (FwdMsk) and the new hyperbola-fitting artifact subtraction technique 470 

(HyperFit) at three electrode locations at which the estimated absolute refractory period 471 

(i.e., t0) was greater than 400 µs. 472 

 473 
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 474 

Figure 8. Representative probe-only recordings and artifact templates (top 475 

panels), along with electrically evoked compound action potential (eCAP) waveforms 476 

(bottom panels), obtained using the classic two-pulse forward masking artifact rejection 477 

technique (FwdMsk) and the new hyperbola-fitting artifact subtraction technique 478 

(HyperFit) at three electrode locations at which the estimated absolute refractory period 479 

(i.e., t0) was less than 400 µs. 480 

 481 

As observed in Figure 7, the eCAP waveforms derived using FwdMsk and HyperFit 482 

were comparable when the estimated ARP was greater than 400 µs. Most importantly, 483 

the difference in eCAP amplitudes obtained using the two methods was less than 5 µV, 484 

which is within the noise floor of these devices [47]. In contrast, there were large 485 

differences in eCAP amplitudes obtained using these two methods when the estimated 486 
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ARP was smaller than 400 µs, as observed in Figure 8. The primary reason for the larger 487 

eCAP amplitudes when using FwdMsk was the phase difference/shift between the neural 488 

response to the probe pulse in the masker + probe stimulation condition and the neural 489 

response included in the probe-only recording. Therefore, the neural response was 490 

present in the artifact template derived using FwdMsk, which altered the morphology of 491 

the derived eCAP waveform. 492 

One difference in the eCAP waveforms obtained using the FwdMsk and HyperFit 493 

observed in Figure 7 and Figure 8 is the difference in plateau voltage of the eCAP 494 

waveform (i.e., vertical offset). The characteristics of the operational amplifiers included 495 

in the CI contributes, at least partially, to this vertical offset as well as the variability in the 496 

observed offset across study participants and test electrodes. Specifically, the telemetry 497 

circuitry includes an auto-zero amplifier which sets the zero/reference point shortly before 498 

the first voltage sample is acquired in each measurement trace. All subsequent samples 499 

of that trace are measured relative to that zero/reference point. Since each measurement 500 

trace has its own reference point, the vertical offset between traces is not consistent. The 501 

eCAP waveform obtained using FwdMsk is the result of subtracting four recording traces, 502 

while only one recording trace is used in the HyperFit method. This methodological 503 

difference results in a vertical offset between the derived waveforms. Another potential 504 

factor that might have contributed to the vertical offset is the voltage difference between 505 

the resting physiological voltage before the eCAP response and the physiological voltage 506 

after the eCAP response measured at the end of the probe-only recording. Any voltage 507 

difference would have been captured in the artifact template obtained using HyperFit but 508 
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might have not been captured in the artifact template obtained using FwdMsk. However, 509 

there is no scientific evidence so far supporting the existence of a difference in 510 

physiological voltage before and after the eCAP response. In general, the characteristics 511 

of a voltage offset may have scientific or clinical value, but this remains unknown. In 512 

contrast, the eCAP amplitude has been used frequently in scientific and clinical studies. 513 

Therefore, we use the eCAP amplitude as a metric for comparing FwdMsk and HyperFit 514 

in this study. 515 

  The difference in the eCAP amplitude obtained using FwdMsk and HyperFit as a 516 

function of the estimated ARP is shown in Figure 9 for all 40 electrode locations tested. 517 

As can be observed in the figure, the difference in the eCAP amplitude was near zero for 518 

all electrode locations at which the estimated ARP was greater than 400 µs (i.e., the MPI 519 

of the stimulus). In contrast, for electrode locations at which the estimated ARP was less 520 

than 400 µs, the difference in the eCAP amplitude increased with decreasing ARP. These 521 

observations were confirmed by the results of statistical analyses. Specifically, there was 522 

not an effect of the artifact removal method on the eCAP amplitude when the estimated 523 

ARP was greater than 400 µs (F1,38 = 0.19, p = 0.666). In contrast, there was a significant 524 

effect of the artifact removal method on the eCAP amplitude when the estimated ARP 525 

was less than 400 µs (F1,38 = 13.67, p < 0.001). Finally, there was a significant effect of 526 

the estimated ARP on the difference in the eCAP amplitude when the estimated ARP was 527 

less than 400 µs (F1,18 = 68.19, p < 0.001). These experimental results match the results 528 

expected based on theory. 529 

 530 
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 531 

 532 

Figure 9. The difference in electrically evoked compound action potential (eCAP) 533 

amplitude obtained using the classic two-pulse forward masking artifact rejection 534 

technique and the new hyperbola-fitting artifact subtraction technique at two electrode 535 

locations per test ear in four ears of three pediatric cochlear implant (CI) users (blue filled 536 

circles) and 16 ears of 14 adult CI users (red unfilled circles) as a function of the estimated 537 

absolute refractory recovery period. 538 

Test-retest Reliability 539 

 Estimates of intraclass correlation coefficients, along with the 95% confidence 540 

intervals, for fitting-parameters and eCAP amplitudes obtained using HyperFit are 541 

provided in Table 3. Clearly, there is excellent test-retest reliability for all fitting-542 

parameters and the eCAP amplitude obtained using HyperFit.  543 

 544 
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Table 3. Intraclass correlation coefficients for fitting-parameters and electrically evoked 545 

compound action potential (eCAP) amplitudes obtained using the new method. 546 

 547 

CONCLUSIONS 548 

 The underlying assumption of the classic two-pulse forward masking is invalid in up 549 

to 45% of cases at high stimulation levels. Additionally, the eCAP amplitude obtained 550 

using the forward masking technique is highly affected by varying the masker offset or 551 

the masker-probe interval. Therefore, it is important to verify appropriate stimulation 552 

settings (i.e., masker level and masker-probe interval) in any study that uses the forward 553 

masking technique to calculate eCAP amplitudes. This is especially important in studies 554 

that use the eCAP amplitude as a parameter for predicting neural health or as a correlate 555 

to results of auditory perception. For cases in which the assumptions of forward masking 556 

are met (i.e., +10 CL masker offset and ARP > MPI), the eCAP amplitudes obtained using 557 

forward masking are comparable to the eCAP amplitudes obtained using the new method. 558 

Additionally, the eCAP amplitude calculated using the new method is consistent across 559 

repeated measurements. Therefore, the new method presented in this report is a viable 560 

alternative to the forward masking technique for obtaining artifact-free eCAPs in cathodic-561 

leading, single-pulse stimulation. Moreover, it has the advantage of reduced recording 562 

 Fitting parameters eCAP 
amplitude a b c d 

Estimate 0.987 0.998 0.999 0.991 0.995 
Confidence 

Interval [0.975, 0.993]  [0.997, 0.999] [0.998, 1.000] [0.985, 0.995] [0.990, 0.998] 
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time because it only requires one recording trace (vs. 4 required by the forward masking 563 

technique), and eCAPs can be recorded at higher stimulation levels because it does not 564 

require a strong masker pulse. The new method has currently only been validated for 565 

eCAPs evoked by single, cathodic-leading, biphasic pulses with fixed stimulation 566 

parameters (e.g., pulse phase duration = 25 µs/phase, inter-phase gap = 7 µs) in patients 567 

with normal inner-ear anatomy that were implanted with a Cochlear™ Nucleus® CI 568 

(Cochlear Ltd.). Research investigating the application of the new method with other 569 

stimulation parameters and testing paradigms (e.g., spread of excitation, refractory 570 

recovery, pulse-train stimulation) in various CI patient populations, along with optimization 571 

of the parameters of the new method (e.g., fitting-weights), is in process. Additionally, 572 

future studies will evaluate the relationships between eCAP metrics obtained using the 573 

new method (e.g., eCAP threshold) and behavioral measures (e.g., detection thresholds). 574 

  575 
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