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a b s t r a c t 

Triphasic pulse stimulation can prevent unpleasant facial nerve stimulation in cochlear implant users. 

Using electromyographic measurements on facial nerve effector muscles, previous studies have shown 

that biphasic and triphasic pulse stimulations produce different input-output functions. However, little 

is known about the intracochlear effects of triphasic stimulation and how these may contribute to the 

amelioration of facial nerve stimulation. 

The present study used a computational model of implanted human cochleae to investigate the effect 

of pulse shape on the intracochlear spread of excitation. Biphasic and triphasic pulse stimulations were 

simulated from three different cochlear implant electrode contact positions. To validate the model re- 

sults, experimental spread of excitation measurements were conducted with biphasic and triphasic pulse 

stimulation from three different electrode contact positions in 13 cochlear implant users. 

The model results depict differences between biphasic and triphasic pulse stimulations depending on 

the position of the stimulating electrode contact. While biphasic and triphasic pulse stimulations from 

a medial or basal electrode contact caused similar extents of neural excitation, differences between the 

pulse shapes were observed when the stimulating contact was located in the cochlear apex. In contrast, 

the experimental results showed no difference between the biphasic and triphasic initiated spread of 

excitation for any of the tested contact positions. The model was also used to study responses of neurons 

without peripheral processes to mimic the effect of neural degeneration. For all three contact positions, 

simulated degeneration shifted the neural responses towards the apex. Biphasic pulse stimulation showed 

a stronger response with neural degeneration compared to without degeneration, while triphasic pulse 

stimulation showed no difference. 

As previous measurements have demonstrated an ameliorative effect of triphasic pulse stimulation on 

facial nerve stimulation from medial electrode contact positions, the results imply that a complementary 

effect located at the facial nerve level must be responsible for reducing facial nerve stimulation. 

© 2023 Elsevier B.V. All rights reserved. 
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. Introduction 

Cochlear implants (CIs) can restore hearing in patients with se- 

ere to profound sensorineural hearing loss by applying electri- 

al current to auditory nerve fibers (ANFs) via intracochlear elec- 

rodes. Despite the CI’s great success for many patients, negative 

ide effects can occur in rare cases, such as the unintentional 

o-stimulation of the facial nerve, which runs in the vicinity of 

he cochlea ( Bigelow et al., 1998 ; Kempf et al., 1999 ; Muckle and

evine, 1994 ; Niparko et al., 1991 ). Facial nerve stimulation (FNS) is 

redominantly observed in CI users who require high stimulation 

evels, for example in cases of otosclerosis ( Bigelow et al., 1998 ; 

https://doi.org/10.1016/j.heares.2023.108752
http://www.ScienceDirect.com
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Fig. 1. Cathodic first phase biphasic pulse (BP) and triphasic pulse (TP). The stim- 

ulation amplitudes of the pulses are marked by A, and the phase durations are 

marked by T. For the triphasic pulse, the phase duration of the first and third phases 

is half the duration of the second phase. 
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empf et al., 1999 ; Muckle and Levine, 1994 ; Pires et al., 2018 ;

olak et al., 2006 ; Rayner et al., 2003 ; Rotteveel et al., 2004 ;

eyyedi et al., 2013 ), trauma of the temporal bone ( Pires et al.,

018 ), labyrinthitis ossificans ( Nassiri et al., 2018 ), and malfor- 

ations of the cochlea ( Seyyedi et al., 2013 ). As a consequence, 

timulation amplitudes below the level of maximum comfort- 

ble loudness (MCL) can cause symptoms ranging from simple 

wareness to painful muscle spasms around the eyes and mouth 

 Berrettini et al., 2011 ). FNS is often triggered by medial electrode 

ontacts located in the superior segment of the cochlear basal turn 

 Bigelow et al., 1998 ; Kelsall et al., 1997 ). It is assumed that this is

aused by the close proximity of the lateral wall of the cochlea 

o the labyrinthine segment of the facial nerve at this position 

 Berrettini et al., 2011 ). 

In the literature, incidences of FNS after CI implantation vary 

etween 0.9 and 14.6% ( Berrettini et al., 2011 ) and can be as

igh as 75% in patients with otosclerosis ( Bigelow et al., 1998 ; 

uckle and Levine, 1994 ). Furthermore, the occurrence of FNS 

orrelates with certain factors such as anatomical characteristics 

 Schart-Moren et al., 2017 ) and the shape of the CI electrode ar-

ay itself ( Frijns et al., 2009a ). In a computational model of im-

lanted human cochleae and the facial nerve, otosclerotic changes 

oincided with an increase in the MCL and auditory threshold lev- 

ls (THRs) of ANFs, whereas FNS thresholds changed only to a 

esser extent ( Frijns et al., 2009a ). These elevated stimulation lev- 

ls may be due to current leaking from the cochlea when the elec- 

rical conductivity of the temporal bone surrounding the cochlea 

ncreases ( Frijns et al., 2009a ). Previously investigated approaches 

or reducing FNS were prolonging the stimulation pulse duration 

r deactivating affected electrode channels. However, these mea- 

ures can detrimentally affect the hearing performance of CI users 

 Crew et al., 2012 ; Dorman et al., 1997 ; Shannon et al., 1995 ).

n severe cases of FNS, patients have undergone reimplantation 

r could not benefit from the CI at all ( Battmer et al., 2006 ;

ärtner et al., 2022 ; Polak et al., 2006 ). In the standard stimula-

ion mode, most current CI systems use biphasic pulses (BPs) for 

timulation, namely pulses consisting of two consecutive phases 

f opposing polarity (see Fig. 1 left side), to prevent the emer- 

ence of neurotoxic products due to remaining electrical charge 

 Brummer and Turner, 1977 ; Lilly et al., 1955 ; Rowland et al.,

960 ). To balance the charge of each pulse, both phases are equal 

n the duration and absolute value of their amplitude. Recent 

tudies have demonstrated that using a charge-balanced tripha- 

ic pulse (TP) with a cathodic first phase can significantly reduce 
2 
NS ( Alhabib et al., 2020 ; Bahmer et al., 2017 ; Bahmer and Bau-

ann, 2016 ; Braun et al., 2019 ). This alternative shape consists of 

wo phases of the same polarity separated by one phase of oppos- 

ng polarity. While the absolute amplitudes of all three phases are 

qual, TPs balance the charge by reducing the duration of the first 

nd third phases to half that of the second phase (see Fig. 1 right

ide). As neurons are sensitive to short-term temporal charge dif- 

erences, the differences in the temporal distribution of anodic and 

athodic charges between the BPs and TPs produce different neural 

esponses ( Bahmer and Baumann, 2013 ; Herrmann et al., 2021 ). 

The mechanism of the FNS-reducing effect of TPs remains un- 

lear. Bahmer et al. (2017) recorded the extent of FNS in intraop- 

rative electromyographic measurements for BPs and TPs with in- 

reasing stimulation levels. They suggested that the FNS-reducing 

ffect of TPs could be attributed to the shallower slope of their 

nput-output function compared to BP stimulation. The underly- 

ng process and its location, however, could not be determined 

nd were suggested for further investigation. A possible explana- 

ion could be a difference in the response of cochlear and facial 

erve fibers to BP and TP stimulations or that TP stimulation may 

enerate a different spread of excitation (SOE) than BP stimulation 

n the cochlea. The present study evaluated this hypothesis using 

wo approaches. 

The first approach applied a computational model and calcu- 

ated responses to BP and TP stimulations. The SOE was esti- 

ated from the simulated neural responses. The model was a de- 

ailed computational model of an implanted human cochlea from 

he Leiden University Medical center ( Briaire and Frijns, 2006 , 

0 05 , 20 0 0a , 20 0 0b ; Frijns et al., 2011 , 2009b , 2009a , 2001 , 2000 ;

alkman et al., 2022 , 2015 , 2014 ; Snel-Bongers et al., 2013 ). It com-

ined a volume conduction model based on the boundary element 

ethod and a deterministic active nerve fiber model ( Frijns et al., 

995 ). The volume conduction model in the present study con- 

isted of a realistic representation of the human cochlea implanted 

ith a CI electrode array that satisfied the technical specifications 

f the Standard electrode type from the manufacturer MED-EL 

Innsbruck, Austria). It contained five individual three-dimensional 

uman cochlear geometries based on individual histological or ra- 

iological data. Each geometry described the boundaries between 

ifferent intracochlear media, which were considered purely resis- 

ive with isotropic electrical conductivity values. The purpose of 

he model was to simulate the distribution of electrical potentials 

s a result of monopolar stimulation via the electrode contacts, 

articularly along the nerve fiber trajectories. Electrical potentials 

ere passed to the deterministic nerve model, which simulated 

he response of the neurons. All the nerve fibers in the model 

ere designed as active electrical double cables with an imper- 

ectly insulating myelin sheath and a peri–axonal layer between 

he myelin and axon, as described by Dekker et al. (2014) and 

alkman et al. (2022) . For each of the five cochlear geometries, 

 set of 3200 auditory neurons grouped in 80 bundles were im- 

lemented with the cell bodies and neural trajectories distributed 

n a pseudo-randomized fashion ( Kalkman et al., 2015 ). Compara- 

le to previous studies, an additional degenerated condition was 

enerated for each cochlear geometry by removing all peripheral 

rocesses from the nerve fibers described above ( Briaire and Fri- 

ns, 2006 ; Kalkman et al., 2022 , 2015 , 2014 ; Snel-Bongers et al.,

013 ). 

The second approach to investigate possible differences be- 

ween biphasic- and triphasic-stimulated SOEs consisted of elec- 

rophysiological measurements of electrically evoked compound 

ction potentials (ECAPs). Cohen et al. (2003) first introduced a 

ethod to estimate the SOE by means of ECAP recordings. The 

ethod requires a forward-masking paradigm ( Abbas et al., 1999 ; 

iller et al., 20 0 0 ) with the probe pulse fixed to one electrode

ontact while a masker pulse is varied across the electrode ar- 
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ay. The resulting ECAP amplitude is thought to represent the 

verlap between the neural excitation of the probe and masker 

ulses. Hence, the largest ECAP response should be measured 

hen masker and probe are emitted from the same electrode con- 

act. The ECAP amplitudes will decrease progressively as the dis- 

ance between the masker and probe increases ( Hughes, 2008 ). 

ohen’s SOE method was first used to compare biphasic- and 

riphasic-stimulated SOEs by Bakhos et al. (2013) . Their results 

uggested that TPs with an anodic first phase could reduce the 

OE. However, the TP shape they used and its polarity was not 

dentical to that used in MED-EL’s CI systems for reducing FNS. 

oreover, Bakhos et al. (2013) matched the neural excitation stim- 

lated by BP stimulation and TP stimulation using a psychophysi- 

al loudness balancing. In contrast, this study evaluated the intra- 

ochlear effect of BP and TP stimulation with pulse shapes and po- 

arities used in the clinical setting. Instead of psychophysical pro- 

edures, which are often time consuming and can be influenced 

y learning, adaption and/or accommodation effects ( Miller et al., 

008 ), the neural excitation by BPs and TPs in the measurements 

f this study was balanced using biphasic- and triphasic-stimulated 

CAP amplitudes. It was decided to use the ECAP measurement as 

t provides an objective measure of intracochlear excitation. It is 

ecorded proximal and consequently bypasses the higher auditory 

ystem. ECAPs were therefore considered to have the advantage 

ver psychophysical procedures in producing results with lower 

ariance. 

. Materials and methods 

.1. Stimuli 

The model simulations and experimental measurements were 

onducted using the same stimuli (BPs and TPs) delivered in 

onopolar stimulation mode. Fig. 1 depicts the shape of the BPs 

nd TPs used. BPs consist of two phases of opposing polarity with 

he same duration T, while TPs consist of three alternating phases 

here the second phase has a duration T and the first and third 

hases have a duration of T/2. The stimulating pulse phases are in- 

errupted by an inter-phase gap. This study only used pulses with 

n initial cathodic phase. For all the pulses, T was set to 30 μs and

he inter-phase gap was set to 2.1 μs. The stimulation levels were 

pecified in current units (CU), with 1 CU corresponding to approx- 

mately 1 μA. 

.2. Computational model 

The volume conduction model was based on the boundary ele- 

ent method and was used to calculate electrical potential fields 

n a three-dimensional geometrical representation of a human 

ochlea implanted with an electrode array under quasi-static con- 

itions. The model contained the same five individual cochlear ge- 

metries, labeled CM1 through CM5, that were used previously by 

alkman et al. (2022) . CM1 and CM2 were constructed from his- 

ological cross sections, while CM3, CM4, and CM5 were derived 

rom microcomputed tomography reconstructions. Each geometry 

as implanted with a MED-EL Standard electrode array, with the 

xception of CM2, which was too small to contain the full active 

ength of the Standard array and was instead implanted with a 

ED-EL Medium array. In addition, each geometry was deployed 

nder two separate neural conditions: one with intact neurons and 

ne with degenerated neurons that had suffered a complete loss 

f all peripheral processes, as exemplified by previous modeling 

tudies ( Briaire and Frijns, 2006 ; Kalkman et al., 2022 , 2015 , 2014 ;

nel-Bongers et al., 2013 ). 

The model output for each simulation was presented as a 

hreshold profile (ThP), which indicated the deterministic thresh- 
3 
ld levels of each individual neuron in the model for a given stimu- 

us on a specific electrode contact. The single fiber thresholds were 

etermined by iteratively simulating neural responses at different 

timulus amplitudes until the highest found subthreshold ampli- 

ude was within 0.1% of the lowest obtained suprathreshold am- 

litude. ThPs were plotted against the nerve fiber position, which 

as defined by the location of the tips of the peripheral pro- 

esses along the basilar membrane (BM), measured in mm from 

he cochlear base to the apex. ThPs were used to determine model 

stimates of perceptual loudness based on the total amount of 

pace occupied at the BM by the tips of all the excited neurons. 

he perceptual threshold was defined in the model as the stimulus 

mplitude (I THR ) required to excite the number of fibers that corre- 

ponded to a width of 1 mm on the BM containing approximately 

00 neurons ( Snel-Bongers et al., 2013 ). The MCL in the model was

efined as the amplitude (I MCL ) needed for an excitation width of 

 mm, which contained approximately 400 neurons ( Briaire and 

rijns, 2006 ). The difference between I THR and I MCL was defined as 

he electrical dynamic range of an electrode contact. As described 

y Kalkman et al. (2015) , the data from the ThPs were addition- 

lly used to derive excitation density (ED) plots. ED plots indicate 

he percentage of neurons that are excited at a given stimulus am- 

litude as a function of distance along the BM. The percentage of 

eurons excited (i.e., the ED) at a point L along the BM was deter- 

ined by calculating a moving average of neurons that had their 

eripheral tips located in a 1-mm segment of the BM centered on 

. Accordingly, ED plots were calculated at the tip of every modeled 

erve fiber, resulting in a curve of 3200 data points. The curve was 

moothed with a first-order low-pass Butterworth filter. ED curves 

rovide a rapid visualization of the differences in excitation pat- 

erns. A continuous and spatially restricted excitation region will 

esult in a high and narrow peak on the ED curve, whereas excit- 

ng the same number of neurons in a spatially broad and discon- 

inuous pattern will produce a wide and shallow ED peak. To in- 

estigate whether stimulation within the cochlea caused different 

xcitation close to and remote from the facial nerve, model predic- 

ions were calculated for the stimulation of each electrode contact 

n all the model geometries and for both neural conditions. 

.3. Spread of excitation measurements 

For the experimental part of the study, recordings were col- 

ected from 13 CI users, who were recruited at the otorhino- 

aryngology department of the University Hospital of Würzburg 

Würzburg, Germany). The participants had to be at least 18 years 

ld and implanted with a CI system from the manufacturer MED- 

L for at least one year. Only implant types offering telemet- 

ic functionality for measuring ECAPs were included. The sub- 

ects were aged between 20 and 79 years ( M = 60.31 years; 

D = ±18.15). Seven subjects were implanted with a Standard and 

ix with a FLEXsoft electrode array (for demographic details, re- 

er to Table 1 ). The integrity and channel impedances of the im- 

lants were checked prior to the measurements using the clinical 

tting software MAESTRO 6 (MED-EL, Innsbruck, Austria). Standard 

nd FLEXsoft electrodes are straight electrode arrays with an ac- 

ive stimulation length of 26.4 mm ( Dhanasingh and Jolly, 2017 ). 

he electrode array houses 12 channels, which are numbered in 

ncreasing order from the apex to the base. The Standard elec- 

rode array has two short-circuited contacts per channel, which 

re placed side by side at the same length. The FLEXsoft elec- 

rode array has one contact for each of the first five channels re- 

pectively and two for the remaining channels. Along their arrays, 

oth electrode types have a spacing of 2.4 mm between chan- 

els. MED-EL CIs provide a remote reference ground electrode for 

timulation and another reference contact for ECAP measurements. 

ULSARci100 implants have a remote ground contact on an ex- 
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Table 1 

Demographic data of the subjects participating in the electrophysiological measurements. 

Subject ID Gender Age [years] Ear Implanted [years] Implant type Electrode type Etiology 

S1 F 20 L 3 SYNCHRONY FLEXsoft Sensorineural hearing loss 

S2 M 65 R 9 SONATAti100 Standard Progressive sensorineural hearing loss 

S3 F 41 R 13 PULSARci100 Standard Progressive sensorineural hearing loss with 

large vestibular aqueduct syndrome 

S4 F 72 L 11 PULSARci100 Standard Unknown 

S5 F 74 L 11 PULSARci100 Standard Progressive hearing loss 

S6 M 54 L 2 SYNCHRONY FLEXsoft Otosclerosis 

S7 M 77 L 2 SNYCHRONY FLEXsoft Combined hearing loss with tympanosclerosis 

S8 M 79 L 7 SONATAti100 Standard Vestibulocochlear dysfunction and 

cholesteatoma 

S9 F 58 R 3 SYNCHRONY FLEXsoft Congenital hearing loss and sudden hearing 

loss 

S10 M 79 L 10 PULSARci100 Standard Progressive hearing loss 

S11 F 71 L 4 SONATAti100 FLEXsoft Sensorineural hearing loss 

S12 F 62 L 14 PULSARci100 Standard Unknown 

S13 F 32 R 7 CONCERTO FLEXsoft Unknown 
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ernal lead placed under the temporalis muscle ( Bahmer et al., 

010b ). More recent implant types have both reference contacts in- 

egrated in the implant housing. The experimental setup for con- 

ucting ECAP measurements was based on the one introduced by 

ahmer et al. (2010a) . The hardware consisted of a personal com- 

uter connected to a Research Interface Box 2 (RIB2) from the 

epartment of Ion Physics and Applied Physics at the University 

f Innsbruck (Innsbruck, Austria). The stimulation and recording 

arameters as well as the visualization and storage of the data 

ere controlled via a graphical user interface programmed with 

he software MATLAB R2017b (The MathWorks Inc., Natick, USA). 

uring the ECAP measurements, the implant received power and 

ommands from the RIB2 via a telemetric transmitter coil magnet- 

cally held in place above the subject’s CI. The CI first converted the 

ommands into stimulation pulses on a selected electrode contact. 

he subsequent ECAP response was recorded from a contact posi- 

ion directly apical to the stimulating contact. The recorded signal 

as read by the RIB2 and stored on the personal computer. To im- 

rove the signal-to-noise ratio (SNR), 50 measurement repetitions 

ere averaged per recording. Additionally, a low-pass filter with a 

3 dB drop-off at 31.5 kHz and -61 dB at 106.2 kHz was used to fil-

er each ECAP signal. All the stimulation parameters were verified 

eforehand by testing the setup with a RIB detector box (MED- 

L, Innsbruck, Austria) and a digital oscilloscope (Tektronix TDS 

054, Beaverton, USA). ECAP recordings always comprise electrical 

timulation artifacts that can be superimposed on the electrophys- 

ological signal of interest. Several methods have been developed 

o reduce the electrical stimulation artifacts in ECAP recordings, 

uch as scaled templates ( Miller et al., 1998 ), alternating stimu- 

ation polarity ( Alvarez et al., 2007 ), and forward-masking meth- 

ds ( Abbas et al., 1999 ; Miller et al., 20 0 0 ). Since SOE measure-

ents after Cohen et al. (2003) have required a forward-masking 

aradigm to estimate the overlap of neural excitation patterns, the 

resent study used a paradigm modified by Miller et al. (20 0 0) .

he ECAP amplitudes were defined as the difference between the 

egative peak N1, which occurs approximately 0.2–0.4 ms after 

he onset of the probe stimulus ( Brown et al., 20 0 0 , 1990 ), and

he subsequent positive peak P2. The recorded signal occurring be- 

ween 1.3 and 1.7 ms after the stimulus onset did not include elec- 

rophysiological responses and was therefore defined as the base- 

ine, which was subsequently subtracted from the corresponding 

easurement to eliminate a direct current offset. 

In Measurement I, which was a prerequisite for Measurement 

I (SOE measurement), the neural activation of the spiral ganglion 

ells by BP and TP stimulation was balanced using the respective 

CAP response. To ensure the methods remained consistent with 

he following SOE measurements, the Miller method was also used 
4 
or balancing the ECAP responses to eliminate electrical stimula- 

ion artifacts. The masker-probe interval used was 10 ms for the 

nmasked ( Miller et al., 2001 ) and 0.4 ms for the masked sequence

 Morsnowski et al., 2006 ). The BP and TP stimulation levels were 

djusted to produce comparably high ECAP amplitudes for both 

ulse shapes. To prevent uncomfortably loud sensations during the 

easurements, this adjustment was performed at the most sensi- 

ive contact of each subject, namely the contact with the lowest 

CL. The second column of Table 3 lists which electrode contact 

as used for ECAP balancing for each subject. The middle segment 

f Fig. 2 schematically illustrates the adjustment process. First, the 

asker and probe were set to the BP shape and the stimulation 

evels of masker and probe were successively increased in steps 

f 9.45 CU (the smallest possible step size in the highest current 

ange of MED-EL implants) until the subject reported an auditory 

ercept at the MCL. If an ECAP response was clearly visible, the ex- 

erimenter noted the value of the stimulation level and the ECAP 

mplitude; if no ECAP was measurable at the MCL, the experiment 

as ended and the subject was excluded from the measurement. 

econd, the pulse shape and the stimulation level of the masker 

ere kept unchanged while the shape of the probe was set to a 

P and its level was decreased to zero. The biphasic masker re- 

ained the same as in the first step to minimize the parame- 

er changes and because TPs are less effective maskers than BPs 

 Bahmer et al., 2010a ). The stimulus level of the probe was then 

radually increased until an ECAP amplitude comparable to that 

ecorded in the first step (biphasic probe) could be measured. The 

djusted TP stimulation level and the corresponding ECAP ampli- 

ude were noted. 

In Measurement II, the SOEs for the BP and TP stimulations 

ere determined. To measure the SOEs with ECAPs following the 

ethod of Cohen et al. (2003) , equal stimulation levels were used 

n each available electrode contact of the array. The same masker- 

robe intervals as in Measurement I were used for Measurement 

I. The adjusted BP and TP stimulation levels from Measurement I 

ere used to determine the SOE at three different probe positions. 

he probe positions were defined as apical (Contact Numbers 2–4), 

edial (Contact Numbers 5–8), and basal (Contact Numbers 9–12). 

OE measurements were recorded for each subject with one api- 

al, one medial, and one basal probe position. The electrode con- 

acts used as the probe positions for each subject depended on 

hich contacts were available based on the subject’s audio pro- 

essor fitting. Columns 3, 4, and 5 of Table 3 show which con- 

acts were used during the SOE measurements for the probe (P) 

nd the recording electrode (R). Comparable to Measurement I, the 

asker remained set to a BP while the pulse shape of the probe 

as either a BP or TP. Generally, the SOE measurement method 
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Fig. 2. Required stimulation levels (A) for equally high electrically evoked compound action potential (ECAP) amplitudes (B) after stimulation with BPs and TPs. The dots 

represent the results for single subjects, while the gray lines pair the results of BP and TP stimulations for the same subject. The asterisks in the left graph indicate the 

significant p -value of a non-parametric Wilcoxon signed-rank test. The center illustration depicts a schematic of the measurement procedure for the adjustment. 
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sed results in an ECAP amplitude profile with a maximum at the 

osition of the probe or nearby and sloping flanks towards the 

istant contacts. Profiles with an SNR smaller than 6 dB at the 

robe position were excluded from further analysis. Correspond- 

ng to Biesheuvel et al. (2016) , the SNR of an ECAP was calculated

s the ratio of the respective root mean square (RMS) of the sig- 

al and the noise. The signal was defined as the clearly visible 

lectrophysiological response in the recorded data beginning after 

.2 ms and ending before 1.6 ms. The noise was defined as the sig- 

al beginning after the amplitude returned to zero (after 1.6 ms) 

ntil the end of the recording. Since ECAPs were only visually dis- 

ernible from the noise above an amplitude of 50 μV, all the SOE 

rofiles that showed a lower ECAP amplitude at the probe position 

ere excluded. The values between contacts were calculated using 

inear interpolation. Each SOE profile was normalized by dividing 

ts ECAP amplitudes by the profile’s maximum value. The width of 

ach profile was measured at the level of 25, 50, and 75% of the 

ormalized ECAP amplitude. If the flanks of an SOE profile were 

ot steep enough to intersect the normalized ECAP amplitude lev- 

ls, the distance between the unilateral intersection and the outer- 

ost electrode contact was defined as the profile width. This ap- 

roach was particularly necessary for the apical and basal probe 

ositions as well as for the two lower normalized ECAP amplitude 

evels at 25 and 50%. Finally, the results were multiplied with the 

nterelectrode distance measured in millimeters of each subject’s 

pecific electrode type. 

. Results 

.1. Model predictions 

.1.1. Threshold profiles 

Fig. 3 A and B illustrate the ThPs (for a description, refer to 

ection 2.2 ) for the modeled cochlear geometry CM3 as a repre- 

entative of the set of all five geometries. The upper row of Fig. 3 A

hows the ThPs for a medial electrode contact located 284 ° from 

he round window after BP stimulation (left side) and TP stimula- 

ion (right side). The lower row comprises two magnified sections 

rom the respective ThPs. Fig. 3 B is arranged identically to Fig. 3 A

ut depicts the ThPs for an apical electrode contact located 512 °
5 
rom the round window. The horizontal green and red lines indi- 

ate the amplitudes I THR and I MCL , respectively, which define the 

ynamic range (indicated by black double arrows in the bottom 

ow of each figure). The vertical dashed line indicates the approxi- 

ate location of the stimulating electrode contact. 

For the medial electrode contact position (see Fig. 3 A), the 

iphasic and triphasic stimuli produced similar single fiber thresh- 

ld patterns below I MCL (the area beneath the red horizontal lines), 

lthough I MCL and I THR were elevated for triphasic stimulation. 

he largest differences between the two pulse shapes occurred 

or fibers located more than ±3 mm from the electrode (as mea- 

ured along the BM). These fiber thresholds were generally above 

 MCL , although for the BP some of the fibers in the far apex of

he cochlea were excited below that level (see the left side) due 

o cross-turn stimulation ( Frijns et al., 2001 ). The TP stimulation 

enerated higher thresholds in the apex (right side) relative to the 

CL; this behavior was almost universally consistent for all the 

odel geometries and electrode contacts. The implication is that 

witching from BP to TP stimulation reduces cross-turn stimula- 

ion. A ThP for a basal contact is not shown in the results of the

resent study as the basal ThPs were comparable to the medial 

hPs in Fig. 3 A, with the main site of excitation nearer to the base

f the cochlea but otherwise following equivalent patterns. By con- 

rast, the apical electrode contact position (see Fig. 3 B) yielded a 

onsiderably lower I THR and I MCL than the basal and medial con- 

acts but with a much smaller dynamic range. As previously, I THR 

nd I MCL were both elevated for TPs (right side), relative to BPs 

left side). The threshold patterns for the apical electrode contact 

osition were much less symmetrical in the cochlear apex, show- 

ng broad shoulders on the apical side of the stimulating contact, 

articularly for the BPs. 

.1.2. Excitation density 

Fig. 4 shows ED plots for the same cochlear geometry (CM3) 

nd electrode configuration as the ThPs in Fig. 3 A and B. The 

D plots compare the neural recruitment properties of both pulse 

hapes. The blue curves correspond to BP simulation and yellow 

o TP stimulation at I MCL . The first row shows predictions for the 

umber 6 electrode contact (medial position) and the second row 

or the Number 3 electrode contact (apical position). The left col- 
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Fig. 3. Example threshold profiles for a single cochlear geometry (CM3). The threshold profiles for the BP (left side) and TP (right side) stimulation studied in the medial (A) 

electrode position (located 284 ° from the round window) and apical (B) electrode contact position (located 512 ° from the round window) in one of the model geometries 

implanted with a MED-EL Standard cochlear implant (CI) array. The ordinate indicates the single fiber threshold levels of the modeled neurons in mA, while the abscissa 

denotes the position of those neurons measured in mm along the basilar membrane. Black double arrows indicate the electrical dynamic range as the distance between 

the simulated perceptual threshold (green line) and simulated maximum comfortable loudness (red line). Vertical dashed lines indicate the approximate location of the 

stimulating contact. In the top row, a 5 mm wide section is marked around the position of the stimulating contact, which is magnified for better visibility in the bottom 

row. 

6 
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Fig. 4. Example of the excitation density (ED) plots derived from the threshold profiles of one cochlear geometry (CM3) in Fig. 3 A and B. The abscissa represents the position 

along the basilar membrane, centered on the peak of the excitation density curves, and the ordinate represents the percentage of excited neurons in a 1 mm segment at 

a given position of the basilar membrane. Rows A and B correspond to a medial and apical electrode contact position on the CI array, respectively. Columns 1 and 2 show 

excitation density plots at the simulated most comfortable loudness with intact neurons and neurons with no peripheral processes, respectively. Excitation after stimulation 

is indicated with dashed blue curves for the BPs and solid yellow curves for the TPs. To the left of the ED plots for intact neurons, sections of the threshold profiles from 

Fig. 3 are shown rotated by 180 ° to illustrate their link to the ED plots. 
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D

mn contains magnified sections of the ThPs in Fig. 3 A and B ro-

ated 180 ° to illustrate the relationship between the ThPs and ED 

lots. The middle column depicts the ED curves for intact neu- 

ons and the right column for degenerated neurons with a com- 

lete loss of peripheral processes. While the ED plot for the me- 

ial contact position presents virtually identical curves for both 

ulse shapes with intact peripheral processes, the loss of the lat- 

er slightly shifts the curve for the BPs towards the base ( Fig. 4 A1

nd A2). The ED curves for the basal contacts are omitted from 

ig. 4 since they were again equivalent to the curves of the me- 

ial contacts. For the apical electrode contact position, the ED plots 

isplay larger differences between the BPs and TPs ( Fig. 4 B1 and 

2). Compared to the TP stimulation ED curve, the BP curve is 

hallower and asymmetric due to a shoulder at the apical side 

f the curve, which is a result of the asymmetry seen in Fig. 3 B.

he largest differences between the apical ED curves of the two 

ulse shapes exist for neurons with intact peripheral processes 

 Fig. 4 B1). For these neurons, the BP curve reaches its maximum 

t approximately 90% of the ED and its basal shoulder shows a rel- 

tively high peak of about 60%. For the degenerate neurons, both 

ulse shapes reach a comparably high maximum, although the BP 

urve is steeper and exhibits a shoulder in the apical direction. To 

tatistically quantify the visible differences between Fig. 4 B1 and 

2, the RMS difference between the ED plots of the BP and TP 

timulations at the MCL was calculated for all the electrode con- 

acts in all five cochlear geometries. Fig. 5 plots these differences 

gainst the cochlear angles of the respective electrode contacts. 

he data points are split into basal, medial, and apical regions, in- 

icated by the vertical dashed lines. The boundaries were based on 

he average contact positions of the MED-EL Standard and FLEXsoft 
7 
rrays in accordance with the findings of Canfarotta et al. (2020) , 

ho reported average insertion angles of 163 ° and 116 ° for elec- 

rode contacts 8 and 9, respectively. Accordingly, the basal bound- 

ry was set at 140 ° in the model. For electrode contacts 4 and 

, Canfarotta et al. reported angles of 381 ° and 326 °, so the api- 

al boundary was set to 360 ° The figure clearly depicts that the 

MS values in the apical region varied more than in the other two 

egions. As the RMS differences were not normally distributed, a 

ruskal-Wallis one-way ANOVA test was used, which revealed that 

here was indeed a statistical difference between the cochlear re- 

ions ( p < 0.001). Post-hoc Wilcoxon rank sum tests with Bon- 

erroni corrections showed that the apical values were signifi- 

antly different from the medial (p = 0.004) and basal values 

 p < 0.001) and that the medial and basal values were also signif- 

cantly different from each other ( p < 0.001). Additionally, a sepa- 

ate Wilcoxon rank sum test showed that there was no significant 

ifference between the data from the intact versus degenerated 

eurons ( p = 0.86). It is worth noting that a few of the outliers

n the medial region could be attributed to the presence of cross- 

urn stimulation at the MCL for the BPs (points marked with an X). 

his was also related to the earlier observation that the cross-turn 

timulation thresholds were higher for TP stimulation than for BP 

timulation (see Section 3.1.1 ) since cross-turn stimulation caused 

he RMS values for these contacts to be higher than those of other 

ontacts near the same cochlear angles. 

.1.3. Electrophysiological measurements 

ECAP measurements contain internal noise because of the elec- 

rical amplifier. The d -trace method suggested by Hey and Müller- 

eile (2015) was used for an offline N1P2 error approximation of 



D.P. Herrmann, R.K. Kalkman, J.H.M. Frijns et al. Hearing Research 432 (2023) 108752 

Fig. 5. Root mean square (RMS) difference between the ED plots of the BP and TP stimulations at the most comfortable loudness for all the electrode contacts in all five 

cochlear geometries plotted against the cochlear angles of the respective contacts. The blue dots indicate values for neurons with intact peripheral processes, the red dots 

show values for the degenerated condition, and blue crosses mark the presence of cross-turn stimulation. 

Table 2 

Datasets of subjects excluded for not meeting the inclusion criteria. 

Normalized ECAP amplitude 75% 50% 25% 

Apical probe – – S7 

Medial probe – – S1, S5, S10 

Basal probe S7, S9, S10 S5, S7, S9, S10 S2, S5, S7, S9, S10 
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he ECAPs recorded in this study. According to that, 50 repetitions 

er sequence of the Miller method led to an N1P2 error of 21.12 

V. In accordance with the inclusion criteria defined in Section 2.3 , 

he basal recordings of subjects S7, S9, and S10 had to be excluded 

rom the analysis. Furthermore, not all the SOE profiles of the in- 

luded subjects showed a measurable profile width at each probe 

osition and a normalized ECAP amplitude. If a quantifiable pro- 

le width was determined for only one of the two pulse shapes, 

oth datasets were excluded to avoid bias. Table 2 summarizes the 

atasets excluded from the analysis. 

Measurement I: Stimulation level adjustment: An increase in 

he stimulation level from the BP to the TP was required for all 

ut one subject (see Fig. 2 A) to gain an equally high ECAP re-

ponse (see Fig. 2 B). A non-parametric Wilcoxon signed-rank test 

 α = 0.05) showed a significant difference between both pulse 

hapes for the stimulation levels ( W = 5, p < 0.01) and a non-

ignificant difference between the ECAP amplitudes ( W = 35, 

 = 0.476). The median TP stimulation level was 1.023 dB re. 1 

U higher than the median of the BP stimulation. 

Measurement II: Determination of SOE profile widths: SOE 

rofiles were measured at an apical, medial, and basal probe po- 

ition for the BP and TP stimulations. The ECAP amplitudes of each 

OE profile were normalized to the maximum of each profile. Fig. 6 

epicts these results. For each measurement condition (probe po- 

ition x pulse shape), the mean of all the normalized ECAP ampli- 

udes per electrode contact (shown as a black line) was calculated, 

rovided that at least three measurement points were obtained. 

easurement points were missing if either the electrode contacts 

n the subject’s fitting map were deactivated because of unpleas- 
8 
nt perceptions and consequently not used for the measurement or 

f the electrode contacts were used as recording electrodes during 

he measurement. Table 3 describes which electrodes were deac- 

ivated or used as recording electrodes. The mean per-pulse shape 

xhibits the typical SOE profile shape for the medial probe posi- 

ion with two flanking slopes: one steep to the base of the cochlea 

nd the other shallow towards the apex. The mean of the SOE pro- 

les for the apical and basal probe positions demonstrate only one 

lope. The apical slope descends constantly towards the base, while 

he basal slope has a steep and flat segment in the direction of 

he apex. The variability for the BP and TP curves appears visi- 

ly similar for the apical, medial, and basal probe positions (see 

ig. 6 ). Due to the normalization, the visual variability decreases 

n the direction of the respective maximum, which in most cases 

ccurs at the probe position. A repeated-measures three-way anal- 

sis of variance (ANOVA) was performed to examine the effects of 

he pulse shape, the position of the probe, and the level of the 

ormalized ECAP amplitude on the SOE profile width, treating the 

ubject as a random effect. In order to create a data set of only 

omplete pairs of profiles widths, the subjects S5, S7, S9, and S10 

s well as the complete level of 25% normalized ECAP had to be ex- 

luded from analysis. Fig. 7 consists of three box plot diagrams that 

ompare the SOE profile widths of the BP and TP stimulations for 

he apical, medial, and basal probe positions that were included in 

he ANOVA. Each diagram compares the profile widths for 50 and 

5% of the normalized ECAP amplitude. While the medial and basal 

robe positions show the widest and narrowest SOE, respectively, 

ach probe position indicates a stepwise decline of the SOE profile 

idth from 50 to 75% of the normalized ECAP amplitude. The dis- 
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Fig. 6. Spread of excitation (SOE) profiles for the BP and TP stimulations at the apical, medial, and basal probe positions. The abscissa represents the electrode contact 

number of the masker stimulus. The ordinate represents the ECAP amplitude normalized to each profile’s respective maximum value. The colored lines depict the linearly 

interpolated SOE profiles for each subject and pulse shape (blue: BP; yellow: TP). The measurement points of each subject can be distinguished by subject-specific symbols. 

The black line indicates the mean value of all the normalized ECAP amplitudes of the respective measuring condition, assuming that there were at least three measuring 

points for the respective electrode contact. The dashed horizontal lines indicate 25, 50, and 75% of the normalized ECAP amplitude. 

Table 3 

Electrode contacts used to balance biphasic and triphasic ECAP amplitudes in Measurement I and electrode contacts used as a probe (P) or recording electrode (R) during 

the SOE measurements in Measurement II. 

Subject 

ID 

Deactivated 

electrode contacts 

in processor fitting 

Electrode contact 

used for balancing 

ECAP amplitudes 

Electrode contact used for recording (R) and as probe (P) 

Apical Medial Basal 

S01 – 11 R1P2 R5P6 R10P11 

S02 – 1 R1P2 R5P6 R11P12 

S03 – 4 R1P2 R5P6 R11P12 

S04 – 1 R1P2 R5P6 R11P12 

S05 – 3 R1P2 R5P6 R11P12 

S06 – 11 R1P2 R5P6 R10P11 

S07 – 8 R1P2 R5P6 R11P12 

S08 – 3 R1P2 R5P6 R11P12 

S09 2 1 R3P4 R5P6 R11P12 

S10 – 2 R1P2 R5P6 R11P12 

S11 – 2 R1P2 R5P6 R11P12 

S12 – 3 R1P2 R5P6 R11P12 

S13 – 2 R1P2 R5P6 R11P12 
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them. 
ribution of the ANOVA’s residuals was tested for normality using 

 Kolmogorov-Smirnov test ( α = 0.05) and showed a significant 

eviation from a normal distribution ( D = 0.153, p < 0.05). There- 

ore, the results of the parametric ANOVA were rejected and a non- 

arametric repeated-measures three-way aligned-rank transformed 

ART) ANOVA ( Wobbrock et al., 2011 ) was performed instead using 

he same inputs as for the parametric ANOVA. The results showed 

o significant main effect of the pulse shape, F(1, 88) = 0.301, 

 < 0.05. The main effect of the probe position was significant, 

(2, 88) = 153.49, p < 0.001 and the main effect of the level of

he normalized ECAP amplitude was significant, F(1, 88) = 79.945, 

 < 0.001. The interaction effect between the pulse shape and 

he probe position was not significant, F(2, 88) = 0.738, p < 0.05 

nd the interaction effect between the pulse shape and the nor- 

alized ECAP amplitude level was not significant, F(1, 88) = 0, 

 < 0.05. The interaction effect of the probe position and the nor- 

alized ECAP amplitude level was significant, F(2, 88) = 13.6 6 6, 

 < 0.001, while the interaction effect of all three independent 

ariables was not significant, F(2, 88) = 1.116, p > 0.05. The main 
9 
ffect of the probe position was to be expected, since for a me- 

ial position the SOE profiles expand apically and basally from the 

entrally located probe. In contrast, the SOE profiles for the api- 

al and basal probe positions can only expand in the basal and 

pical direction, respectively. Because of this, approximately only 

alf of the SOE profile is acquired for the apical and basal probe 

ositions. As a consequence, the width of the apical and basal 

OE profile were expected to be narrower than the medial pro- 

le. Similarly, the main effect of normalized ECAP amplitude level 

as to be expected, since SOE profiles measured with the Miller 

ethod generally exhibit a peak at the position of the probe with 

loping flanks towards apex and basis. Thus, the cross-section of 

 SOE profile at 50% (i.e., closer to the base of the profile) al- 

ays shows a broader width than at 75% (i.e., close to the peak 

f the profile). Because the focus of this study was on the main 

f the pulse shape and its interaction effects, no post hoc tests 

ere performed to examine the main effects of probe position 

nd normalized ECAP amplitude level and the interaction between 
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Fig. 7. Paired comparison of the biphasic- and triphasic-stimulated SOE profile widths for the apical, medial, and basal probe positions. The box plots compare the SOE 

profile widths (ordinate) at two different levels of the normalized ECAP amplitude (i.e., 50 and 75%). All compared SOE profile widths are arranged in pairs of BPs and TPs. 

For each pair, the results of the BPs (blue) are shown on the left and of the TPs (yellow) on the right (comparable to Fig. 2 ). 
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The ECAP amplitudes after the BP and TP stimulations at the 

robe position for the apical, medial, and basal test sites were 

ompared. To ensure consistency in the comparison, subjects were 

xcluded whose probe positions did not correspond to electrode 

ontacts 2, 6, and 12 or for whom no dataset was measured for one 

f the test sites. Accordingly, subjects S6, S7, S9, and S10 were ex- 

luded. A repeated-measures two-way ANOVA test was performed 

o evaluate the effect of the pulse shape at the different test 

ites on the ECAP amplitude. A Shapiro-Wilk test revealed that 

he residuals of the ANOVA did not deviate significantly from nor- 

ality ( W = 0.98, p < 0.05). There was no statistically significant 

wo-way interaction between the pulse shape and test site, F(2, 

6) = 0.104, p < 0.05, and no significant main effect of the pulse

hape, F(1, 8) = 1.546, p < 0.05. However, there was a statistically 

ignificant main effect of the test site, F(2, 16) = 10.59, p < 0.01. 

herefore, the effect of the test site was analyzed using a paired 

 -test ( α = 0.05). The p-values were adjusted using Bonferroni’s 

orrection for multiple testing. Fig. 8 depicts the ECAP amplitudes 

rom the apical, medial, and basal test site as box plots together 

ith the results of the paired t -test indicated as asterisks above 

he respective pair of test sites. The pairwise comparison showed 

hat ECAP amplitudes measured in the apical test site ( M = 50.539; 

D = 6.159) were significantly larger than those in the medial test 

ite ( M = 47.254; SD = 5.624), t(17) = 4.8, p < 0.001. The apical

CAP amplitudes were also significantly larger than those in the 

asal test site ( M = 43.621; SD = 5.956), t(17) = 5.031, p < 0.001.

oreover, the medial ECAP amplitudes were significantly larger 

han the basal amplitudes, t(17), p < 0.05. 

. Discussion 

This study systematically evaluated which intracochlear pro- 

esses potentially contribute to the FNS reduction by TP stimula- 

ion compared to BP stimulation. The evaluation consisted of au- 
10 
itory nerve responses to BPs and TPs simulated in a computa- 

ional model of the human cochlea and electrophysiological mea- 

urements of the SOEs in CI users. 

.1. Equal electrically evoked compound action potential amplitudes 

equire higher levels for triphasic pulse than biphasic pulse 

timulations 

For most of the subjects, the stimulation level had to be in- 

reased during the measurement by 1.023 dB re. 1 CU to match 

he ECAP amplitudes for the BP and TP stimulations ( Fig. 2 ). This

esult accords with the findings of previous studies, which demon- 

trated that to match the psychophysical loudness, the TP stimu- 

ation level had to be increased compared to the BP stimulation 

evel despite an equal charge ( Bahmer et al., 2010b ; Bahmer and 

aumann, 2013 ; Herrmann et al., 2021 ). Although electrophysio- 

ogical peripheral measurements do not necessarily reflect psy- 

hophysical measurements, ECAP amplitudes may reflect an initial 

pproximation for loudness. The results exhibited a notable consis- 

ency between subjects; therefore, a strong influence of individual 

hysiological properties can be excluded. Furthermore, this electro- 

hysiological adjustment to a constant ECAP amplitude as a pre- 

equisite of the subsequent SOE measurements was robust. This 

obustness avoided the high variability typical of psychophysical 

ests. 

.2. Comparison between simulated neural responses and 

xperimental measurements 

Compared to the SOE measurements of CI users, the compu- 

ational model has the advantages that its results can direct the 

ocus to a certain effect and that its spatial resolution can be cho- 

en freely. The clear difference between the BP and TP stimula- 

ions, which appeared towards the apical region of the modeled 
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Fig. 8. ECAP amplitudes measured at the apical, medial, and basal probe position. 

Each box plot corresponds to one of the probe positions and integrates the re- 

sponses to BP- and TP-stimulation. The dots represent the results for single subjects, 

while the gray lines connect the ECAP amplitudes of each test site for the same sub- 

ject. A paired t -test of the ECAP amplitudes revealed significant difference between 

all test locations (indicated as asterisks above each comparison). The p -values were 

adjusted using the Bonferroni’s correction for multiple comparisons. 
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ochlear geometries, motivated the SOE measurements in different 

ochlear regions. However, no differences were detected between 

he biphasic and triphasic stimulated SOEs using the electrophysi- 

logical measurements. 

In the model results shown in Figs. 3 and 4 , apical stimulation 

ith the BP led to a prominent secondary site of stimulated nerve 

bers 3.5 mm further along the BM in the apical direction from the 

ain excitation area near the stimulating electrode contact. Closer 

nspection of the data revealed that this secondary area of exci- 

ation occurred in the central axons of neurons whose peripheral 

rocesses terminate roughly half a cochlear turn apically from the 

osition of the stimulating contacts, a phenomenon identified in 

revious modeling studies and referred to as cross-turn stimulation 

 Briaire and Frijns, 20 0 0a ; Frijns et al., 20 01 , 1995 ; Kalkman et al.,

022 , 2014 ). The central axons of these neurons were located near 

he central axons of the neurons belonging to the primary site of 

xcitation due to the way the spiral ganglion terminates in the 

pex of the cochlea ( Kalkman et al., 2014 ). The modeling data re-

ealed that the threshold for stimulating neurons associated with 

ore apical cochlear (half) turns was almost invariably lower for 

he BP than for the TP (data not shown). This may be reflected 

n the significantly higher stimulation levels that were required in 

easurement I to match the ECAP responses of TP to BP stimula- 

ion. Experimental results from previous studies have indicated a 

igher efficacy of anodic stimulation compared to cathodic stim- 
11 
lation in the activation of human ANFs ( Macherey et al., 2008 ; 

ndurraga et al., 2010 ). Although previous modeling work has in- 

icated that anodic stimulation predominantly activates the cen- 

ral axons of ANFs, while cathodic stimulation targets the neu- 

on’s peripheral processes or near their somata ( Joshi et al., 2017 ; 

otrusil et al., 2020 ; Rattay, 1999 ; Rattay et al., 2001b , 2001a ;

esnick et al., 2018 ), it should be noted that this mainly applies 

o same-turn stimulation. For neurons originating in other turns of 

he cochlea, recent modeling work suggests that the central axons 

end to be more sensitive to cathodic stimulation ( Kalkman et al., 

022 ), as was reflected in the secondary cross-turn sites of exci- 

ation in the present study’s apical contact stimulation modeling 

esults. This information is the key to understanding the differ- 

nces between BPs and TPs in Fig. 4 B1 and B2; splitting the ca- 

hodic phase into two shorter and therefore less effective cathodic 

hases caused the central anodic phase of the TPs to become the 

ore dominant phase of the pulse. Consequently, the decreased 

ffectiveness of the cathodic phases of the stimulus reduced the 

ross-turn stimulation of the TP in the apex of the cochlea relative 

o the BP, which is why the triphasic ED plots in Fig. 4 B1 and B2

o not show the prominent apical secondary peaks present in the 

quivalent BP curves. 

The model was also used to study the responses of neurons 

ithout peripheral processes to mimic the effect of neural degen- 

ration. The effect of degeneration was weak compared to the ef- 

ect of stimulation with different pulse shapes. For the medial con- 

act position, the simulated degeneration slightly shifted the re- 

ponses towards the apex. A similar shift occurred for the apical 

ontact; however, in this region a large difference between the BP 

nd TP stimulations could be observed, due to the fact that the 

athodic phase of the BP excites some of the neurons in the pe- 

ipheral processes (if they are present), whereas the TP stimulates 

lmost exclusively in the central axons. 

SOE measurements were performed with an apical, medial, and 

asal probe position. On average, the ECAP absolute response am- 

litudes increased from the basal to the apical contact. This change 

ould be attributable to both the electrode-modiolus distance, 

hich decreases from the cochlear base to the apex ( Brill et al., 

009 ; Medina et al., 2013 ), and to the higher density of neurons in

he upper basal turn ( Spoendlin, 1972 ). The lower ECAP amplitudes 

timulated by contacts near the cochlear base resulted in a lower 

NR, which in turn made it difficult to collect meaningful SOE pro- 

les for the basal probe position. Especially at the low normalized 

CAP level of 25%, this made it impossible to determine a profile 

idth for a number of subjects, resulting in the exclusion of four 

ubjects and the complete level of 25% from analysis. Subtle differ- 

nces, which are visible in the simulation, could be masked by a 

ow SNR in the SOE measurements, for example at the basal probe 

osition ( Biesheuvel et al., 2018 ). The ART ANOVA showed no ef- 

ect of the pulse shape on the SOE profile width. A possible reason 

or this could be the small sample size, which was further reduced 

y excluding data sets with low SNR. Thus, a possibly existing but 

mall effect of the pulse shape could not be detected. However, 

his result aligns with the results of Bakhos et al. (2013) , who used

imilar pulse shapes in SOE measurements. 

Since the modeled and experimental results in the present 

tudy showed no consistencies, it is important to note the differ- 

nces between both approaches. SOE profiles result from the over- 

ap of excitation patterns of multiple masker pulses and a locally 

xed probe pulse. To resolve the SOE readout, the method intro- 

uced by Cohen et al. (2003) assumes uniform excitation patterns 

rom each electrode contact, which assumption may be an over- 

implification ( Garcia et al., 2021 ). Biesheuvel et al. (2016) pro- 

osed that the SOE procedure rather corresponds to a convolution 

f the areas excited by the masker and the probe than the exci- 

ation the probe itself. They demonstrated that deconvolution can 
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D

g

D

C

s

a

e

e

e used to recover the actual excited areas. By iteratively adjust- 

ng the excitation density profiles of the masker and the probe, 

hey were able to fit predicted SOE profiles to those measured in 

I users. From the predicted excitation density profiles, they con- 

luded that the asymmetry in SOE profiles (as observed for the 

edial probe position in Fig. 6 of the present study) is a conse- 

uence of the excitation in the apical part of the cochlea being 

ider than in the basal part. Cosentino et al. (2015) introduced 

he panoramic ECAP (PECAP) method to account for the fact that 

CAP amplitudes reflect the joint neural activation pattern of both 

asker and probe activation patterns, and not just the spread of 

eural excitation evoked by the probe alone. It was shown that 

his method is suitable to detect cross-turn stimulation. Further- 

ore, a recent study by Garcia et al. (2021) demonstrated the abil- 

ty of a revised version of the PECAP method to provide estimates 

f the current spread and the neural health for individual patients. 

he neural health estimate enabled the identification of simulated 

ead regions in CI patients and to correctly attribute these to lo- 

al reductions in neural responsiveness, as opposed to changes in 

urrent spread. However, compared to conventional SOE measure- 

ents, the PECAP method requires ECAPs to be measured for all 

ombinations of probe and masker locations and additional opti- 

ization algorithms. This stipulation would have required the sub- 

ect in the present study to be available for a significantly longer 

eriod. Unfortunately, this was not possible as the subjects were 

ecruited from the clinical routine. While, the conventional SOE 

ethod used in the present study represents a well-established 

nd rapid procedure to gain an estimate of the spatial neural exci- 

ation in CI users its resolution to uncover small differences seems 

imited. 

In contrast to the SOE recordings, the modeled ED plots rep- 

esent the neural excitation patterns of individual electrode con- 

acts rather than the convolutions of the masker and probe elec- 

rodes. Although these curves cannot be compared to the SOE 

ata directly, they provide useful insights into the neural excitation 

atterns that underlie a forward-masking paradigm. Simulating 

CAP recordings directly is technically also possible in the model 

 Briaire and Frijns, 2005 ), but it was computationally too time con- 

uming to apply to this study. Furthermore, a known shortcoming 

f this and similar models is that predicted stimulus levels are un- 

easonably high compared to clinical data ( Kalkman et al., 2016 ). 

n consequence, it would have been challenging to directly com- 

are any simulated SOE recordings to data from CI subjects. Ar- 

uably, the ED plots share this problem, since the model definition 

f the MCL is arbitrary and it is unknown whether the number of 

xcited model neurons at this level accurately reflects the number 

f neurons stimulated in real life subjects. However, increasing or 

ecreasing the excitation width for the MCL by 1 mm (correspond- 

ng to roughly 100 more or fewer excited neurons in the model) 

id not change the model results to an extent that would have af- 

ected the study conclusions (data not shown). This fact provides 

ome degree of confidence that the simulated MCL is an appropri- 

te stimulus level to compare to the levels used in the CI subjects. 

n addition, effort s to deconvolve SOE data into the individual con- 

ributions of the masker and probe electrodes have revealed that 

he SOE data can be accurately described by assuming underlying 

unctions that resemble and behave similarly to the ED plots from 

he model of this study ( Biesheuvel et al., 2022 , 2016 ). 

To summarize, the computational model and ECAP measure- 

ents represent two different approaches to approximate actual 

ntracochlear neuronal excitation, both methods bear a degree 

f uncertainty, which could explain the different results of both 

ethods. Nevertheless, considering the results of computational 

odels and electrophysiological methods together is helpful to un- 

erstand the underlying intracochlear difference between BP and 

P stimulations. 
M

12 
.3. Future prospects 

The SOE measurement had a limited resolution and could not 

ncover the difference found in the model simulations. Conven- 

ional SOE measurements using forward-masking paradigms can 

e distorted due to a non-uniform excitation density evoked by 

he masker and probe ( Biesheuvel et al., 2016 ). By using the de- 

onvolution method introduced by Biesheuvel et al. (2022 , 2016 ), 

 future study could identify the influences of intracochlear stimu- 

ation site and stimulus level to further investigate the potentially 

xisting difference between BP and TP stimulation in CI users. An- 

ther possibility to overcome the limitations of forward-masking 

aradigms could be using the PECAP method ( Cosentino et al., 

015 ; Garcia et al., 2021 ). This method may be more sensitive to 

ubtle and location-specific differences between neural excitation 

atterns after BP and TP stimulations than the SOE method ap- 

lied in the present study. Garcia et al. (2022) recently described 

 method for multi-electrode ECAP measurements that can ac- 

elerate the otherwise time consuming PECAP method in subject 

ecordings. As explained in the introduction, effects outside the 

ochlea may play a major role in the ameliorative effect of TPs on 

NS. A previous study that performed electromyographic measure- 

ents of the facial nerve effector muscles of CI recipients supports 

he hypothesis that stimulation pulse shape and polarity strongly 

ffects FNS ( Bahmer et al., 2017 ). Therefore, a future study could 

ompare the responses of facial nerve fibers and ANFs stimulated 

y an intracochlearly implanted electrode to further elucidate the 

hresholds of both nerve types for stimulations with pulse shapes 

f different temporal polarity distributions. 

. Conclusions 

- The model predictions showed differences in the neural re- 

sponses of ANFs to BP versus TP stimulation towards the 

cochlear apex. 

- For a comparison with the model predictions, stable SOE mea- 

surements were established by referencing a constant ECAP am- 

plitude. 

- In contrast to the model, the SOE measurements could not de- 

tect significant intracochlear differences in the neural responses 

of the ANFs to BP versus TP stimulation. 

- The modeling results imply that this difference between apical 

BP and TP stimulations is due to the reduced cross-turn stim- 

ulation resulting from a diminished efficacy of the shorter ca- 

thodic phases of the triphasic stimulus relative to the biphasic 

equivalent. 
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