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Auditory Detection Thresholds
and Cochlear Resistivity Differ Between
Pediatric Cochlear Implant Listeners
With Enlarged Vestibular Aqueduct and
Those With Connexin-26 Mutations

Kelly N. Jahn,®P Molly D. Bergan,® and Julie G. Arenberg®®

Purpose: The goal of this study was to evaluate differences
in the electrode—neuron interface as a function of hearing
loss etiology in pediatric cochlear implant (Cl) listeners with
enlarged vestibular aqueduct (EVA) syndrome and in those
with autosomal recessive connexin-26 mutations (DFNB1).
Method: Fifteen implanted ears (9 participants, 5 ears with
EVA, 10 ears with DFNB1) were assessed. Single-channel
auditory detection thresholds were measured using
broad and spatially focused electrode configurations
(steered quadrupolar; focusing coefficients = 0 and 0.9).
Cochlear resistivity estimates were obtained via electrode
impedances and electrical field imaging. Between-group
differences were evaluated using linear mixed-effects
models.

Results: Children with EVA had significantly higher auditory
detection thresholds than children with DFNB1, irrespective
of electrode configuration. Between-group differences in
thresholds were more pronounced on apical electrodes
than on basal electrodes. In the apex, electrode impedances
and electrical field imaging values were higher for children
with EVA than for those with DFNB1.

Conclusions: The electrode—neuron interface differs
between pediatric Cl listeners with DFNB1 and those

with EVA. It is possible that optimal clinical interventions
may depend, in part, on hearing loss etiology. Future
investigations with large samples should investigate
individualized Cl programming strategies for listeners with
EVA and DFNB1.

variable speech and language outcomes (e.g.,

Huber & Kipman, 2012; Niparko et al., 2010;
Sarant, Harris, & Bennet, 2015). One factor that might
contribute to this variability is the quality of the electrode—
neuron interface (ENI) or the fidelity of information trans-
fer between each CI channel and the auditory nerve. The
efficacy with which CI electrodes interface with their target
spiral ganglion neurons (SGNs) is believed to be influenced

C hildren with cochlear implants (CIs) exhibit highly
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by several factors, including the degree of intracochlear
bone and fibrous tissue growth (Jahn & Arenberg, 2019a;
Spelman, Clopton, & Pfingst, 1982), electrode position
relative to the target SGNs (DeVries, Scheperle, & Bierer,
2016; Long et al., 2014), and the density and integrity of
the remaining SGNs (Goldwyn, Bierer, & Bierer, 2010;
Jahn & Arenberg, 2019b). While factors that influence the
ENI have been studied extensively in adult CI listeners
(e.g., Bierer & Faulkner, 2010; DeVries et al., 2016; Jahn
& Arenberg, 2019a; Long et al., 2014; Nelson, Donaldson,
& Kreft, 2008; Padilla & Landsberger, 2016; Zhu, Tang,
Zeng, Guan, & Ye, 2012), little is understood about the
ENI in children.

Available evidence suggests that common causes of
pediatric deafness can systematically influence the quality
of the ENI. For instance, cochlear malformations likely
impact the placement of the electrodes relative to target
SGNs, which influences the level of current necessary to
elicit auditory percepts (Coelho & Roland, 2012; Papsin,
2005). Children with auditory nerve deficiency have
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reduced evoked potential responses (He et al., 2018) and
require higher stimulus current levels to achieve threshold
and maximum comfortable levels than children with other
etiologies (Incerti et al., 2018). Moreover, increased cochlear
resistivity in postmeningitic CI listeners leads to relatively
high current level requirements (Durisin et al., 2015;
Eshraghi, Telischi, Hodges, Odabasi, & Balkany, 2004).
Each of these findings suggests that different disease pro-
cesses associated with severe-to-profound hearing impair-
ment in children likely result in distinct profiles of electrode
position relative to the SGNs, SGN integrity, and/or intra-
cochlear bone and tissue growth. In turn, etiology-related
differences in the ENI influence programming parameters
for individual children.

However, existing research evaluating the ENT and
programming characteristics in pediatric CI listeners is
sparse and focuses primarily on comparing broad etiologi-
cal groups. Often, children with “normal cochlear anatomy”
are compared to those with varying degrees of cochlear
malformations or ossification, which can encompass a
variety of underlying impairments (Coelho & Roland, 2012;
Eisenman, Ashbaugh, Zwolan, Arts, & Telian, 2001;
Incerti et al., 2018; Papsin, 2005). In particular, there is a
dearth of evidence that independently evaluates the ENI
for two of the most common etiologies associated with
severe-to-profound sensorineural hearing loss in children
with CIs: enlarged vestibular aqueduct (EVA) syndrome
and connexin-26 (Cx26) genetic mutations. The goal of
this study was to characterize single-channel auditory
detection thresholds and cochlear resistivity in a small
sample of pediatric CI listeners with EVA and with Cx26-
based deafness.

Five percent to 15% of children with sensorineural
hearing loss have EVA, making it the most common mor-
phogenetic cause of hearing impairment in children (Berrettini
et al., 2005; Davidson et al., 1999; National Institute on
Deafness and Other Communication Disorders [NIDCD],
2017). EVA syndrome is characterized by the presence of
an abnormally large vestibular aqueduct (anteroposterior
diameter > 1.5 mm) and frequently co-occurs with mild
structural abnormalities of the cochlea, modiolus, vestibule,
and semicircular canals (Berrettini et al., 2005; Davidson
et al., 1999; Tto et al., 2014; Vijayasekaran et al., 2007).
Notably, most individuals with EVA have modiolar defi-
ciencies, even if cochlear anatomy is normal (Davidson
et al., 1999; Lemmerling, Mancuso, Antonelli, & Kubilis,
1997). Differences in cochlear dimensions can alter elec-
trode placement relative to the auditory nerve, and
modiolar deficiency may impact the integrity or the
total number of functional SGNs. Currently, the influ-
ence of abnormal cochlear and modiolar morphology on
the quality of the ENI in children with EVA is poorly
understood.

Approximately 50% of childhood nonsyndromic
sensorineural hearing loss is caused by mutations in the
GJB2/DFNBI gene, which encodes the Cx26 gap junc-
tion protein (Cohn et al., 1999; Dahl et al., 2001). In
contrast to EVA, DFNBI is not generally associated
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with vestibular or cochlear structural abnormalities
(Cohn et al., 1999; Del Castillo & Del Castillo, 2017,
Kemperman, Hoefsloot, & Cremers, 2002). Little is
known about the status of the auditory nerve in patients
with DFNB1 mutations. However, Jun et al. (2000)
demonstrated that a temporal bone of one adult CI lis-
tener with Cx26-related deafness had a normal popula-
tion of SGNs and no peripheral neural degeneration.
Overall, available evidence suggests that children with
Cx26 mutations may have less variation in cochlear anat-
omy and, possibly, SGN integrity, relative to children
with EVA.

We predicted that the relatively typical morphologi-
cal development of the inner ear and modiolus in children
with DFNB1 would result in lower single-channel behav-
ioral thresholds relative to children with EVA. We also
predicted that intracochlear resistance would differ be-
tween groups, as assessed via electrode impedances and
electrical field imaging (EFI). The results of this investi-
gation will provide insight into whether the ENT is re-
lated to hearing loss etiology in children with CIs and
facilitate further investigation into optimal programming
parameters for listeners with common causes of childhood
deafness.

Method
Participants

Participant demographic information is provided in
Table 1. Nine children (seven boys, two girls) aged 8-17 years
(M = 13.62 years, SD = 2.33 years) who were implanted
with Advanced Bionics HiRes90K devices participated.
Clinical notes indicated full electrode array insertions for
each ear in this study. Duration of deafness was defined
as the length of time, in years, between diagnosis of se-
vere-to-profound sensorineural hearing loss (audiometric
thresholds of 70 dB HL or greater at octave frequencies
between 250 and 8000 Hz) and CI activation. Six chil-
dren were bilaterally implanted, and the remainder were
unilaterally implanted. Each ear was tested separately,
yielding a total sample size of 15 ears. Four children (five
ears) had confirmed diagnoses of EVA, and five children
(10 ears) had confirmed diagnoses of DFNBI1. Subjects
P11 and P12 are fraternal twins. No other subjects are re-
lated to one another. Each child provided informed
written assent, and their parents or legal guardians pro-
vided informed written consent. All procedures were ap-
proved by the University of Washington Human Subjects
Division.

All subjects were native American English speakers
and primarily used spoken language to communicate. To
provide a clinically relevant indication of auditory out-
comes for each listener, speech perception scores, measured
using a closed-set medial vowel identification task, are pre-
sented in Table 1. Vowel identification was assessed for
each ear in the laboratory using the child’s everyday listen-
ing strategy. Unilaterally implanted listeners wore an



Table 1. Demographic information for all ears tested.

First implanted ear

Second implanted ear

Age Age implanted Duration of deafness  Vowel score  Age implanted Duration of deafness Vowel score
ID (years) (years) (years) (%) (years) (years) (%)
Enlarged vestibular aqueduct
P02 11.8 1.1 1.1 87 3.1 3.1 100
P08 15.3 2.9 0.5 68.5 — — —
P13 11.7 9.2 6.4 71 — — —
P15 8.5 7.9 4.9 66.5 — — —
M 118 5.3 3.2 73.5 — — —
(SD) 2.8) 3.9 2.9) 9.3
Connexin-26 mutation (DFNB1)
P05 17.8 41 4.1 96.5 13.9 10.9 86.5
P10 134 1.1 1.1 93 5.1 5.1 100
P11 13.3 1.4 1.2 52 10.2 10.0 22
P12 13.3 1.7 14 66.7 10.2 10.0 13.5
P16 14.6 1.0 1.0 90 4.5 4.5 95
M 145 1.9 1.8 80.0 8.8 8.1 63.4
(SD) (1.9) (1.3) (1.3 (19.4) (3.9 3.0 42.1)
Note. Dashes signify that the child was unilaterally implanted.

earplug in the contralateral ear during testing. Stimuli
were presented from 0° azimuth at a calibrated level of
60 dB A. The reader is referred to the work of DiNino
and Arenberg (2018) for a detailed description of the vowel
stimuli and the testing procedure used with children in our
laboratory.

Electrical Stimuli

All electrical stimuli were presented directly to the
internal device and controlled using the Bionic Ear Data
Collection System Version 1.18.315 (Advanced Bionics)
and custom MATLAB scripts (MathWorks, Inc.). Stimuli
were verified using a reference implant and a digital storage
oscilloscope.

Single-Channel Auditory Detection
Threshold Measures

Single-channel behavioral auditory detection thresh-
olds were measured in response to both monopolar and
focused electrode configurations using a modified sweep
procedure that is based on Békésy tracking principles
(Bierer, Bierer, Kreft, & Oxenham, 2015; Sek, Alcantara,
Moore, Kluk, & Wicher, 2005). The sweep procedure
implements current steering to virtually sweep the stimuli
across the electrode array, as described below. Current
steering divides the electrical current between two adjacent
electrodes and varies the proportion of current directed
through each electrode. The sweep procedure yields similar
absolute threshold estimates to those obtained using tradi-
tional adaptive forced-choice procedures; however, thresh-
olds can be obtained across the electrode array up to four
times faster with the sweep procedure than with adaptive
forced-choice methods (Bierer et al., 2015). This makes the

sweep procedure preferable for assessing single-channel
behavioral thresholds in children.

For both monopolar and focused electrode configu-
rations, stimuli were biphasic, cathodic-leading pulse trains
(102 ps/phase, 0-us interphase gap, 200.4-ms duration,
997.9 pps) presented using steered quadrupolar (sQP)
stimulation. In sQP stimulation, a channel is composed of
four intracochlear electrodes, wherein the two middle elec-
trodes are active, and current is returned through two outer
electrodes. The current focusing coefficient, sigma (o),
alters the degree of current focusing by specifying the frac-
tion of current delivered through the intracochlear return
electrodes, with the remainder flowing through an extra-
cochlear ground. Sigma can range from 0 to 1, such that 6 = 0
represents monopolar stimulation, wherein all of the return
current is delivered through the extracochlear ground elec-
trode. A sigma value of 1 represents the highest possible
degree of current focusing, where all return current is delivered
through the intracochlear return electrodes (i.e., 50% of the
return current is delivered through each of the two return
electrodes). In this study, thresholds were measured in re-
sponse to monopolar stimulation (¢ = 0) and in response to
a highly focused electrode configuration with ¢ = 0.9.

For some CI listeners, it is not possible to achieve
perceptible current levels that are below voltage compli-
ance limits when using highly focused stimulation modes
(Bierer, 2007). For this reason, a sigma of 0.9 was selected
instead of a sigma of 1. Even so, when sigma was set to
0.9, one participant (P08) could not perceive the stimuli at
levels that were below the voltage compliance limits of the
device. For P08, a sigma of 0.8 was used to measure focused
thresholds.

To sweep the stimuli across the electrode array,
current was steered between the two active electrodes by
varying the steering coefficient, alpha (a). When a = 0, all
current is delivered through the more apical of the two
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active electrodes, and when o = 1, all current is steered
through the basal active electrode. For Electrodes 315,
the channel number is the number of the basal active elec-
trode when o = 1. An « value of 0 is used to center the
current on Electrode 2.

To set the upper limit of stimulation for each thresh-
old sweep procedure, most comfortable listening levels
(MCLs) were measured on Channels 2 through 15 in response
to the monopolar and focused stimuli. To determine MCL,
current level was increased from a subthreshold level of
50 pA until the participant reported a loudness rating of
“6” or “most comfortable” on the Advanced Bionics Clinical
Loudness Scale. The current level was increased in 2-dB
steps until the participant indicated a loudness rating of
“4”; thereafter, the level was changed in steps of 0.5 or
0.1 dB. MCLs served as the maximum stimulation level for
the threshold sweep procedures.

To measure thresholds in response to both mono-
polar and focused stimulation, pulse trains were presented
starting at 6 dB below MCL and swept across the electrode
array. To steer current, alpha was increased from 0 to 1 in
step sizes of 0.1. The listener continuously depressed the
spacebar on the computer keyboard when he or she could
perceive the stimulus and released the spacebar when he or
she could not perceive the stimulus. For each stimulus, the
participants completed one forward run that swept from
Channels 2 to 15 (apical to basal) and one reverse run
that swept from Channels 15 to 2 (basal to apical). The
weighted average of consecutive current levels along the
forward and reverse sweeps were calculated at integer
channel numbers to obtain final single-channel threshold
estimates (Bierer et al., 2015).

Thresholds were measured on all active electrodes
between Electrodes 2 and 15. Note that Subject P02 had
two deactivated electrodes in the first implanted ear (Elec-
trodes 7 and 10) and one deactivated electrode in the second
implanted ear (Electrode 10). Subject P11 had three deac-
tivated electrodes in the first implanted ear (Electrodes
13-15).

Intracochlear Resistance Measures

Intracochlear resistance was quantified using elec-
trode impedances and EFI. Both measures were included
in order to obtain comprehensive and clinically relevant
assessments of the impedance environment surrounding
the electrode array. Electrode impedances are important
in clinical CI programming because they influence the volt-
age compliance limits of the device and the current levels
necessary to elicit auditory percepts. Furthermore, elec-
trode impedances provide insight into the properties of the
tissue that are in direct contact with an electrode’s surface
(Hughes, 2012). Although clinical electrode impedances
can provide some insight about the electrode—tissue inter-
face, they do not reflect spatial spread of current through-
out the cochlea, and they are influenced by electrode size.
EFI provides an estimation of electrical field potentials in
addition to individual electrode impedances by recording
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voltage across the entire electrode array in response to
stimulation of a single electrode pair.

Electrode impedances were measured on each active
electrode in each ear using the SoundWave clinical imped-
ance measurement software (Advanced Bionics). In Ad-
vanced Bionics devices, impedances are tested in monopolar
mode. A fixed, low-level current is applied to each electrode,
and the corresponding voltage is measured between the
active and return electrodes. Impedance, or the resistance
to electrical current flow, is calculated via Ohm’s law (volt-
age = current X resistance) using the known current level
and voltage output.

EFTI stimuli were low-level biphasic, anodic-leading
pulses (100-us duration, either 50 or 100 pA in amplitude)
presented in a monopolar stimulation mode at a rate of
16.6 per second. Electrical field potentials were measured
by stimulating each intracochlear electrode with 10 consec-
utive pulses and measuring the voltage across each elec-
trode relative to the monopolar ground (56-kHz sampling
rate). Measurements progressed from Electrode 1 to
Electrode 16 (apical to basal). The EFI analyses were
modeled after those of Vanpoucke, Zarowski, and Peeters
(2004), where a detailed explanation of the model can
be found.

Briefly, a 16 x 16 impedance matrix was generated
from all stimulating/recording combinations and was trans-
formed to solve a lumped parameter resistor network. The
solution to the resistor network allowed for electrode-
specific estimation of 16 transverse resistances (Riyans),
15 longitudinal resistances (Rjong; Electrodes 2-16), and
16 total resistances (Rioa)- The resistor components of the
network, Riong and Ryns, Were estimated using least squares
optimization with a localized weighting scheme to improve
the EFI profile fit. Riong represents the current flow from
each electrode along and parallel to the cochlear duct in
the basal direction. Ry, represents current flow from
each electrode to the extracochlear ground. R is calcu-
lated as the peak of the reconstructed EFI profile and esti-
mates the total resistance encountered by the stimulating
electrode. Riong, Riranss and Riorar are highly correlated with
one another, so only Rjy,s Was compared across groups in
the present analysis. Rjone Was chosen because it has been
estimated that the majority of current flows longitudinally
along the cochlear duct (Briaire & Frijns, 2000; Jolly,
Spelman, & Clopton, 1996; Kumar, Chokshi, & Richter,
2010).

Statistical Analyses

Statistical analyses were performed in R Version
3.3.1 (R Core Team, 2016) using the ImerTest (Kuznetsova,
Brockhoff, & Christensen, 2017) and MuMIn (Barton,
2018) packages. Linear mixed-effects models were used for
all electrode-specific analyses to account for repeated
measurements within the same subjects. In such cases,
“participant” and “ear” were included as random effects in
the models. All linear mixed-effects models were fit using
restricted maximum likelihood parameter estimates to



minimize small sample estimation bias (McNeish, 2017)
and an unstructured covariance matrix.

Results

Table 2 shows descriptive statistics (means and stan-
dard deviations) for behavioral thresholds and intracochlear
resistance measures, stratified by etiology and electrode
site (apical and basal). Table 3 shows results from the linear
mixed-effects models predicting behavioral thresholds,
electrode impedances, and longitudinal intracochlear resis-
tance. Electrodes 1-8 were considered “apical,” and Elec-
trodes 9-16 were considered “basal.” Of note, neither
duration of deafness, age of implantation, nor vowel identi-
fication scores differed between children with EVA and
those with DFNBI (all ps > .05).

Single-Channel Auditory Detection Thresholds
as a Function of Etiology

The goal of the first analysis was to determine whether
single-channel behavioral auditory detection thresholds
differ between children with EVA and those with DFNBI.
Figure 1 shows average thresholds across the electrode
array as a function of etiology, measured in response to
both monopolar and focused electrode configurations.
Figure 2 shows individual single-channel thresholds as a
function of etiology and electrode site. The linear mixed-
effects model predicting behavioral thresholds (dependent
variable) included etiology, electrode configuration (mono-
polar or focused), and electrode site (apical or basal) as
independent variables. Two interaction terms were also
included in the model: (a) etiology by electrode configura-
tion and (b) etiology by electrode site.

Results of the linear mixed-effects model suggested
that children with EVA had significantly higher behav-
ioral thresholds than children with DFNBI1 (p = .016;
see Table 3), irrespective of electrode configuration and
electrode site. Moreover, there was a significant interac-
tion between etiology and electrode site (p < .001; see
Table 3). As evidenced in Figures 1 and 2, this finding

suggests that differences in thresholds as a function of
etiology were larger in the apical region of the cochlea
than in the basal region. On average, thresholds were
slightly higher (1.06 dB) in the base than in the apex for
both groups of subjects (p = .008; see Table 3). Across
subjects, focused thresholds were higher than monopolar
thresholds (p < .001; see Table 3). Finally, the interaction
between etiology and electrode configuration was not sig-
nificant, suggesting that differences between monopolar
and focused thresholds were similar across etiologies (p =
.146; see Table 3).

Recall that focused thresholds for Subject PO8 were
measured using a focusing coefficient of 0.8 because audi-
tory percepts could not be elicited below voltage compliance
limits in response to a coefficient of 0.9. Lower focusing
coefficients are associated with lower behavioral thresholds
than higher coefficients (e.g., Bierer & Faulkner, 2010).
Another subject, P15, has a Mid-Scala electrode array,
whereas every other subject has a HiFocus 1J electrode
array. Different electrode arrays are designed to achieve dif-
ferent positions in the scala tympani (Dhanasingh & Jolly,
2017), which could influence behavioral threshold measure-
ments (DeVries et al., 2016; Long et al., 2014). Sensitivity
analyses were conducted to determine whether the same
results were obtained when P15 and P08 were excluded
from the behavioral threshold model. Removal of neither
P08 nor P15 changed the behavioral threshold results. In
fact, PO8’s focused thresholds were among the highest in
the sample, despite being measured with a smaller focusing
coefficient.

A final exploratory analysis assessed channel-to-
channel variability in auditory detection thresholds as a
function of etiology. For each ear, channel-to-channel
variability was defined as the standard deviation of the
signed differences in threshold between each adjacent
electrode (as in the study of DiNino et al., 2019). Thresh-
old variability was assessed separately for each electrode
configuration. For each electrode configuration, a linear
mixed-effects model with a random intercept for “par-
ticipant” was specified to account for clustering of two
ears within the bilaterally implanted participants. Results

Table 2. Descriptive statistics (means and standard deviations) for behavioral thresholds and intracochlear resistance
measures, stratified by etiology and cochlear location (apical or basal).

DFNB1

Apical Basal Apical Basal
Measurement M (SD) M (SD) M (SD) M (SD)
Monopolar thresholds (dB re: 1 pA) 35.74 (2.89) 34.72 (3.51) 30.91 (3.56) 31.78 (3.04)
Focused thresholds (dB re: 1 pA) 48.66 (5.19) 45.90 (6.04) 41.81 (4.71) 43.02 (4.80)
Clinical electrode impedances (kQ) 6.00 (2.67) 6.36 (2.60) 4.40 (1.16) 6.45 (2.89)
Longitudinal resistance (kQ) 0.89 (0.82) 0.79 (0.93) 0.31 (0.13) 0.66 (0.75)
Transverse resistance (kQ) 23.02 (15.10) 33.74 (29.16) 16.76 (6.07) 15.12 (6.00)
Total resistance (kQ) 1.68 (0.79) 1.39 (0.56) 1.24 (0.24) 1.43 (0.69)

Note. For behavioral threshold measurements, data are averaged across Electrodes 2—8 (apical) and Electrodes 9-15
(basal). For intracochlear resistance measures, data are averaged across Electrodes 1-8 (apical; 2—8 for longitudinal
resistance) and 9-16 (basal). EVA = enlarged vestibular aqueduct; DFNB1 = connexin-26 genetic mutation.
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Table 3. Results from the linear mixed-effects models.

Parameter Estimate () SE df t p
Model predicting behavioral thresholds
Intercept 41.90 1.28 5.8 32.75 < .001
Etiology 6.36 2.07 7.8 3.08 .016
Electrode configuration -11.07 0.37 392.0 -29.97 <.001
Electrode site 0.98 0.37 392.2 2.65 .008
Etiology x Electrode Site -2.93 0.64 392.1 —4.58 < .001
Etiology x Configuration -0.93 0.64 392.0 -1.46 .146
Model predicting electrode impedances
Intercept 4.40 0.79 7.1 5.55 .001
Etiology 2.04 1.22 7.8 1.67 134
Electrode site 2.05 0.28 222.0 7.45 < .001
Etiology x Electrode Site -1.63 0.48 2221 -3.41 < .001
Model predicting longitudinal intracochlear resistance
Intercept 2.46 0.11 7.3 22.41 < .001
Etiology 0.35 0.17 9.5 1.99 .076
Electrode site 0.15 0.08 208.0 2.00 .047
Etiology x Electrode Site -0.48 0.13 208.0 -3.60 <.001

Note. The Imer function in R calculates t tests using Satterthwaite approximations to degrees of freedom (df).
Statistically significant p values are in bold font. Each model included random effects for subject and ear.

suggested that channel-to-channel variability in auditory
detection thresholds did not differ as a function of etiology
for either monopolar (p = —-0.50, SE = 0.53), #(7.98) =
-0.94, p = .38, or focused (B = -0.11, SE = 0.25), #(7.57) =
—-0.45, p = .67, electrode configurations. These results
are considered exploratory because, unlike the single-
channel threshold data, only one data point was available
per ear.

Figure 1. Mean single-channel behavioral thresholds (in dB re: 1 pA)
as a function of hearing loss etiology measured in response to
monopolar (filled circles) and focused (open circles) electrode
configurations. Data from participants with enlarged vestibular
aqueduct (EVA) syndrome are represented by green symbols with
dashed lines. Data from participants with connexin-26—based
mutations (DFNB1) are represented by blue symbols with solid
lines. Error bars represent + 1 standard error.

54

Threshold (dB re: 1 pA)

23456 7 8 9101112131415
Electrode

===+ EVA O Focused configuration
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Electrode Impedances as a Function of Etiology

The goal of the second analysis was to determine
whether electrode impedances differ between children with
EVA and those with DFNBI1. Figure 3A shows average
impedances across the electrode array as a function of
etiology. Figure 3B shows individual single-channel electrode
impedances as a function of etiology and electrode site. A
linear mixed-effects model predicting electrode impedances
(dependent variable) included etiology and electrode site
(apical or basal) as independent variables. An interaction
between etiology and electrode site was also included in
the model.

On average, electrode impedances did not differ as a
function of etiology (p = .134; see Table 3). However, the
interaction between etiology and electrode site was signifi-
cant, suggesting that children with EVA had significantly
higher electrode impedances in the apical region of the
cochlea than children with DFNBI1 (p < .001; see Figure 3
and Table 3). Across subjects, electrode impedances were
higher in the base than in the apex (p < .001; see Figure 3
and Table 3). Of note, it appears that across-subject vari-
ability in electrode impedances is larger for the children
with EVA than for the children with DFNBI (see Figure 3
and Table 3). However, differences in across-subject vari-
ability should be interpreted with caution given the small
sample size in this study.

An exploratory analysis was performed to assess
within-subject variability in electrode impedances across
the electrode array as a function of etiology. For each ear,
channel-to-channel variability was defined as the standard
deviation of the signed differences in electrode impedance
between each adjacent electrode. A linear mixed-effects
model with a random intercept for “participant” was speci-
fied to account for clustering of two ears within the
bilaterally implanted participants. Results suggested that
channel-to-channel variability in electrode impedances did



Figure 2. (A) Individual single-channel behavioral thresholds (in dB re: 1 pA) measured in response to a monopolar electrode configuration
as a function of hearing loss etiology and electrode site (apical or basal). (B) Individual single-channel behavioral thresholds (in dB re: 1 pA)
measured in response to a spatially focused electrode configuration as a function of hearing loss etiology and electrode site (apical or basal).
Electrodes 2—-8 are considered apical, and Electrodes 9-15 are considered basal. Data from participants with enlarged vestibular aqueduct
(EVA) are represented by green squares, and data from participants with connexin-26—based mutations (DFNB1) are represented by blue

triangles.
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not differ as a function of etiology (p = 0.15, SE = 0.30),
#(13.00) = 0.49, p = .63.

Longitudinal Intracochlear Resistance
as a Function of Etiology

The goal of the final analysis was to determine
whether longitudinal intracochlear resistance, assessed via

EFI, differed between children with EVA and children with
DFNBI. Figure 4A shows average Rione Values across the
electrode array as a function of etiology. Figure 4B shows
individual single-channel R, data as a function of etiol-
ogy and electrode site. Rjon, values were highly skewed and
were consequently log-transformed prior to data analysis
in order to reduce skew. A linear mixed-effects model
predicting the log-transformed R, values (dependent

Figure 3. (A) Mean electrode impedances (kQ) as a function of hearing loss etiology. Error bars represent + 1 standard error. (B) Individual
single-channel electrode impedances (kQ) as a function of electrode site (apical or basal) and hearing loss etiology. Electrodes 1-8 are
considered apical, and Electrodes 9—16 are considered basal. Data from participants with enlarged vestibular aqueduct (EVA) are represented
by green squares, and data from participants with connexin-26—-based mutations (DFNB1) are represented by blue triangles.
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Figure 4. (A) Mean longitudinal intracochlear resistance (kQ) as a function of hearing loss etiology. Error bars represent + 1 standard error.
(B) Individual single-channel longitudinal intracochlear resistance values (kQ) as a function of electrode site (apical or basal) and hearing loss
etiology. Electrodes 2—-8 are considered apical, and Electrodes 9-16 are considered basal. Data from participants with enlarged vestibular
aqueduct (EVA) are represented by green squares, and data from participants with connexin-26—based mutations (DFNB1) are represented by

blue triangles.
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variable) included etiology and electrode site (apical or
basal) as independent variables. An interaction between
etiology and electrode site was also included in the
model.

Results of the EFI analysis were similar to those of
the electrode impedance analysis. On average, longitudinal
intracochlear resistance did not significantly differ between
children with EVA and those with DFNBI (p = .076; see
Table 3). However, the interaction between etiology and
electrode site was significant, suggesting that longitudinal
intracochlear resistance was higher in the apical region for
children with EVA than for children with DFNBI (p < .001;
see Figure 4 and Table 3). Moreover, across subjects,
intracochlear resistance was significantly higher in the
base compared to the apex (p = .047; see Table 3). Again,
it appears that across-subject variability in intracochlear
resistance is greater for the children with EVA than for
the children with DFNBI (see Figure 3 and Table 3). How-
ever, differences in across-subject variability should be
interpreted with caution given the small sample size in
this study.

Note that electrode size and spacing differ between
the Mid-Scala and HiFocus 1J arrays, which can influence
impedance measurements. Once again, a sensitivity analysis
was conducted by removing Subject P15 from the electrode
impedance and intracochlear resistance analyses. The results
did not change when Subject P15’s data were excluded.

Finally, an exploratory analysis was performed to
assess within-subject variability in longitudinal intracochlear
resistance across the electrode array as a function of etiol-
ogy. For each ear, channel-to-channel variability was
defined as the standard deviation of the signed differences
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in longitudinal intracochlear resistance between each adja-
cent electrode. A linear mixed-effects model with a random
intercept for “participant” was specified to account for
clustering of two ears within the bilaterally implanted
participants. Results suggested that channel-to-channel
variability in longitudinal intracochlear resistance did not
differ as a function of etiology (p = 388.7, SE = 235.9),
#(13.00) = 1.65, p = .12.

Relationships Between Resistance
and Threshold Measures

Relationships between the single-channel resistance
and threshold measures were evaluated. For each analysis,
a linear mixed-effects model with “participant” and “ear”
as random factors was specified. Across electrodes, longitu-
dinal intracochlear resistance values and electrode imped-
ances were significantly correlated (f = 0.08, SE = 0.01),
1(212.32) = 7.17, p < .001. Electrodes with relatively high
electrode impedances also had relatively high EFI-estimated
longitudinal intracochlear resistance.

In this sample, longitudinal intracochlear resistance
values were not significantly correlated with auditory
detection thresholds measured in response to either mono-
polar (B = 0.57, SE = 0.37), #(193.33) = 1.56, p = .12, or
focused (B = 0.30, SE = 0.55), #(191.41) = 0.54, p = .59,
electrode configurations. Electrode impedances were
significantly correlated with monopolar thresholds (8 = 0.21,
SE =0.09), 1(198.53) = 2.28, p = .02, but not focused
thresholds (§ = 0.10, SE = 0.14), #(196.47) = 0.74, p = .46.
In adult CI listeners, previous work shows only modest
relationships between auditory detection thresholds and



resistance measures after controlling for computed
tomography-estimated electrode position and a behavioral
estimate of SGN integrity (Jahn & Arenberg, 2019a).

Discussion

The primary goal of this study was to quantify
differences in the ENI related to hearing loss etiology in
pediatric CI listeners deafened secondary to EVA and
DFNBI. The ENI was assessed using single-channel audi-
tory detection thresholds, electrode impedances, and EFI.
Results demonstrated that children with EVA had higher
single-channel auditory detection thresholds than children
with DFNBI1. Children with EVA also had higher cochlear
resistivity in the apical region of the cochlea than children
with DFNBI1. Taken together, these results suggest that
the ENI differs as a function of hearing loss etiology in
pediatric CI listeners.

Higher Auditory Detection Thresholds in Children
With EVA Than in Children With DFNBI

In this study, we observed higher single-channel
auditory detection thresholds in pediatric CI listeners with
EVA than in listeners with DFNBI, irrespective of the
electrode configuration (monopolar or spatially focused).
Previous research suggests that electrode placement relative
to the modiolus is one of the strongest predictors of single-
channel behavioral threshold levels (DeVries et al., 2016;
Long et al., 2014). Furthermore, van der Marel et al. (2014)
demonstrated that the size of the cochlea influences the
placement of the electrodes, wherein increases in cochlear
diameter are associated with increases in the physical dis-
tance between CI electrodes and the modiolus.

It is possible that the placement of the electrode
array relative to the modiolus could be systematically altered
in patients with EVA, who frequently have some degree of
cochlear dysplasia (Davidson et al., 1999). Davidson et al.
(1999) reported that individuals with EVA and mild cochlear
dysmorphia tended to have broad contours in the apical
region of the cochlea and an absence of the notch between
the apical and lateral middle turns. Those with severely
dysmorphic inner ears also demonstrated a loss of internal
cochlear architecture (Davidson et al., 1999). Such malfor-
mations would likely result in electrode array placement
farther from the modiolus in patients with EVA compared
to patients with DFNBI, who tend to have normal cochlear
anatomy. If children with EVA tend to have poor electrode
placement, they may be good candidates for perimodiolar
electrode arrays that attempt to position the electrodes
relatively close to the modiolus. Imaging studies that sys-
tematically evaluate electrode array placement as a function
of etiology are warranted.

In addition to electrode position, the integrity of the
SGNs is believed to influence single-channel threshold levels
(DeVries et al., 2016; George, Wise, Fallow, & Shepherd,
2015; George, Wise, Shivdasani, Sheperd, & Fallon,
2014; Goldwyn et al., 2010; Jahn & Arenberg, 2019a, 2019b).

Computational modeling evidence suggests that SGN loss
can lead to increased behavioral thresholds and faster
growth of neural recruitment with increasing stimulation
levels (Goldwyn et al. 2010). In humans, channels with rel-
atively high behavioral thresholds also exhibit relatively
small evoked potential amplitudes (DeVries et al., 2016),
which are associated with reduced SGN density in animal
models (Ramekers et al., 2014). Thus, electrodes located
near cochlear regions with relatively poor neural health
are expected to have relatively high auditory detection
thresholds.

Importantly, previous work indicates that almost all
patients with EVA have some degree of modiolar defi-
ciency (Davidson et al., 1999; Lemmerling et al., 1997).
Because the SGNs are housed within the bony modiolus,
it is plausible that pervasive modiolar deficiencies in
individuals with EVA could lead to reduced integrity or
density of viable SGNs relative to normal. Limited histo-
pathological evidence in a patient with EVA and incom-
plete partition type II cochlear anomaly demonstrated
abnormally formed neural structures in the apex, but enough
viable SGNs in the basal turn to achieve adequate electrical
stimulation in the base (Leung, Quesnel, Juliano, & Curtin,
2016). In contrast, histopathological evidence in a patient
with Cx26-based deafness showed normal populations of
SGNs throughout the cochlea (Jun et al., 2000). Recent
electrophysiological data demonstrate that children with
Cx26 mutations may have better auditory nerve function
than children with concurrent Mondini malformation and
EVA (Luo et al., 2019). Overall, available evidence sug-
gests that higher behavioral thresholds in children with
EVA than in children with DFNB1 could plausibly be
explained by a less robust population of functional SGNs,
a larger physical distance between the electrodes and the
modiolus, or a combination of the two factors. These dif-
ferences appear to be most pronounced in the apex, consis-
tent with available histopathological data in patients with
EVA.

Higher Apical Intracochlear Resistance in Children
With EVA Than in Children With DFNBI

In this study, electrode impedances and longitudinal
intracochlear resistance values were higher in the apical
region of the cochlea in children with EVA than in children
with DFNBI1. Cochlear resistivity did not differ between
groups in the basal region of the cochlea or when averaged
across all electrodes. One study by Powell and Birman
(2015) also showed that average electrode impedances did
not differ between children with EVA and those with other
hearing loss etiologies. Our results demonstrate the impor-
tance of considering electrode location and single-channel
data when evaluating the ENI in children.

Though little is understood about intracochlear bone
and fibrous tissue growth in children with EVA, recall that
even mild EVA-associated cochlear malformations appear
to be most pronounced in the apex (Davidson et al., 1999;
Leung et al., 2016). It is possible that cochlear and modiolar
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malformations differentially influence the electrode-tissue
interface in the apex compared to the base in individuals
with EVA. Moreover, we noted particularly high variabil-
ity in cochlear resistivity measurements across ears and
electrode sites in the children with EVA. This could reflect
within- and across-ear variation in cochlear and modiolar
morpohology in patients with EVA. The present results
support available histological and electrophysiological data
and indicate that further investigation into differences in
cochlear resistivity as a function of hearing loss etiology is
warranted.

Clinical Implications and Future Directions

The results of this study demonstrate that multiple
factors influencing the quality of the ENI may differ between
pediatric CI listeners with EVA and those with DFNBI. It
should be noted that, despite potential differences in the ENI,
both children with EVA and those with DFNBI receive
good speech perception benefit from currently available
clinical CI interventions (e.g., Ahadizadeh et al., 2017;
Aimoni et al., 2017; Manzoor et al., 2016; Papsin, 2005,
Wu et al.,, 2015; Yan et al., 2013). However, given the per-
sistent variability in outcomes across all pediatric CI listeners,
it is imperative to determine methods for optimizing clini-
cal interventions based on a patient’s unique demographic
characteristics and auditory goals. The results of this study
suggest that differences in the ENI related to hearing loss
etiology may help to identify optimal CI programming
parameters for children with divergent hearing histories.

The present results suggest that children with EVA
may have a larger physical distance between the electrodes
and the modiolus and/or reduced SGN integrity relative to
children with DFNBI1. A large-scale study that estimates
electrode position using computed tomography imaging in
conjunction with electrode-specific evoked potential estimates
that are correlated with neural health in animal models
may help elucidate the origin of between-group threshold
differences. If children with DFNBI1 have robust popula-
tions of functional SGNs, they may be good candidates for
CI programming strategies that employ current focusing to
more selectively stimulate local auditory nerve fibers and
reduce channel interaction. There is evidence that reducing
channel interaction may be particularly beneficial to speech
perception outcomes of children with CIs (Jahn, DiNino,
& Arenberg, 2019).

In contrast, the results of this study suggest that high
degrees of current focusing may not be optimal for listeners
with EVA, as it can be difficult to achieve comfortably
loud stimulus levels in CI listeners that have high auditory
detection thresholds and/or high electrode impedances. In
fact, recall that Subject P08 in this study could not detect
stimuli at levels below the voltage compliance limits of the
device with a high current focusing coefficient. An inability
to reach comfortably loud stimulation levels could un-
necessarily restrict the electrical dynamic range and limit
loudness growth, potentially negating positive perceptual
effects of extreme current focusing.
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Instead, listeners with EVA may be more likely to
benefit from programming changes that reduce the current
levels necessary to optimize dynamic range while remaining
below the voltage compliance limits of the device. For in-
stance, it is possible that listeners with EVA could benefit
from low-to-moderate degrees of current focusing (i.e.,
focusing coefficient < 0.9), relatively wide stimulation pulse
widths, or relatively long interphase gaps. In fact, there is
evidence that individuals with malformed cochleae tend to
require wider pulse widths than listeners with normal cochlear
anatomy (Coelho & Roland, 2012; Incerti et al., 2018; Papsin,
2005). Knowledge that a CI listener with EVA is likely to
require different stimulation parameters may be particu-
larly important for clinicians working with infants and
young children who cannot provide reliable feedback or
behavioral information.

It is acknowledged that this preliminary study was
conducted with a small sample of CI listeners. This investi-
gation should be replicated in a larger group of children,
with particular emphasis on measurements that can distin-
guish between electrode placement and the integrity of the
auditory neurons. Future investigations will examine com-
mon clinical programming parameters in a large sample of
pediatric CI listeners and will determine whether current
focusing is beneficial for children with a variety of hearing
loss etiologies.
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