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Objectives: A narrow bony cochlear nerve canal (BCNC), as well as a hypoplastic and aplastic cochlear nerve (CN)
have been associated with increased electrically-evoked compound action potential (eCAP) thresholds in some
studies, suggesting poorer neural excitability in cochlear implantation. Also, in large cochleae the extent of
activated spiral ganglion neurons with electrical stimulation is less than in smaller ones. However, a detailed
description of the relationship between eCAP thresholds for a lateral-wall electrode array and dimensions of the
inner-ear structures and internal auditory canal (IAC) is missing.

Design: The study subjects were 52 pediatric patients with congenital severe-to-profound hearing loss (27 females
and 25 males; ages 0.7-2.0 years; 1.0 + 0.3 years, mean + SD) implanted bilaterally with Cochlear Nucleus
ClI422, CI522, or CI622 implants with full insertion of the Slim Straight electrode array. Diameters of the cochlea
and the BCNC as well as the widths and heights of the IAC and the CN were evaluated from preoperative
computed tomography and magnetic resonance images. These anatomical dimensions were compared with each
other and with the patients’ intraoperative eCAP thresholds.

Results: The eCAP thresholds increased from the apical to basal direction (r = 0.89, p < 0.001). After sorting the
cochleae into four size categories, higher eCAP thresholds were found in larger than in smaller cochleae (p <
0.001). With similar categorization, the eCAP thresholds were higher in cochleae with a larger BCNC than in
cochleae with a smaller BCNC (p < 0.001). Neither IAC nor CN cross-sectional areas affected the eCAP
thresholds. Correlations were found between cochlea and BCNC diameters and between IAC and CN cross-
sectional areas (r = 0.39 and r = 0.48, respectively, p < 0.001 for both).

Conclusions: In the basal part of the electrode array, higher stimulation levels to elicit measurable neural re-
sponses (eCAP thresholds) were required than in the apical part. Increased eCAP thresholds associated with a
larger cochlear diameter, but contrary to the earlier studies, not with a small size of the BCNC or the CN. Instead,
the BCNC diameter correlated significantly with the cochlea diameter.

Cochlear nerve
Inner ear dimension

1. Introduction

A cochlear implant (CI) is a neuroprothesis that helps to perceive
sound and promotes language development in severely hearing-
impaired children [1]. With a CI, the structures of the external and the
middle ear as well as the non-functioning hair cells of the organ of Corti
in the inner ear are surpassed, and auditory sensation is elicited by

directly stimulating the spiral ganglion neurons (SGN). The SGN axons
exit the cochlea at the modiolus and form the cochlear nerve (CN)
bundle in the bony cochlear nerve canal (BCNC). From the BCNC, the CN
accesses the internal auditory canal (IAC) on its way to the cochlear
nucleus. As physiology relies on anatomy, malformations of the inner
ear can affect auditory processing and therefore hearing outcomes
[2-5].
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The activation of the SGNs in CI users can be investigated by
measuring the electrically-evoked compound action potential (eCAP),
which also provides an objective verification of the CI device function. A
typical eCAP response is biphasic in morphology, consisting of a nega-
tive and a positive peak [6]. Sometimes the eCAP also shows a second
positive peak which is thought to reflect late dendritic activation of the
SGNs. The eCAP amplitude is defined as the difference between the
negative and positive peaks in microvolts (1V), and depicts the strength
and synchrony of the SGN activation [6]. As the eCAP amplitude in-
creases with the stimulation current, the responsiveness of the auditory
nerve can be evaluated via the slope of the eCAP amplitude growth
function (AGF; [7]). The AGF can be extrapolated to estimate the eCAP
threshold, which is the smallest electrical current that produces an eCAP
amplitude of zero. A low eCAP threshold indicates that the CN is easily
excitable with electrical stimulation. However, even though the eCAP
threshold is thought to reflect neural health, it seems to have only a
weak to moderate correlation with the behavioral stimulation levels [8,
9.

Many malformations of the inner ear have been associated with
abnormalities in eCAP measurements. Cochleae with a stenotic BCNC,
defined to be under 1.5 mm in diameter, display higher eCAP thresholds
when compared to cochleae with a wider BCNC [10]. Jang et al. [11]
showed an inverse correlation of the eCAP thresholds with both the
BCNC diameter and the CN cross-sectional area for a few individual
electrodes in the basal section of the electrode array. In addition, in ears
with a small CN, the eCAP thresholds were higher when the BCNC was
narrow (below-average) in comparison to patients with a wide
(above-average) BCNC [11]. These data suggest that small BCNC di-
mensions are associated with higher eCAP thresholds. However, Han
et al. [10] did not report the type or manufacturer of the electrode arrays
used in the study, and the study of Jang et al. [11] included both peri-
modiolar and lateral-wall electrode arrays.

Cochleae with hypoplastic and aplastic CNs have higher eCAP
thresholds and shallower AGF slopes when compared to normal [12]. In
He et al. [12], the CN was qualified to be hypoplastic if it was smaller in
an MRI than the other nerves in the IAC or than the contralateral CN, and
aplastic if it was unidentifiable. However, when the CN is normal, the
diameter of the CN and the eCAP thresholds show no correlation [13].

To summarize, the effects of BCNC diameter and CN size on eCAP
thresholds have been explored in earlier studies. However, the di-
mensions of the inner-ear structures might correlate with each other and
thus form a confounding factor. Cochlea diameter shows a weak-to-
moderate correlation with the extent of activated SGNs (spread of
excitation; [14]) and therefore, it affects the neural responsiveness of the
cochlea. In this study, correlations between the dimensions of the co-
chlea, the BCNC, the IAC, and the CN were evaluated, and then
compared with the intraoperative eCAP thresholds of a lateral-wall
electrode array. As the angular insertion depth of the electrode array
affects eCAP thresholds [15], the location of each electrode contact was
evaluated as a linear electrode number on the array and as an estimated
insertion angle. As the age and the duration of pre-implantation hearing
loss might also affect the SGN density and eCAP thresholds [16], we
investigated only congenitally hearing-impaired children implanted
before the age of two years. Our hypothesis was that the eCAP thresholds
of a lateral-wall electrode array are elevated in ears with a large cochlea
and in ears with a small BCNC, IAC, or CN.

2. Materials and methods
2.1. Study design and ethics

This was a retrospective cohort study approved by the institutional
review board of the Hospital District of Helsinki and Uusimaa. Due to the

retrospective nature of the study, the ethical committee and informed
consent were not required by the Finnish national legislation.
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2.2. Subjects

The subjects included in the study were pediatric patients with
congenital severe-to-profound hearing loss implanted bilaterally before
the age of two with Cochlear Nucleus CI422, CI522, or CI622 implants
(Cochlear Ltd, Sydney, Australia) with the Slim Straight electrode arrays
between December 2011 and November 2020 at Helsinki University
Hospital at the Department of Otorhinolaryngology — Head and Neck
Surgery. No patients were excluded from the study due to incomplete
insertion of the electrode array, as according to the patients’ operative
reports, the electrode arrays were completely inserted inside the
cochleae in all patients.

2.3. eCAP thresholds

The eCAP thresholds and amplitudes were recorded via neural
response telemetry (NRT) and measured with Custom Sound EP soft-
ware (Cochlear Ltd, Sydney, Australia) during the final stage of the CI
surgery when the patient was still under general anesthesia. To record
NRT, a pulse width of 25 ps and a rate of 250 Hz was used, which is the
default setting. The eCAP thresholds were automatically determined by
the recording software. Out of the 104 ears, the eCAP thresholds were
not recorded for 5 ears. For each individual electrode contact, the eCAP
threshold of minimum 68 ears were available. The eCAP thresholds are
shown in detail in Table 1 in Appendix.

2.4. Anatomical dimensions

All patients were preoperatively imaged with a high-resolution
computed tomography (CT) and an MRI using a standard clinical pro-
tocol used in the Hospital District of Helsinki and Uusimaa. The CT scans
were performed in a supine position using multidetector CT scanners
(GE LightSpeed VCT and GE Revolution, GE Healthcare, Milwaukee, W1,
USA). The slice thickness of the reconstructed CT images was 0.31-0.63
mm. The preoperative MRI scans were performed using either 1.5 or 3.0
T MRI scanners (Philips Achieva and Philips Ingenia, Philips Medical
Systems, Nederland). The native scans included axial T2-weighted im-
ages covering the whole brain (slice thickness 3.0 mm) and 3D axial T2-
weighted images covering the temporal bones (the slice thickness of the
reconstructed parasagittal oblique image 0.58-1.00 mm).

The diameter of the cochlea was evaluated by an otoradiologist from
the reconstructed CT images of the cochlea as described by Alexiades
et al. [17]. Two trained medical doctors evaluated the diameter of the
BCNC and the width of the IAC from the axial CT image, the height of the
IAC from the coronal CT image, and the width and the height of the CN
from a reconstructed parasagittal oblique MRI image as described in
Chetcuti and Kumbla [18]. The images were evaluated with a digital
measurement tool with a resolution of 0.1 mm. Fig. 1 illustrates the
measurements in more detail. The estimations of the IAC and the CN
cross-sectional areas were derived from multiplying the corresponding
height with the width as described by Herman and Angeli [19]. Out of
the 104 ears, information about the cochlea diameter, the IAC height
and width, and the CN height and width were unavailable for 3, 1, and 8
ears, respectively.

2.5. Electrode insertion angle

To confirm of the analysis about the effect of electrode location,
computational electrode insertion angles were applied in addition to the
actual electrode numbers. Based on the patients’ operative charts, all the
ClI electrode arrays were fully inserted through the round window route.
The most basal electrode is located 5 mm from the full insertion mark
along the Slim Straight electrode array. The following 21 electrodes are
spread across 19.1 mm in the active part of electrode array, leading to a
distance of 0.91 mm between the electrodes. Therefore, the linear
location of each electrode’s basal edge (L in mm) was calculated using:



S. Soderqvist et al.

International Journal of Pediatric Otorhinolaryngology 158 (2022) 111160

CT = C Dimension A vs B Flg. 1. Inner-ear aqd IAC dimensions and corre-
£ 3r lations. Representative computed tomography (CT;
T O A, B, D, and E.) and magnetic resonance image (MRI,
% o} o O F.) scans. The white lines demonstrate corresponding
€ 2.7+ 00 measurement: A. cochlea diameter from a recon-
g r=0.39, p < 0.001 o [eXe) structed CT image, B. bony cochlear nerve canal
= o o o @ diameter from an axial CT, D. width and E. height of
s 2.4k o o o o o internal acoustic canal from axial and coronal CT
: 000 000  ~o scans, respectively, and F. cochlear nerve height (F1)
E e o e~ and width (F2) from a parasagittal oblique MRI. Sig-

Cochlea diameter, x-axis € 54l ° 0 0000, & oo nificant correlations after Bonferroni correction were
E ! oee8o000 00 000 detected between the cochlear diameter and the bony
= - cochlear nerve canal (BCNC) diameter (C, Pearson’s r
O - o 000 0O OO O .

S 1.8t - —— 66 & = 0.39, p < 0.001), and between the cross-sectional
- & Y. & areas of the IAC and the cochlear nerve (G, r =
£ 0.48, p < 0.001).
om [eXe} (o))
1.5 1 1 1 1
7 7.7 8.4 9.1 9.8
¥ Cochlea diameter (mm)
BCNC diameter, y-axis
<~ 2.5 G Dimension D x E vs F1 x F2
o~ . P
£
E x
©
to] L X
§ 2 x
. r = 0.48, p < 0.001 x
b X x| x .
2 1.5 x_ X >><<x X % - =
=] 5+
o x Hx x X Xax& N
wn X X -
2 y X X w0t =X
8 X% Ko
5 1r - %
- X X >§(><
[ - 3 X 5 X %
E x XX ® X
g X X X
s 0.5 <
= x
Q
S
0 1 1 1 1
5 15 25 35 45

IAC width x height, x-axis

MRI

L=5.0+ 0.91 x (electrode number — 1) mm

Each electrode was assumed to lie next to the lateral wall and
Equation (3) in Escudé et al. [20] was applied to estimate an individual
insertion angle:

Insertion angle = (exp(L <+ (cochlea diameter x 2.62)) — 1) x 235 degrees.
The insertion angle range was 52-68 and 380-570°, and the mean

insertion angle + SD was 59 + 3.5 and 460 + 40°, for the most basal and
apical electrodes, respectively.

Internal auditory canal cross sectional area (mm?)

Cochlear nerve

1F2
— F1

\

Cochlear nerve cross-sectional area

y-axis

2.6. Statistics

For statistical analysis, the ears were sorted into four groups ac-
cording to the distributions of their anatomical dimensions. The mean +
SD for the cochlea diameter was 8.50 + 0.45 and for the BCNC diameter
2.10 + 0.31 mm. The mean + SD for the IAC and the CN cross-sectional
areas were 23.0 & 6.52 and 1.05 + 0.33 mm?, respectively. In the first
group, the dimensions are less than —1 SD, in the second group between
—1 SD and the mean, in the third group between the mean and 1 SD, and
in the fourth group larger than 1 SD, resulting in 18, 35, 31, and 17 ears
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in the corresponding groups for the cochlea. For the BCNC, the respec-
tive number of ears in each group were 17, 35, 36, and 16; for the IAC
18, 37, 28, and 19 ears; and for the CN 14, 36, 31, and 15 ears. Also, the
insertion depths were divided into 20 categories. The lower limit of the
first category was 50° and the spacing between each category was 25°.
As an exception, to reach a sufficient number of subjects, the width of
the last category was increased to 45° with the upper limit of 570°. The
eCAP measurements and the inner-ear dimensions were analyzed sta-
tistically with IBM SPSS 25 (IMB, Armonk, New York) using a two-way
analysis of variance (ANOVA) with cochlea diameter group and elec-
trode contact or insertion angle category as independent variables and
eCAP threshold as a dependent variable. The p-values in post-hoc ana-
lyses were corrected with the Tukey method. The correlation co-
efficients (Pearson’s r) were computed between the different anatomical
dimensions and between the electrophysiological measurements and the
location along the electrode array, defined either as electrode contact or
insertion angle.

3. Results

In this study, we investigated the effect of the inner-ear dimensions
on eCAP thresholds. A total of 52 patients (27 females and 25 males;
ages 0.7-2.0 years; 1.0 + 0.3 years, mean + SD) were included in the
study. The etiologies of hearing loss were mutation in the Connexin 26
gene (n = 23), maternal CMV infection during pregnancy (n = 3), a long
QT syndrome (n = 1), and unknown (n = 25).

Fig. 1 demonstrates the measured inner-ear dimensions and corre-
lations between different dimensions. The cochlea and BCNC diameters
are shown in Fig. 1A and B, the IAC width and height in Fig. 1D and E,
and the CN cross-sectional area in Fig. 1F. Significant correlations after
Bonferroni corrections were found between the cochlea and the BCNC
diameters (Fig. 1C; r = 0.39, p < 0.001) and between the cross-sectional
areas of the IAC and the CN (Fig. 1G; r = 0.48, p < 0.001). Either the
cochlea or the BCNC diameter showed no significant correlation with
the IAC or the CN cross-sectional area.

Fig. 2 shows the mean eCAP thresholds along the electrode array,

Mean eCAP threshold (CL)

Mean eCAP threshold (CL)

Mean eCAP threshold

€CAP threshold SEM
s Fifth-order polynomial regression
95% confidence interval

22 19 16 13 10 7 4 1
Electrode

Electrode

o
m

o Mean eCAP threshold

205 F==|  SEM of the means e
Fifth-order polynomial regression

77777 95% confidence interval , £

Mean eCAP threshold (CL)

550 450 350 250 150 50
Insertion angle (degrees)

570 525 450 350 250 1
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DDA RIS O A 0D XY N

Mean eCAP threshold (CL) _
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which are arranged from the apex (electrode 22) to the base (electrode
1). As seen in Fig. 2A, the mean eCAP thresholds increase from apical to
basal direction (r = 0.89, p < 0.001), demonstrating that less current is
needed to elicit an eCAP response in the apex than in the middle or in the
basal parts of the electrode array. However, the relationship between the
eCAP threshold and the electrode contact is non-monotonic and non-
linear, and therefore, a fifth order polynomial was fitted to the data.
The correlation coefficient between the polynomial and the mean data
was 0.97, and the corresponding 95% confidence intervals of the poly-
nomial fit are plotted in Fig. 2A. In Fig. 2B, the mean eCAP thresholds
are presented in a heatmap. When the patients were divided into four
groups according to their cochlea diameter (Fig. 2C), a two-way ANOVA
revealed significant main effects of cochlea diameter group and elec-
trode contact (F(3, 1758) = 28.2 and F(21,1758) = 22.1, p < 0.001 for
both). Their interaction was not significant (F(63,1758) = 1.25, p =
0.09). The mean eCAP thresholds were significantly lower in the first
two groups with the smallest cochleae than in the rest of the groups (185
current level (CL) in both vs. 193 and 190 CL, respectively, p < 0.001 for
all). Altogether these results suggest that the eCAP threshold is lower in
smaller dimensions (i.e. either a more apical electrode contact location
or a smaller cochlea).

As the cochlea diameter affects the insertion depth and angle of the
array [20] and the insertion angle affects the eCAP thresholds [15], we
wanted to minimize this effect by calculating the insertion angle of the
individual electrodes for further analysis. As illustrated in Fig. 2D, when
the locations of the electrodes were assessed via insertion angles, the
correlation between the polynomial and the mean data was slightly
higher 0.98 with narrower 95% confidence intervals when compared to
Fig. 2A. Fig. 2E depicts the mean eCAP threshold as a function of
insertion angle category and shows a smoother heatmap than Fig. 2B.
Further, to evaluate the effect of cochlea diameter on eCAP thresholds in
different insertion angles, the patients were divided into the same co-
chlea diameter groups as with the electrode contacts (Fig. 2F). The five
largest insertion angle categories were left out from further statistical
analysis, as the electrode array does not reach these insertion angles in
the larger cochleae. Significant main effects of cochlea diameter group

(cL) Cochlea diameter (mm)

Mean eCAP threshold (CL)

9.00 and over (n = 17)

8.50-8.99 (n = 31)

8.0-8.49 (n = 35)

Under 8.0 (n = 18)

DO ERIID 0 DA @ G 55
Electrode

(cL) F Mean eCAP threshold (CL)

9.00 and over (n = 17)

8.50-8.99 (n = 31)

8.0-8.49 (n = 35)

Under 8.0 (n = 18)

0 570 525 450 350 250 150 50
Insertion angle (degrees)

Fig. 2. The mean eCAP thresholds at individual locations and cochlea diameters. In each plot, the individual electrode contacts are arranged from apical to
basal direction. A. and D. The mean =+ standard error of the mean (SEM) eCAP threshold is plotted at individual (A) electrode contacts and (D) mean insertion angle
of each category. The respective fitted fifth-order polynomial have correlations of 0.97 and 0.98 with the measurement data. B and E. The mean eCAP thresholds at
individual electrode contacts and insertion angles. C and F. The eCAP thresholds at individual electrode contacts and insertion angles are grouped by cochlea
diameter. The largest cochleae maximum insertion depth did not reach the limits of largest insertion angles (F, white cells in upper left corner).
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and insertion angle category were found (F(3,1578) = 13.9, p < 0.001
and F(14,1578) = 25.4, p < 0.001, respectively), indicating that when
accounting for the dependence of the longitudinal location of an elec-
trode contact on the cochlear size, the mean eCAP thresholds are still
associated with the cochlea diameter. No significant interaction between
cochlea diameter group and insertion angle category were detected (F
(42,1578) = 1.2, p = 0.22). Similarly as earlier, the mean eCAP
thresholds were significantly lower in the two groups of the smallest
cochleae than in the rest of the groups (187 in both vs. 193 and 190 CL,
respectively, p < 0.05 for all).

Fig. 3 shows the mean eCAP thresholds along the electrode array in
the cochleae grouped by the BCNC diameter, similarly as with the co-
chlea diameter in Fig. 2. When the effect of the BCNC diameter and the
insertion angle on the eCAP thresholds was analyzed, main effects of
BCNC diameter group and insertion angle category were found (F(3,
1607) = 8.76 and F(14, 1607) = 24.5, p < 0.001 for both). Further, the
eCAP thresholds were compared with the dimensions of anatomical
structures outside the cochlea, and the cochleae were grouped based on
their IAC and CN cross-sectional areas. When the effect of the groups on
the eCAP thresholds were analyzed in the different insertion angles, only
a significant main effect of insertion angle category was found (F
(14,1600) = 26.5 and F(14,1497) = 23.60, respectively, p < 0.001 for
both).

4. Discussion

The aim of the present study was to investigate the relationship be-
tween inner-ear dimensions and electrophysiology via eCAP measure-
ments in congenitally severely-to-profoundly hearing-impaired patients
implanted with CIs under the age of two years. As our cohort contains
patients with normally sized structures, our results might be helpful in
determining the initial stimulation levels used in intraoperative eCAP
recordings and post-operative adjustments of the CI in the majority of
patients.

The results suggest that eCAP thresholds are generally higher in
larger cochleae than in smaller ones. When the electrode array is fully
inserted, the maximum insertion depth is greater in small cochleae when
compared to larger cochleae, as the electrode array used in this study lies
supposedly next to the lateral wall. Therefore, to minimize the effect of
cochlea diameter on the electrode location inside the cochlea, the
insertion angle was calculated for each electrode contact in each co-
chlea. However, even after this adjustment, larger cochleae had higher
eCAP thresholds than smaller ones in the corresponding insertion an-
gles, so the different angular location of the electrode contacts do not
explain these results alone. As the perpendicular measurement of the
cochlea diameter increases with the cochlea size [20], also the volume of

Mean eCAP threshold (CL)

BCNC diameter (mm)

2.42 and over (n = 16)

2.11-2.41 (n = 36)

1.78-2.10 (n = 35)

Under 1.78 (n = 17)

570 525
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the cochlear duct increases with the height and width of the scala
tympani (ST; [21]). The greater cross-sectional area of the ST leads to a
larger modiolar distance, which provides an additional explanation for
the elevated eCAP thresholds in large cochleae [22-24]. In this study,
the maximum diameter difference between the smallest and largest
cochleae was 2 mm, and with a rough estimation, the modiolar distance
is approximately 1 mm greater in the former than in the latter, assuming
that the electrode is next to the lateral wall. An earlier study [23] found
that the minimum current must be increased with approximately 25%
per 1 mm increase in modiolar distance to elicit an auditory sensation (2
dB in electrical current per mm in monopolar stimulation). In our study,
when the eCAP threshold was converted to mA, as the CL is an expo-
nential unit, the difference was approximately 15% per mm when
computed over all the cochleae and the electrode contacts between the
insertion angles from 50 to 450°. However, Long et al. [23] used a
perimodiolar electrode array with postoperative imaging and therefore,
included a more accurate assessment of the modiolar distance than what
was estimated in our study based on the assumption that the electrode
array resides next to the lateral wall and modiolar distance was
approximated only based on the diameter of the cochlea.

As seen in Fig. 2F, the differences in the eCAP thresholds between the
smallest and largest cochleae seem to even out at around an insertion
angle of 250°, where the cross-sectional diameter of the ST [25] and the
modiolar distance [26] decreases rapidly. These results suggest that the
eCAP thresholds increase with modiolar distance. However,
post-operative CT imaging is not a routine in our clinic, as abnormal
findings are rare [27] and anesthesia is required in pediatric patients.
Therefore, the exact placement of the electrode array is unknown, and
the cochlea diameter might have additional effects on eCAP thresholds.
In our earlier study we speculated, that the electrode-generated charge
density might be decreased in large cochleae, and therefore higher
stimulation is needed to get a neural response [14]. In addition, the
sensitivity of eCAP measurement might decrease with the increasing
modiolar distance, because the potential difference caused by the neural
excitation is likely to weaken before encountering the recording elec-
trode, leading to erroneously high thresholds.

Contrary to earlier studies, we found higher eCAP thresholds in
cochleae with larger BCNC than in cochleae with smaller BCNC. In
earlier studies, cochleae with a stenotic BCNC have been reported to
have higher eCAP thresholds in the apical and basal sections of the
electrode array when compared to cochleae with a normal BCNC [10].
Jang et al. [11] found an inverse correlation between the BCNC diameter
and the eCAP threshold in the basal section of the electrode array.
However, as the diameters of the cochlea and BCNC correlate in our
study sample (Fig. 1), the higher of eCAP thresholds in cochleae with
larger BCNCs are probably due to the increased cochlea diameter and

(CL) 210

250 50

Insertion angle (degrees)

Fig. 3. Mean eCAP thresholds grouped by bony cochlear nerve canal diameter (BCNC). The individual insertion angles are arranged from apical to basal
direction. The largest cochleae maximum insertion depth did not reach the limits of largest insertion angles (B, white cells in upper left corner).
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modiolar distance. Even though there was a great intersubject vari-
ability between the BCNC diameters in our study population, the
smallest BCNC diameter was 1.60 mm, which is not considered stenotic.
Therefore, the BCNC diameter possibly affects eCAP thresholds only
under a certain cut-off diameter.

In our study, the mean CN cross-sectional area was similar as in
normal-hearing population [19,28] and larger than in post-lingually
deafened patients [19]. In agreement with an earlier study [13], the
eCAP thresholds were not affected by the CN cross-sectional area in the
normal CN. These results suggest, similarly with the BCNC, that the CN
has an effect on the eCAP thresholds only when it is abnormally small or
absent [12]. This study population included no patients with aplastic or
hypoplastic CN, but in future it would be valuable to investigate eCAP
thresholds in different kind of anomaly ears because earlier studies show
that the hearing rehabilitation results are highly variable and generally
worse in ears with CN hypoplasia when compared to normal [29,30]. In
CI recipients with CN aplasia the hearing outcomes are even worse, 65%
of the patients use sign language as their main mode of communication
[301.

In line with the earlier studies of lateral-wall electrode arrays
[31-33], this study demonstrates that the eCAP thresholds increase from
apical to basal direction. This is illustrated in an anatomical sketch of
Fig. 4. In the most apical insertion angles, however, there are increases
in the eCAP thresholds. The increases could be explained with the
measurement method, where the eCAP recording electrode is usually
two electrodes to the apical direction of the stimulating electrode.
However, in the apical end the recording location is two electrodes basal
to the stimulating electrode potentially leading to unrealistically high
eCAP thresholds, as it is affected by both the masker and probe ampli-
tudes [6]. Also, the tilted ‘S’-shape of the fitted mean eCAP threshold
polynomial in the base, which could be due to the varying modiolar

CL

210
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distance before the array reaches the lateral wall [34].

The modeled insertion angles in this study seem realistic, when
compared to the measured mean and maximum insertion angles for the
same electrode array [34]. Also, even though the whole length of the
cochlear duct might not be predictable from the cochlea diameter, the
latter and the two-turn length have a strong correlation [35], further
confirming the validity of our insertion angle estimation. However, as
the electrode array used in this study reaches the lateral wall approxi-
mately at an insertion angle of 90° [34], the modeled insertion angle of
the few first basal electrodes is probably inaccurate, and could have
repercussions for the rest of the electrode array. Also, eCAP thresholds
are higher when the electrode array is placed in the scala vestibuli when
compared to the placement in the ST [15]. Without post-operative im-
aging, the scalar location of individual electrodes cannot be evaluated.
However, when the Slim Straight electrode array is implanted using the
round window approach, the rate of scalar change (i.e. the placement of
the electrode array is in the scala vestibuli instead of the ST) is low [36].

Another limitation of this study is the possibility of measurement
error due to the relatively low resolution of the CT and MRI images when
compared to the small dimensions of the measured structures. Even
though previously a good interobserver correlation for calculating cross-
sectional areas from parasagittal MRIs have been reported [28] and our
measurements were partially cross-checked, three observers increases
the risk of measurement error. However, the images were taken with
state-of-the-art clinical CT and MRI machines, and postprocessed and
analyzed with qualified methods broadly used in clinical settings.
Finally, even though the patient cohort includes all congenitally
severely-to-profoundly hearing-impaired patients implanted bilaterally
in our unit with this electrode type during the study period, the sample
size is relatively low. Thus, further studies with larger cohorts are
warranted.

eCAP threshold

Fig. 4. The mean eCAP thresholds in the scala tympani. In complete insertion, the linear distance of the most basal electrode is 5 mm from the round window.
The insertion angle range is 50-570° and each cell covers 25°, with the exception of the most apical cell, which covers 45°.
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the lateral-wall electrode array and higher eCAP thresholds were found
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is dependent on the location along the cochlear turns and affected by

cochlea size, this suggests that eCAP thresholds are dependent on the None.

cross-sectional area of the scala at the electrode contact site. Since the

cochlea diameter correlated with the diameter of the BCNC, our results Acknowledgements

were in contrast with earlier studies reporting elevated eCAP thresholds
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Appendix

Table 1

The cochlea and BCNC diameters (@), IAC and CN cross-sectional areas (CSA), and eCAP thresholds.
Ear Cochlea @ (mm) BCNC @ (mm) CN CSA (mm?) IAC CSA (mm?) eCAP threshold (CL)

22 21 20 19 18 17 16 15 14

1L 9.4 2.0 1.1 22.1 180 N/A N/A 187 N/A N/A 180 N/A N/A
1R N/A 2.0 0.8 24.5 174 N/A N/A 174 N/A N/A 178 N/A N/A
2L N/A 2.4 1.1 21.6 195 173 172 186 172 179 192 192 184
2R 8.6 2.0 1.4 34.7 198 N/A N/A 194 N/A N/A 182 N/A N/A
3L 8.6 2.8 1.4 26.5 192 187 186 185 181 181 187 185 187
3R 7.9 2.5 1.3 25.7 171 N/A N/A 167 N/A N/A 160 N/A N/A
4L 8.0 2.0 0.5 15.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A
4R 8.0 1.6 0.3 18.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
5L 8.6 2.3 1.0 34.2 180 N/A N/A 164 N/A N/A 188 N/A N/A
5R 8.4 2.0 0.8 28.1 192 N/A N/A 183 N/A N/A 184 N/A N/A
6L 8.4 2.1 0.6 22.1 186 N/A N/A 190 N/A N/A 187 N/A N/A
6R 8.7 2.5 0.7 24.0 207 190 195 192 184 191 198 200 201
7L 8.1 2.0 1.0 20.2 165 N/A N/A N/A N/A N/A 176 N/A N/A
7R 8.4 2.6 N/A 16.9 189 N/A N/A 205 N/A N/A 196 N/A N/A
8L 9.4 2.8 1.1 26.1 192 N/A N/A 185 N/A N/A 194 N/A N/A
8R 9.0 2.3 0.8 20.2 186 N/A N/A 185 N/A N/A 188 N/A N/A
9L 8.2 2.0 0.8 19.4 180 173 182 176 178 179 188 183 189
9R 8.8 2.6 1.1 17.8 N/A N/A N/A N/A N/A N/A N/A N/A N/A
10L 8.1 1.9 1.1 34.2 189 150 N/A 174 174 165 171 150 165
10R 9.0 1.9 1.1 23.0 204 199 198 197 N/A 191 200 203 204
11L 8.5 2.3 1.0 19.8 201 203 196 202 194 190 188 192 194
11R 8.2 1.8 0.8 19.3 180 167 169 179 169 163 175 165 171
12L 8.9 2.7 0.8 23.0 171 170 174 169 170 170 183 184 189
12R 8.2 2.1 1.1 41.5 210 N/A N/A 222 N/A N/A 207 N/A N/A
13L 8.3 2.1 1.4 30.2 204 N/A N/A 202 N/A N/A 205 N/A N/A
13R 8.3 1.7 0.6 16.4 186 172 173 173 173 170 176 181 185
14L 7.5 1.7 1.5 32.8 192 184 180 177 178 177 189 179 178
14R 8.1 2.1 N/A N/A 168 184 180 181 173 174 169 176 176
15L 8.8 2.3 0.6 9.5 198 191 187 198 189 190 203 201 204
15R 7.9 1.7 0.8 12.9 201 174 169 191 176 176 204 184 186
16L 8.9 2.2 1.4 25.5 189 179 178 180 173 169 175 180 183
16R 7.5 2.1 0.9 18.1 198 191 181 171 170 167 178 175 182
17L 8.1 2.0 0.7 16.2 183 172 170 180 165 165 169 172 174
17R 8.4 2.5 0.5 27.4 195 181 177 179 174 172 190 185 189
18L 8.6 2.1 1.0 20.7 168 166 162 161 158 153 152 156 158
18R 8.0 2.4 0.7 20.2 189 181 177 174 174 171 168 167 177
19L 8.0 1.6 0.7 15.0 189 192 187 188 181 N/A 173 N/A 182
19R 8.9 2.3 0.8 18.1 195 191 179 192 180 183 186 183 190
20L 8.4 1.6 1.2 32.3 171 175 159 165 150 157 156 161 159
20R 8.1 1.7 0.8 27.0 186 186 184 187 188 188 187 178 173
21L 8.0 1.9 0.9 23.0 174 186 185 180 178 174 165 168 162
21R 9.0 2.0 0.9 28.1 189 193 183 182 181 177 172 177 181
221 8.2 1.9 0.7 16.9 159 146 148 154 156 156 160 163 165
22R 8.4 1.9 0.7 15.6 168 169 169 167 166 162 157 161 157
23L 9.0 2.0 N/A 14.4 180 159 177 165 176 185 190 190 201
23R 9.1 2.5 1.0 21.7 187 173 180 183 184 189 196 202 203
241 8.9 1.9 1.1 30.4 193 190 185 183 177 187 188 192 189
24R 8.7 1.8 0.8 20.2 193 186 183 180 175 179 176 179 181
25L 9.1 2.5 1.2 37.2 148 168 168 163 174 177 183 186 188
25R 8.8 1.9 1.1 26.0 187 185 186 183 178 176 170 179 186
26L 8.6 1.8 1.3 18.6 205 189 200 195 190 189 188 174 175
26R 9.5 2.0 0.7 21.1 169 166 161 171 168 171 184 187 175
27L 9.3 2.0 1.3 24.4 186 N/A N/A 186 N/A N/A 178 N/A N/A

(continued on next page)
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Table 1 (continued)

Ear Cochlea @ (mm) BCNC @ (mm) CN CSA (mm?) IAC CSA (mm?) eCAP threshold (CL)
22 21 20 19 18 17 16 15 14
27R 8.4 2.4 1.3 25.0 207 N/A N/A N/A N/A N/A 187 N/A N/A
28L N/A 2.5 1.3 22.1 N/A 166 N/A 171 N/A 175 185 187 187
28R 8.6 2.0 2.0 31.2 210 N/A N/A 198 N/A N/A 184 N/A N/A
29L 8.7 2.4 1.1 24.0 183 184 176 179 167 170 173 163 182
29R 7.8 2.2 0.9 21.4 174 N/A N/A 175 N/A N/A 167 N/A N/A
30L 8.0 1.7 1.7 15.1 N/A N/A N/A N/A N/A N/A N/A N/A N/A
30R 7.9 1.6 0.8 22.6 N/A N/A N/A N/A N/A N/A N/A N/A N/A
31L 8.5 2.3 0.9 36.6 174 N/A N/A 170 N/A N/A 163 N/A N/A
31R 8.4 2.1 1.3 16.0 189 N/A N/A 177 N/A N/A 174 N/A N/A
32L 8.3 1.6 1.1 20.5 174 N/A N/A 168 N/A N/A 190 N/A N/A
32R 8.7 2.6 N/A 25.0 210 178 174 N/A 178 193 206 208 201
33L 8.4 2.0 1.3 20.8 186 N/A N/A N/A N/A N/A 183 N/A N/A
33R 8.4 2.6 1.0 23.1 210 N/A 193 196 N/A 184 N/A N/A N/A
34L 9.2 2.8 1.5 24.3 192 180 177 181 171 N/A 186 N/A 192
34R 9.1 2.0 1.1 21.2 192 N/A N/A N/A N/A N/A 188 N/A N/A
35L 8.3 2.0 1.2 20.9 181 180 178 179 178 184 186 192 195
35R 9.0 2.3 0.6 14.4 177 167 173 184 169 169 178 145 164
36L 8.4 2.1 1.1 23.0 N/A 153 162 162 177 171 192 180 171
36R 2.0 1.8 0.8 26.8 204 196 192 216 210 202 226 211 224
37L 8.5 2.0 1.3 19.3 207 201 199 208 201 197 208 202 205
37R 8.0 1.8 0.8 18.9 177 175 170 179 172 169 167 167 171
38L 2.0 2.4 1.4 23.4 180 180 171 174 174 179 185 186 191
38R 8.2 2.1 0.9 36.6 201 N/A N/A 187 N/A N/A 194 N/A N/A
39L 8.3 2.1 1.5 33.6 201 N/A 188 188 N/A 187 204 N/A 201
39R 8.1 1.9 N/A 16.0 177 181 176 169 160 167 164 171 177
40L 7.8 1.7 1.2 34.2 198 190 186 183 187 184 202 186 192
40R 8.1 2.0 1.1 N/A 192 183 177 190 172 170 191 175 174
41L 8.9 2.3 1.5 9.9 204 197 194 192 186 189 196 200 202
41R 7.8 1.9 0.7 14.4 183 173 172 178 181 188 201 202 201
42L 8.6 2.2 0.8 26.0 162 163 169 171 165 168 179 181 188
42R 7.9 2.2 1.0 17.2 198 199 191 181 180 171 173 169 175
43L 8.1 2.0 1.1 15.3 177 170 166 168 159 160 169 169 167
43R 8.4 2.3 1.5 29.7 189 182 172 184 182 177 190 188 196
44L 8.8 2.1 0.8 18.9 165 168 169 165 167 161 181 176 181
44R 8.2 2.4 1.3 23.1 186 178 173 183 171 162 172 166 164
45L 8.0 1.6 1.7 16.3 168 163 174 172 170 191 186 196 193
45R 8.9 2.3 0.3 21.2 111 148 159 178 178 169 171 176 186
46L 8.4 1.7 1.5 33.1 159 159 163 158 164 155 142 152 155
46R 8.2 1.7 2.3 28.6 N/A N/A N/A N/A N/A N/A N/A N/A N/A
47L 7.9 2.1 0.9 25.4 198 188 188 186 185 181 195 175 170
47R 8.9 2.1 1.2 30.8 210 202 198 194 189 187 187 201 207
48L 8.2 1.7 N/A 18.1 162 145 146 159 166 172 184 171 161
48R 8.4 1.6 0.7 13.7 168 161 157 163 157 168 174 180 190
49L 9.3 1.7 1.4 14.4 171 153 163 180 180 191 193 195 146
49R 8.8 2.7 1.0 25.2 187 186 189 194 188 192 195 204 205
50L 8.9 2.1 1.2 31.2 160 145 177 184 182 178 182 177 188
50R 8.5 1.9 1.4 20.2 145 144 165 165 163 166 160 175 183
51L 8.9 2.9 1.2 32.5 187 174 159 179 173 177 180 192 197
51R 8.9 2.1 1.3 24.4 181 152 168 187 182 174 161 170 172
52L 8.5 1.9 N/A 22.4 202 190 193 191 189 192 190 191 197
52R 9.5 2.3 N/A 17.2 154 146 147 183 184 N/A 192 188 122
Mean 8.5 2.1 1.05 23.0 185 176 176 181 176 177 183 181 183
Ear eCAP threshold (CL)
13 12 11 10 9 8 7 6 5 4 3 2 1

1L 184 N/A 196 N/A N/A 204 N/A 199 N/A N/A 194 N/A 193
1R 196 N/A 197 N/A N/A 209 N/A 211 N/A N/A 217 N/A 199
2L 193 188 193 192 188 184 178 176 183 182 198 208 N/A
2R 191 N/A 201 N/A N/A 213 N/A 215 N/A N/A 195 N/A 190
3L 195 197 204 206 212 210 207 201 202 201 199 202 196
3R 161 N/A 170 N/A N/A 189 N/A 190 N/A N/A 194 N/A 160
4L N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
4R N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
5L 195 N/A 204 N/A N/A 203 N/A 207 N/A N/A 197 N/A 214
5R 196 N/A 198 N/A N/A 207 N/A 207 N/A N/A 197 N/A 214
6L 189 N/A 204 N/A N/A 226 N/A 219 N/A N/A 186 N/A 202
6R 210 208 217 211 215 212 210 211 203 193 187 183 208
7L N/A N/A 206 N/A N/A N/A N/A 220 N/A N/A N/A N/A 226
7R 197 N/A 207 N/A N/A 218 N/A 219 N/A N/A 202 N/A 193
8L 213 N/A 205 N/A N/A 190 N/A 182 N/A N/A 178 N/A 205
8R 208 N/A 216 N/A N/A 221 N/A 219 N/A N/A 208 N/A 214
9L 189 192 193 198 196 201 198 206 193 189 188 188 199
9R N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
10L 216 201 204 135 156 222 222 234 216 207 216 210 225

(continued on next page)
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Table 1 (continued)

Ear Cochlea @ (mm) BCNC @ (mm) CN CSA (mm?) IAC CSA (mm?) eCAP threshold (CL)
22 21 20 19 18 17 16 15 14

10R 214 214 218 219 219 227 225 227 226 223 229 218 229
11L 196 194 196 201 210 216 212 218 208 208 210 207 208
11R 177 179 192 187 191 198 182 201 189 187 187 175 166
12L 196 197 209 204 208 197 200 201 197 196 206 208 208
12R 196 N/A 201 N/A N/A 190 N/A 196 N/A N/A 186 N/A 208
13L 196 N/A 203 N/A N/A 213 N/A 203 N/A N/A 198 N/A 183
13R 197 190 200 203 168 201 204 206 198 194 195 201 211
14L 194 178 196 193 201 216 209 219 208 207 212 207 205
14R 179 183 185 197 201 208 206 208 212 207 210 205 211
15L 212 215 217 217 221 226 222 221 218 212 205 212 217
15R 202 192 205 182 175 224 219 225 210 213 223 202 214
16L 191 200 195 203 204 203 202 198 204 141 196 196 193
16R 183 185 186 190 193 191 191 189 188 185 181 183 184
17L 176 181 184 150 125 181 145 107 181 175 159 163 202
17R 201 199 207 204 198 215 199 210 201 189 199 188 199
18L 165 171 182 191 193 202 199 200 198 194 194 189 193
18R 180 184 187 192 195 198 198 195 195 193 190 191 190
19L 194 193 202 209 208 215 188 182 109 105 168 180 208
19R 185 193 199 201 201 206 173 199 201 195 196 191 196
20L 160 159 162 145 171 179 175 175 189 196 192 188 187
20R 169 161 169 173 182 188 186 194 202 203 197 196 187
21L 163 176 175 189 195 171 183 212 213 211 208 204 168
21R 189 199 195 215 221 228 232 234 227 218 222 224 217
22L 167 175 176 184 191 193 197 199 199 197 198 195 190
22R 161 165 162 176 183 188 195 195 204 200 179 212 208
23L 201 200 197 184 192 215 183 190 182 190 152 194 175
23R 210 207 208 208 205 202 203 201 186 192 186 172 173
24L 198 199 199 197 193 192 186 190 190 195 197 207 215
24R 209 211 205 212 217 213 194 196 216 216 212 200 191
25L 194 195 201 195 156 195 184 188 182 179 181 181 191
25R 184 189 198 201 202 197 202 200 206 204 205 206 218
26L 176 176 156 211 211 211 209 212 210 212 206 207 200
26R 192 194 212 215 199 190 209 214 212 214 212 217 215
27L 200 N/A 198 N/A N/A 213 N/A 207 N/A N/A 199 N/A 202
27R N/A N/A 200 N/A N/A N/A N/A 163 N/A N/A N/A N/A 202
28L 192 192 184 187 182 183 180 180 186 185 196 204 216
28R 199 N/A 198 N/A N/A 221 N/A 210 N/A N/A 201 N/A 214
29L 185 189 192 203 207 205 199 172 190 189 188 191 193
29R 158 N/A 159 N/A N/A 176 N/A 187 N/A N/A 178 N/A 184
30L N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
30R N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
31L 181 N/A 192 N/A N/A 199 N/A 192 N/A N/A 175 N/A 172
31R 191 N/A 186 N/A N/A 195 N/A 205 N/A N/A 200 N/A 211
32L 189 N/A 203 N/A N/A 218 N/A 217 N/A N/A 199 N/A 199
32R N/A 207 205 205 203 215 203 200 198 194 194 183 187
33L N/A N/A 201 N/A N/A N/A N/A N/A N/A N/A N/A N/A 226
33R 175 N/A 207 N/A N/A 205 N/A 206 N/A N/A N/A N/A 196
34L 208 203 207 201 198 205 199 197 189 185 186 186 202
34R N/A N/A 201 N/A N/A N/A N/A 205 N/A N/A N/A N/A 202
35L 196 207 201 208 202 198 197 190 192 184 186 211 212
35R 188 186 189 187 123 193 189 189 180 187 188 194 211
36L 192 150 204 204 147 219 207 213 198 186 198 198 216
36R 233 222 232 221 226 240 228 244 227 226 233 220 229
37L 221 217 224 225 230 237 232 244 224 231 236 232 238
37R 176 173 186 187 179 197 193 199 194 192 196 142 187
38L 197 201 204 205 203 N/A 195 N/A 199 195 193 195 196
38R 201 N/A 210 N/A N/A 202 N/A 209 N/A N/A 204 N/A 199
39L 204 209 213 N/A N/A 215 N/A 204 N/A N/A 197 N/A 211
39R 178 186 186 199 204 208 210 211 205 197 193 194 199
40L 236 194 192 196 199 215 206 219 201 198 217 193 208
40R 192 182 201 202 201 218 212 223 209 210 220 206 220
41L 209 213 216 217 210 220 219 216 217 216 219 217 220
41R 213 214 220 206 202 224 203 221 199 198 216 229 N/A
42L 192 198 209 171 125 189 199 214 196 193 199 191 211
42R 180 179 183 191 191 208 202 199 190 185 176 178 184
43L 187 179 188 192 195 198 197 194 197 199 201 201 205
43R 198 200 207 204 204 210 202 204 200 199 199 191 193
441, 189 191 204 202 204 202 196 194 197 192 195 192 199
44R 172 174 186 187 193 196 196 207 193 158 186 186 184
45L 191 196 194 198 207 204 206 104 193 143 162 196 205
45R 184 189 187 190 192 189 195 194 195 188 192 187 193
46L 156 158 165 167 173 180 185 189 192 194 195 192 193
46R N/A N/A N/A N/A N/A N/A 224 226 221 222 239 217 216
47L 165 165 162 156 184 148 124 177 185 185 179 185 184

(continued on next page)
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Ear Cochlea @ (mm) BCNC @ (mm) CN CSA (mm?) IAC CSA (mm?) eCAP threshold (CL)

22 21 20 19 18 17 16 15 14

47R 212 217 227 233 238 238 220 229 221 216 221 217 235

48L 170 167 174 179 183 187 195 195 201 199 200 202 202

48R 193 200 205 212 218 219 214 213 214 206 200 207 220

49L 134 105 182 196 166 174 182 157 140 176 162 189 220

49R 209 213 212 210 212 210 204 201 201 198 195 196 188

50L 190 195 199 198 194 194 192 194 192 188 198 200 200

50R 166 157 194 207 187 109 178 227 215 218 198 193 191

51L 196 199 206 212 210 206 203 198 199 199 193 192 188

51R 181 187 198 197 207 202 203 209 208 205 196 181 170

52L 195 207 212 217 214 209 213 209 212 206 207 206 209

52R 130 166 212 205 215 196 168 168 174 216 226 217 218

Mean 190 190 197 197 195 203 199 202 199 196 198 198 202
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