Three-Dimensional Force Profile During Cochlear
Implantation Depends on Individual Geometry and
Insertion Trauma
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Objectives: To preserve the acoustic hearing, cochlear implantation has
to be as atraumatic as possible. Therefore, understanding the impact
of the cochlear geometry on insertion forces and intracochlear trauma
might help to adapt and improve the electrode insertion and reduce the
probability of intracochlear trauma.

Design: The study was conducted on 10 fresh-frozen human temporal
bones. The inner ear was removed from the temporal bone. The bony
capsule covering the scala vestibuli was removed and the dissected
inner ear was mounted on the three-dimensional (3D) force measure-
ment system (Agilent technologies, Nano UTM, Santa Clare, CA). A lat-
eral wall electrode array was inserted, and the forces were recorded in
three dimensions with a sensitivity of 2 uN. Afterwards, the bones were
scanned using a Skyscan 1173 micro-computed tomography (micro-
CT). The obtained 3D force profiles were correlated with the videos of the
insertions recorded through the microscope, and the micro-CT images.

Results: A correlation was found between intracochlear force pro-
files measured in three different directions with intracochlear trauma
detected with micro-CT imaging. The angle of insertion and the cochlear
geometry had a significant impact on the electrode array insertion forces
and possible insertion trauma. Intracochlear trauma occurred frequently
within the first 180° from the round window, where buckling of the proxi-
mal part of the electrode carrier inside the cochlea, and rupturing of the
spiral ligament was observed.

Conclusions: The combination of the 3D force measurement system
and micro-CT can be used to characterize the mechanical behavior of
a Cl electrode array and some forms of insertion trauma. Intracochlear
trauma does not always correlate with higher force amplitudes, but
rather with an abrupt change of force directions.
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INTRODUCTION

Cochlear implants (CIs) are a standard treatment of severe
to profound sensorineural hearing loss. Subjects with good
residual hearing in the middle to low frequencies but poor
speech understanding can benefit from a combination of elec-
trical stimulation through the CI and amplification of residual
acoustic hearing (electric-acoustic stimulation). The addition
of acoustic low frequency amplification has shown to provide
better speech perception over electrical stimulation only (von
Ilberg etal. 1999; Gantz & Turner 2004; Kiefer et al. 2005;
Lenarz 2009).

To preserve the acoustic hearing, cochlear implantation has
to be as atraumatic as possible. One of the most critical point
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during surgery is the opening of the cochlea (the cochleostomy)
and the insertion of the CI electrode carrier into the scala tympani
(ST). There are three factors that influence the electrode inser-
tion: cochlear anatomy, surgical approach, and electrode design.
It is well known that the cochlea shows considerable interindivid-
ual variability in size and morphology (Zrunek & Lischka 1981;
Kawano et al. 1996; Wysocki 1999; Escudé et al. 2006; Erixon
et al. 2009; Biedron et al. 2010; Verbist et al. 2010; Rask-Ander-
sen et al. 2011; Shin et al. 2013; Avci et al. 2014). Therefore, the
actual dynamics of an electrode array insertion is likely differ-
ent from subject to subject. This opens the question whether the
amount of intracochlear trauma during electrode array insertion
depends on the individual variability of the human cochlea. Obvi-
ously, also the experience of the surgeon has an influence on the
implantation (Aschendorffet al. 2007; Franke-Trieger et al. 2014;
Rohani et al. 2014; Wade et al. 2014; Wanna et al. 2014). Today,
implantation is performed either through the round window (RW)
or through a separate cochleostomy. Due to the absence of any
visualization of the intracochlear duct and intracochlear struc-
tures during implantation, the electrode array is inserted blindly
and is only guided by tactile feedback. What remains unclear is
whether the insertion force and speed can predict the probability
of intracochlear trauma. For this, precise force measurements and
correlation to implantation trauma are required.

Usually, the surgeon inserts the electrode array until felt
resistance is encountered. Limited data about intracochlear
forces generated by the electrode insertion are available. One-
dimensional force measurement systems (FMSs) have been
used to evaluate new electrode prototypes (Radeloff et al. 2009;
Briggs etal. 2011; Helbig etal. 2011; Nguyen etal. 2012;
Kobler et al. 2015) or to estimate the amount of force applied
to the intracochlear structures (Majdani et al. 2010; Rau et al.
2010; Schurzig et al. 2010; Kontorinis et al. 2011; Miroir et al.
2012; Schuster et al. 2015). However, to the authors’ knowl-
edge, no study investigated the impact of the cochlear anatomy
on insertion forces and intracochlear trauma. Understanding the
impact of the cochlear geometry on insertion forces and intra-
cochlear trauma might help to adapt and improve the electrode
insertion and reduce intracochlear trauma overall. Such experi-
ments cannot be performed in living subjects.

The present study used an advanced and sensitive three-
dimensional (3D) FMS and an automatic insertion to investi-
gate implantation forces. Cadaver temporal bones have been
used. The study demonstrates that force profiles depend on the
cochlear geometry and that they are well reproducible in the
same cochlea provided the same insertion angle is guaranteed.
The outcomes provide evidence of a relation between some
forms of trauma and cochlear anatomy. However, forces poten-
tially related to intracochlear trauma were in most cases below
the sensitivity of a human hand.
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MATERIALS AND METHODS

Preparation of Human Temporal Bone

For the present study, 10 fresh-frozen human temporal bones
(fixed with 1% formaldehyde) without any evidence of malfor-
mations were used. Five were left and five were right tempo-
ral bones. To preserve the integrity of the microanatomy of the
cochlea, the bones were thawed at room temperature (Rosowski
et al. 1990; Ravicz et al. 2000). Subsequently, the cochlea was
isolated from the temporal bone. To obtain a clear view of the
osseous spiral lamina (OSL), basilar membrane (BM), and the
underlying ST, the bony capsule covering the scala vestibuli
(SV) was removed (Fig. 1B). The opening of the otic bony cap-
sule was performed using a 0.5 mm diamond burr at low speed
(Karl Storz, Tuttlingen, Germany). The bony overhang of the
RW niche was completely removed by a diamond burr (0.5 mm).
The RW membrane was fully exposed (using a needle), and the
anteroinferior edge was carefully drilled away. To remove pos-
sible bone dust inside the ST, the cochlea was several times
carefully rinsed with 0.9% saline using a syringe with a long
needle at the RW opening. All cochleae were checked under a
digital microscope (VHX 5000, Keyence corporation, Osaka,
Japan), where no damage of the microanatomy was observed
attributable to preparation and fixation.

Electrode Array Insertion With a Three-Dimensional
Force Measurement System

Insertion forces were recorded by a 3D FMS (Nano UTM,
Agilent technologies, Santa Clara, CA; Fig. 1A). The three
dimensions enables to measure forces in the direction of inser-
tion (z force; Fig. 1B), in the cochlear vertical plane (y force),
and in the direction orthogonal to “z”” and “y” (x force; Fig. 1C).
The FMS consists of a nanomechanical actuating transducer
(load resolution: 50 nN; dynamic range: 0.1 Hz to 2.5kHz)
and a robotic extension arm with a rod pusher that guides the
electrode array through the insertion tube into the cochlea (0.5
um/s to 5Smm/s). The lateral forces (& and F)) were measured
through optical interferometry with a resolution of 2 uN. The
insertion procedure was recorded in real-time with a high-reso-
lution CCD camera (DXC-390, Sony, Tokyo, Japan) connected
to a surgical microscope (OPMI ORL, Carl Zeiss, Jena, Ger-
many). The microdissected cochlea was mounted using a cus-
tom-made holder on the FMS. The electrode array was loaded
into an insertion tube, and the electrode tip was placed adjacent
to the RW. It was necessary to avoid touching the edge of the
RW so that no external forces from the insertion tube act on
the cochlea. Therefore, a second camera (DigiMicro 2.0, dnt,
Dietzenbach, Germany) recorded the RW opening. The cochlea
was filled with 0.9% saline solution. The electrode array was
inserted with a constant velocity of 0.5mm per second as per-
formed in most previous studies (Radeloff et al. 2009; Helbig
et al. 2011; Miroir et al. 2012; Nguyen et al. 2012; Kobler et al.
2015), and the forces were captured every 30 msec. The inser-
tion was terminated as soon as the electrode tip stopped advanc-
ing. In cases without trauma to the BM or OSL (observed
through the insertion video), the insertion was repeated three
times, with the same setup and the same electrode. After each
insertion, the electrode array was cleaned with distilled water to
remove any proteins on the surface of the electrode.

To avoid the mechanical variability of different electrode
arrays, only one type of electrode array was used. We used a
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Fig. 1. A, The cochlea was mounted on the force measurement system and
the insertion forces were recorded. The insertion axis was tangential to the
basal part of the ST and in alignment to the z axis of the force measure-
ment system. The insertion procedure and the forces were automatically
recorded in real-time, whereas the camera for recording the movement of
the electrode array was positioned perpendicular to the plane of insertion.
B, Cochlear dissection showing a lateral wall electrode in contact with
the lateral wall of the ST. Electrode contacts are clearly visible through the
OSL and basilar membrane. C, The micro-CT image of an air-filled human
cochlea (resolution: 10 pm). X force represents the force against the lateral
(positive) or modiolar wall (negative). Y force represents the force into the
direction of the SV (basilar membrane, OSL, spiral ligament) (positive) or
scala floor (negative). Micro-CT image of a cochlea in axial view (D and E).
D, The two lines divide the first turn in four quadrants. The length A is the
sum of A1 + A2 (A3 is part of A1), whereas the width B is the sum of B1 +
B2. E, A line was drawn tangentially to the modiolar wall of the basal part,
and orthogonal to this line to this inferior edge of the RW, whereas « is the
angle between the orthogonal line and the superior edge of the RW. BM
indicates basilar membrane; CA, central axis; CT, computed tomography;
EC, electrode contacts; OSL, osseous spiral lamina; RW, round window; ST,
scala tympani; SV, scala vestibuli.
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research electrode array of the same design as the HiFocus 1J
from Advanced Bionics. All parameters and dimensions were
identical with the HiFocus 1J. It had a proximal diameter of
0.8 mm, and a distal diameter of 0.4 mm with a total length of
19.75 mm.

Scanning, Segmentation, and Dimensional Analysis

After implantation, the cochlear fluid was gently removed
at the RW using a suction tube. Great care was given not to
apply the full negative pressure of the suction tube (near <5
kPa) to the cochlear spaces. Instead we did so at some distance
from the cochlea only to remove the fluid inside of the ST by
help of water adhesion. Then, the cochleae were wrapped with
formaldehyde-immersed cotton tissue for fixation of the frag-
ile structures. Subsequently, they were scanned by using a high
energy micro-computed tomography (CT) device (Skyscan
1173, Bruker, Kontich, Belgium), which is described elsewhere
(Avci et al. 2014), giving an isotropic voxel size of 10 um.

Mimics Innovation Suite software (version 17.0, Materialise,
Leuven, Belgium) was used to segment out the cochlea, ST, and
RW from each of the image datasets. Based on these segmenta-
tions, 3D reconstructions of each cochlea were created. Cross-
sectional images were used to measure the internal dimensions
of the ST. Slices were taken every 0.1 mm orthogonal to the
lateral wall of the ST. The image slices were exported and ana-
lyzed by a custom-made software in MATLAB (MathWorks,
Natick, MA). The software calculated the cross-sectional diam-
eter, the area of the ST, and the vertical trajectory of the 10
scalae (Avci et al. 2014).

Basic cochlear measurements were realized with Mimics
Innovations Suite (Fig. 1D). Two construction lines were drawn:
one line from the midpoint of the RW through the central axis
to a distant point of the first turn, and the other one orthogonal
to the first one through the central axis. These lines divided the
first turn into four quadrants. In addition, RW angle relative to
ST was measured (Fig. 1E). For this purpose, a line was drawn
tangential to the modiolar wall of the basal part, and orthogonal
to this line to the inferior edge of the RW, whereas a is the angle
between the orthogonal line and the superior edge of the RW.

Data and Statistical Analysis

Analysis of the generated force profiles was organized using
Excel (Microsoft, Redmond, WA). The spread sheets contain
the forces for each insertion including insertion time, insertion
distance, and insertion forces (x, y, and z). Insertion distance
was calculated based on the duration of insertion at predefined
speed. Because there was no obvious difference in the data for
left and right cochleae, to facilitate the comparison of the x
forces, data from the left ears have been spatially mirrored. For
each cochlea, the mean insertion force for each direction was
calculated by averaging the recorded data of three insertions.
The insertion videos were analyzed and cut using Windows
Movie Maker (Microsoft). The angular distance was defined
using video images, whereas a line connecting the center of the
long diameter of the RW and the central axis was the reference
line (0° reference angle). Each insertion forces were analyzed,
and related to the corresponding insertion video. Electrode
buckling or kinking, dislocation from the scala, or lifting of the
BM were documented and the degree of trauma were checked
using the micro-CT data, using a scale of 0 to 4 (modified from

Eshraghi et al. 2003). Furthermore, the cochlear geometry and
the mean insertion forces were correlated.

Statistical testing was performed by one-way analysis of
variance and regression analysis. p values of <0.05 were con-
sidered statistically significant.

RESULTS

In this study, 10 cochleae were used, where a total of 27
insertions was analyzed. The goal was to correlate CI inser-
tion forces with insertion trauma. Moreover, the impact of the
cochlear geometry on insertion forces was investigated. Micro-
CT provided exact measurements of the cochlear dimensions
before insertion.

The analysis of the basic anatomical cochlear parameters
(Table 1) revealed coefficient of variation between 3 and 10%.

Repeatability

To define the optimal insertion speed for the measurements,
the influence of seven different speeds on the force profile was
tested on an artificial 3D model of a human cochlea. The model
was created by scanning a human cadaveric bone that well
represented the mean values of size and wrapping (Avci et al.
2014). To obtain an exact replica of the ST this bone was seg-
mented. The material used for the model was acrylic polymer,
which was filled with 10% soap solution, and allowed smooth
insertions. Insertion speed measurements revealed no signifi-
cant variation in insertion forces for speeds between 0.05 and
2mm/s. The mean z forces for insertion speed from 0.05 to
2mm per second were 16.4 to 19.2 mN, and maximum forces
were from 41.5 to 53.0 mN. The insertion speed 0.5 mm per sec-
ond was chosen for the temporal bone measurements because it
was comparable with the majority of previous studies. In what
follows, the CI electrode array was inserted using an automatic
insertion tool with a constant speed of 0.5 mm per second, and
the forces were captured every 30 msec.

The repeatability of the insertion procedure was evaluated
by multiple electrode array insertion on a freshly microdis-
sected human cochlea. The cochlea was mounted on the FMS
and was filled before each insertion with 0.9% saline. The same
electrode array was inserted three times through the RW into
the ST. The cochlea and the electrode array were cleaned after
each insertion with distilled water. The 3D FMS allowed repeat-
able measurements with largest forces found in the z direc-
tion (the direction of insertion), well reproducible within one
temporal bone, the same setting and the same electrode array
(Fig. 2). The maximum SD in the range from 90° to 180° was
3 mN (12£3.4 mN), the maximum measured SD for the com-
plete insertion was 28 mN (300+28 mN). The mean coefficient
of variation from the initial contact between the electrode tip
and the lateral wall up to the end of the insertion was below
12%, whereas largest coefficients were observed within the first
10mm and between 14.5 and 16.5mm. This result was typical
for all repeated insertions.

Three-Dimensional Force Profile Characteristic

First, we report one typical insertion profile obtained in
one temporal bone (Fig. 3). Here, the measured forces and
snapshots from visual control are provided in the same figure
to allow correlating forces to the parallel electrode insertion
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TABLE 1. Measurement of the cochlear partitions with mean and SD for 10 cochleae

Cochlea A (mm) A1 (mm) A2 (mm) A3 (mm) B (mm) B1 (mm) B2 (mm) RW Angle (°)
1 9.44 6.28 3.16 2.45 6.71 3.93 2.78 63.9
2 9.29 6.25 3.04 2.36 7.08 4.20 2.88 67.0
3 9.15 5.87 3.28 2.47 6.95 4.06 2.89 66.1
4 9.53 5.92 3.61 2.61 7.54 4.32 3.22 60.0
5 9.00 5.65 3.35 2.44 6.84 4.04 2.80 60.6
6 9.56 5.99 3.57 2.53 7.63 4.77 2.86 63.4
7 9.06 5.87 3.19 2.20 6.75 3.94 2.81 50.3
8 9.20 5.99 3.21 2.39 6.90 413 2.77 68.0
9 9.20 6.11 3.09 2.38 6.68 3.93 2.75 55.7
10 10.03 6.50 3.53 2.60 7.32 4.25 3.07 56.1
Mean 9.35 6.04 3.30 2.44 7.04 4.16 2.88 61.1
SD 0.31 0.25 0.20 0.12 0.34 0.26 0.15 5.7

RW, round window.

process. During the electrode insertion, the z force started to
rise with the first contact, when the electrode tip touched the lat-
eral wall of the ST (position I), followed by an increase of the x
force against the lateral wall of the basal part (Fig. 3). Then, the
electrode array tip started to bend, and engaged with the lateral
wall. From that point on (II), the z force started to rise again,
and the y force started to increase or (in some temporal bones,
not shown) decrease, depending on the vertical trajectory of
the cochlea (IT). As the electrode array was inserted further, the
middle part of the electrode array engaged with the lateral wall
(IT to III), and another significant rise in the z direction was
observed (III). Finally, the proximal part of the electrode array
started to engage with the lateral wall (III to V), and the final
rise in the z direction occurred (IV).

Typically, with the current setup, the electrode array did
not touch the intracochlear structures during the first §mm of
the insertion. Correspondingly, the forces in all three direc-
tions did not change significantly in the first §mm insertion.
Subsequently, after the first contact with the cochlear wall, the
proximal part of the electrode carrier started pushing toward

the lateral wall, leading to a substantial increase of the insertion
force (points I1, II1, and IV) due to the increased friction.

The visual control revealed a relation of the forces with sub-
sequent cochlear trauma in a 3D force profile, particularly in
the x force (Fig. 3). The x force slightly increased near 11 mm as
the electrode carrier was pushing toward the lateral wall, owing
to increased contact between the electrode carrier and the lat-
eral wall (Fig. 3). Afterwards, near 18 mm, the x force decreased
suddenly while the y force increased. This force profile appeared
synchronous to visually-detected electrode buckling. This sud-
den decrease of the x force occurred thus indicated buckling
of the proximal part of the electrode carrier. The proximal part
of the electrode carrier folded (partly) into an inferior or supe-
rior direction, which might have caused additional trauma to the
endosteum, spiral lamina, or the modiolar wall of the ST.

To support this interpretation, all the x force profiles with
electrode buckling were synchronized to the moment of buck-
ling (Fig. 4A), revealing that in seven (70%) of the cochleae a
drop of the x force occurred with buckling. The y forces were
small. A sudden increase of the y force typically indicated a
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Fig. 2. Mean force profile over three implantations (black) with =1 SD (grey) as a function of insertion distance (left y axis). The green bars represent the coef-
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Fig. 3. Typical mean force profile of three insertions as a function of inser-
tion distance. Insertion distance was calculated based on the duration of
insertion at predefined speed. Blue line shows the z force (left y axis), red
line the x force, and green line the y force (right y axis). Force profile started
to increase with the first contact with the lateral wall. The circles in each of
the images (I-1V) indicate the part of the electrode array that starts to engage
with the lateral wall. The electrode array started to buckle at 18.5mm,
where a sudden change of the x and y forces occurred.

movement of a part of the electrode carrier toward the scala
vestibuli/scala media or the scalar floor. A sudden increase of
the y force was observed in all but one cochleae simultaneously
with the occurrence of buckling of the proximal part of the elec-
trode carrier (Fig. 4B), whereas the carrier tended to move into
the direction of the SV/SM, and caused trauma at the level of
the BM/OSL. Using these two force components, x and y, thus
allowed to predict buckling in all the cases when it occurred by
either a decrease of x force or an increase in y force (or both).
However, only in 5 of 10 cases a sudden increase of the z force
was observed.

All z forces from the 10 cochleae were merged at initial con-
tact between the electrode tip and the lateral wall of the cochlear
basal near 7mm insertion depth (Fig. 5). As the electrode car-
rier moved further along the lateral wall of the ST, the anatomi-
cal variability of the cochleae had a larger impact on the friction
force (z force), whereas significant variability was observed at
around 12.8+ 1 mm (197° £ 25°) from the RW.

The mean insertion depth of the 10 cochleac was
18.8+0.6mm (327° + 22°). Conseqeuntly, the insertions were
in essence full insertions. The initial contact between the elec-
trode tip and lateral wall of the basal part was 8.1+0.6mm
(121° £ 9°). The mean maximum z force was 218 +44 mN. The
mean maximum y force was on average 25.0+12.2 mN, and
19.5+8.6 mN for the maximum x force.

Largest forces occurred in z direction. We calculated the
amount of the x and y force relative to the z force. In mean, the x
force was 13% of the z force, whereas the y force was only 8.5%
of'the z force. Moreover, we found statistically significant corre-
lations between the forces: If the contact between the electrode
tip and the lateral wall of the ST occured earlier, the maximal
measured y force was higher (R* = 0.70). Furthermore, the x
force started to rise simultaneously with initial contact between
electrode tip and lateral wall of the ST (R*>=0.82), and increased
up to 180° parallel with the z force (R? = 0.73).

Thus, the z force was best reflecting the insertion process
and the amount of contact of the electrode array with the lateral

wall, likely reflecting friction. The x- and the y forces, on the
other hand, predicted the electrode buckling and thus its devia-
tion from the standard insertion direction. This supports the
idea that measurements in all directions are necessary to fully
describe the insertion process and monitor implantation.

Insertion Trauma

While rupture of the BM was observed in most cases visu-
ally during insertion, more detailed analysis postinsertion was
performed with micro-CT scans. These demonstrated trauma to
the BM in three of seven cochleae and a rupture of the spiral
ligament (SL) in six of seven cochleae (Fig. 6A, B). Intraco-
chlear trauma occurred frequently within the first 180° from the
RW (Fig. 6C, D), where buckling of the proximal part of the
electrode carrier inside the cochlea was observed. Rupture of
the SL occurred between 35° and 170° from the RW. In cases
where SL rupture occurred, the mean maximal x force was 2.5
times higher compared with insertions where SL remained
intact (23.7 mN compared with 11.3 mN). Furthermore, in
two temporal bones, rupture of the SL started subsequently
after BM trauma. Interestingly, there was no case where BM
and SL rupture occurred at the same location. Moreover, com-
bined analysis of the micro-CT and video recording reveled no
trauma caused by the electrode tip in the present experiments
(with given insertion angle and speed). Other insertion angles,
however, may cause additional trauma at the tip, too.

An important aspect is whether it is possible to detect trauma
by identification of how force profiles change over insertion
depth. Figure 7 shows a case where the first insertion in this
cochlea was without visually-detected trauma, where buckling
was mild and just initiated at the very end of the insertion (inser-
tion depth of 18.9mm from the RW). During the second inser-
tion, however, buckling of the proximal part of the electrode
array lifted the BM (observed in visual control), starting already
at an insertion depth of 17mm (276°) from the RW. As can be
seen in Table 2, and Figure 7, the total insertion force was lower
in case where intracochlear buckling and stronger BM lifting was
observed (lower x and z forces, higher y forces). Moreover, the
occurrence of trauma was indicated by a sudden change in force
direction in the second insertion (drop in x force and increase in
y force). This case demonstrates that the forces in implantation
when trauma occurred must not necessarily be higher—partly
even lower—compared with cases with no trauma. The contribu-
tion of the z force reflects the friction between the electrode array
and the lateral wall of the ST, where a reduction of the total force
would be an indication of electrode dislocation (as seen in Fig.
7). Sudden change of the x force or sudden increase/decrease of
the y force may thus indicate the risk of insertion trauma. How-
ever, this does not implicate that implantations with low forces
are more likely to cause more trauma, on the contrary. As we
will show next, total forces reflect the shape of the cochlea and
this is a factor in implantation trauma. If trauma does occur, the
z force tends to drop because forward movement of the electrode
is rerouted and thus does not reflect the friction of the implant
with the lateral wall any more.

Correlation Between Cochlear Geometry and Force
Profile

Furthermore, force profiles during implantation revealed
correlations with cochlear geometry and the surgical approach.

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



AVCIET AL./ EAR & HEARING, VOL. XX, NO. X, XXX-XXX

6
A 50-
404
30+
20
=z
£ 101
S~—
@ 0
o
[e] Cochlea 01
LI.‘_ -10+ Cochlea 02
> —— Cochlea 03
-204 |—Cochlea 04
—— Cochlea 05
—— Cochlea 06
-301 [— Cochlea 07
——Gochlea 08
-40-4 |— Cochlea 09
—— Cochlea 10
-50 T T T
B 30,
Cochlea 01
704 | Cochlea 02
—— Cochlea 03
—— Cochlea 04
607 |—cochlea 05
—— Cochlea 06
50 |——Cochlea07
—— Cochlea 08
——Cochlea 09
40 —— Cochlea 10

y-Force (mN)

Buckling 1 2 3

>

Buckling 1 2 3

Position (mm)

Fig. 4. The individual x and y forces of the 10 cochleae as a function of the insertion distance (A and B). The x and y forces are merged to where the electrode
carrier started to buckle. In cases of buckling, 7 of 10 cochleae showed a sudden change of the x force (A), whereas in 6 of 10 cochleae, a sharp increase of

the y force occurred (B).

Figure 8A shows the relation between the RW angle and the z
force. If the angle of the RW was large, and the insertion vec-
tor pointed more toward the modiolar wall, then the z force
increased more (R*> = 0.75, Fig. 8A). This can be explained by
the fact that a higher RW angle causes the electrode array to
hit the lateral wall in a more orthogonal direction opposed to
more tangential, leading to higher resistance. In consequence,
the insertion angle, as defined in Figure 8A, should be kept as
small as possible.

The angle of the initial contact between the electrode tip
and the lateral wall (straight: 59.6°; angled: 64.8°) had also an
impact on the initial increase of the z force (Fig. 8B). A straight
touch of the electrode tip with the lateral wall led to higher slope
of the z forces (23 mN/mm), whereas the slope of an angled
touch was twice as low (slope: 11 mN/mm).

Moreover, the cochlear size had a substantial influence on
the force profiles. There was a significant positive correlation
between lengths A4, 42, and B and forces. Larger 42 values

lead to higher mean z forces between 90° and 180° (R* = 0.63),
where cochleae with a sharp shape at the basal part leads to have
an increased z force at that region. The z forces between 180°
and 270° were higher with larger 4 values (R*> = 0.51). Larger
cochleae lead to longer distance along the lateral wall (one
cochlear turn) (R? = 0.87), whereby the increase in z force was
higher between 90° and 180° for longer cochleae (R? = 0.61).
The angular distance was lower for larger cochleae (R? = 0.50),
whereas the electrode insertion distance was longer until 270°
(R?=0.77).

DISCUSSION

The present study is the first report on the 3D force measure-
ment analysis of the mechanical behavior of the CI electrode dur-
ing implantation. The force profiles measured in three different
directions could be well correlated with intracochlear trauma
detected with micro-CT imaging. The angle of insertion and the

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



AVCIET AL./ EAR & HEARING, VOL. XX, NO. X, XXX-XXX 7

250
+18D
—Individual z-Force profiles
—Mean z-Force
200

Z 150

Z-Force (m

100

50

Insertion distance from moment of first contact with the lateral wall (mm)

Fig. 5. The mean z force (black) and the individual z forces (green) as a function of the insertion distance from the moment of the initial contact of the electrode
tip and the lateral wall. The gray area indicates +1 SD. The electrode array was inserted with a constant speed of 0.5 mm/s. The forces follow a similar pattern
until 12.8 mm from the round window and start to rise with different ascent.

cochlear geometry had a significant impact on the electrode array In previous studies, a large variability in cochlear form was
insertion forces and possible insertion trauma. The force profile observed (Zrunek etal. 1980; Wysocki 1999; Escudé et al.
allowed identifying the buckling of an electrode in the cochlea. 2006; Erixon etal. 2009; Biedron etal. 2010; Verbist et al.
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Fig. 6. The micro-CT image of a microdissected cochlea (resolution: 10 pm) (A and B). A, Trauma to the BM at the basal part of the cochlea, whereby the BM
was detached from the SL. B, Trauma to the SL at the basal part of the cochlea, where the damage was in form of tears. C, The grade of trauma as a function
of the angular distance. Trauma occurred frequently at the basal part of the cochlea, with trauma to the BM (grade 2) or SL (grade 4). D, A schematic repre-
sentation of the cochleae to visualize the angular position of the insertion trauma. The red area represents SL rupture (grade 4), and the yellow area shows BM
rupture (grade 2). BM indicates basilar membrane; CT, computed tomography; SL, spiral lamina; RW, round window.

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



8 AVCIET AL./ EAR & HEARING, VOL. XX, NO. X, XXX-XXX

250- r 50
C Foree [ T Tnsertion (no trauma)
S Eoree |- 2. Insertion (trauma)
200 X- .-’, ‘||‘ L 40
A
i Z
_ 1501 4 Ma £
Z ‘.J SS—
E ; @
o 100- g O
Q 100 20 S
5 1
o >
B 0
507 10 S
%
0] Lo
T — T
0123456 7 8 910111213 14 15 16 17 18 19

Insertion distance (mm)

Fig. 7. The difference in force profiles in case of insertion with and without trauma. Insertion forces were plotted against the insertion distance from the round
window. Solid lines represent the first insertion without trauma, and dotted lines the second insertion with trauma. At the time of trauma, the z forces stopped
to increase, and the slope of the y force was higher compared with the first insertion. The x force shows a prominent drop during the trauma.

2010; Rask-Andersen etal. 2011; Erixon & Rask-Andersen
2013; Shin et al. 2013), and suggested that the electrode inser-
tion and the procedure should be adjusted to the individual
cochlear anatomy (Erixon & Rask-Anderson 2013; Avci et al.
2014; Breinbauer & Praetorius 2015; Singla et al. 2015). The
present study provides direct experimental support for such a
claim.

Several studies investigated forces during insertion of CI
electrode arrays into artificial ST models, cadaveric temporal
bones, or computational models (Adunka et al. 2004; Roland
2005; Adunka & Kiefer 2006; Zhang et al. 2006, 2009; Todd
2007; Radeloff et al. 2009; Majdani et al. 2010; Rau et al. 2010;
Schurzig et al. 2010; Helbig et al. 2011; Kontorinis et al. 2011;
Miroir et al. 2012; Nguyen et al. 2012; Kobler et al. 2014, 2015;
Rohani et al. 2014; Wade et al. 2014; Gwon et al. 2015). In all
previous studies, electrode array insertion was recorded only
in one axis (insertion direction). The ST represents, however, a
spiral-shaped bony canal. Reducing the forces to one-dimension
unrealistically simplifies the mechanical behavior of an electrode
array during insertion. As the present study demonstrates, adding
x- and y- forces into the analysis allows a superior assessment of
the danger of cochlear damage compared with one-dimensional
measurements. However, even the 3D force profile alone did not
allow an unequivocal identification of cochlear trauma in each
case. It requires mentioning that the FMS records the total force
in three directions that are applied on the load cell. The forces in

each direction are a sum of the forces the electrode array exerts
at each electrode contact point. Consequently, local (opposite)
forces might cancel each other. This may prevent detecting
some forms of trauma.

The microdissection of the cochlea enabled us to directly
observe the mechanical behavior of the electrode array inside of the
ST. Similar microdissections did not affect the forces significantly
compared with an intact cochlea (Nguyen et al. 2012). Micro-CT
allowed highly precise measurements of the cochlear dimensions
(max. measurement error: 20 pm). Micro-CT is therefore a suitable
tool to evaluate intracochlear mechanical trauma after electrode
array insertion. Although histology allows for better visualization
of cellular intracochlear structures and reveals also a trauma lim-
ited to cells, it investigates the cochlea in the cutting direction,
usually midmodiolar plane. Micro-CT allows a nondestructive
visualization of the integrity of the membranous and osseous
structures in a precise a 3D configuration. The insertion trauma
can thus be easily located at any place of the cochlea, provided it
is sufficiently large and on tissue that is observable in micro-CT.
Owing to the high resolution (10 pm) and high contrast, trauma to
the BM, or SL could be well analyzed in this and previous studies
(Postnov et al. 2006; Teymouri et al. 2011; Frisch et al. 2015).

However, a limitation of the present study was that the RW had
to be slightly enlarged to avoid external contact between the elec-
trode array and the RW opening, which could affect the recorded
insertion forces. This intervention makes the insertions not fully

TABLE 2. Mean forces before (B) and during trauma (D) for both insertions
B D B D B D B D
Trauma F_(mN) Fy (mN) F, (mN) Fror (MN)
Insertion 1 No 5.5 16.1 2.2 23.9 46.4 203.4 46.9 205.5
Insertion 2 Yes 5.2 5.4 2.9 33.8 49.8 159.3 50.3 163.2

The deviation between the first and second insertion increase after trauma occurs.

F, xforce; F, y force; F, z force; F ., total force.
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(for an angled and a straight touch of the electrode tip) as a function of the insertion distance. The gray vertical lines indicate +1 SD. Bottom right, Schematic
representation of the initial contact between the electrode tip and the lateral wall to visualize the difference between the angled and straight touch. The slope

of the straight touch was twice as high as the angled touch.

representative of a pure RW insertion, but rather of an extended
RW insertion. A further limitation of the present technique was
the removal of the electrode array prior micro-CT scanning (to
avoid imaging artifacts). Despite maximal care during explanta-
tion, additional intracochlear damage during electrode removal
cannot be excluded.

The achieved insertion depth in this study was not typical of
in vivo condition where insertions are deeper. Cadaveric tempo-
ral bones are less hydrated, and the intracochlear soft tissues are
stiffer compared with in vivo soft tissue, which leads to increased
insertion resistance and somewhat higher friction forces (Roland
et al. 2005; Mukherjee et al. 2012). Due to the cadaveric temporal
bones used in this study, the recorded insertion forces are there-
fore likely to be higher than the forces attained in vivo.

The basic measurements obtained using micro-CT showed the
mean length of the cochlear base (length 4: 9.35+0.31 mm) and

the mean width of the cochlear base (width B: 7.04+0.34 mm)
in accordance with previous reports (length 4: 9.1 to 9.3 mm,;
width B: 6.8 to 7.0mm; Escudé et al. 2006; Erixon et al. 2009;
Erixon & Rask-Andersen 2013; Avci et al. 2014). Dividing the
cochlea in four quadrants allowed better interpretation of the
interindividual variability of the human cochlea on temporary
insertion forces. The cochlear parameters used in this study to
investigate relations to the cochlear trauma can be also deter-
mined with conventional CTs, and therefore applicable in living
subject prior surgery.

Three-Dimensional Force Measurements

The 3D FMS combined with an automated mechanical inser-
tion allowed us to achieve similar insertion forces with multiple
insertions using one electrode array in one human cochlea.
The electrode array we used in the present study showed that
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repeated insertions showed small variability and the mechanics
of'the electrode array did not change substantially. Furthermore,
due to the low coefficient of variation (<12%), the mean inser-
tion forces over three trials can be considered as a characteristic
force profile of a cochlea, whereby automated insertions show
less variability compared with manual insertions (Majdani et al.
2010; Kobler et al. 2015; Todt et al. 2016).

Our observation of the trajectory of the electrode array in a
fresh-frozen cochlea is in accordance with previous studies on
ST models, cadaveric temporal bones, and computational mod-
els (Chen et al. 2003; Roland 2005; Miroir et al. 2012; Nguyen
et al. 2012). The resulting forces between the electrode array and
the lateral wall of the ST have been mathematically described
previously and were in a similar range (Roland 2005; Todd
2007; Zou et al. 2015). The electrode array insertion represents
a mixture of moving parallel to and pushing against the lateral
wall. It is important to note that the force profiles of all cochleae
showed similar patterns in x, y, and z direction as long as (intra-
cochlear) buckling was not observed. The z force exerted the
highest amount of force, which buildup with increasing contact
(friction) between the electrode array and the lateral wall as the
array moved forward. When the electrode array started to bend
around the modiolus (on average starting at 197° + 25° from the
RW), the anatomy of the cochlea started to influence the profile
of the x and z force. This result is in accordance with previous
studies, where an increase of the forces occurred between 180°
and 200°, or beyond 200° (Lim et al. 2005; Miroir et al. 2012;
Nguyen et al. 2012).

Typically, the electrode array can only advance when the
advancing force is larger than the opposing frictional force (Zou
etal. 2015). To achieve a complete insertion, the insertion force
should be in the range of the critical buckling load of the electrode
array. A greater portion of the advanced force is spent overcom-
ing frictional forces between the electrode array and the lateral
wall while the electrode array is inserted further. If the frictional
force is larger and prevents the electrode tip from moving, than the
proximal section of the electrode array starts to buckle due to the
array stiffness. In case of buckling, a sudden change of the x and y
forces was observed, and the z force started to increase. However,
the change of the z force was less characteristic for buckling than
the drop of the x force or the rise of the y force.

Because the z force almost constantly increases through the
whole insertion, the change of the z force is not sufficient to
detect electrode buckling. Such detection requires the recording
of x and y forces.

Insertion Trauma

Several factors are related to intracochlear trauma during
electrode insertion, including cochlear anatomy, condition of
the intracochlear structures, electrode stiffness (in vertical and
horizontal direction), fluid displacement of the perilymph, and
the surgical approach.

In the present study, trauma identification was possible in
7 of 10 cochlea, where the remaining 3 cochleae had to be
excluded because of fixation and scanning issues. Regarding
insertion forces, we have detected a correlate of the trauma, but
not the trauma itself: we observed changes in force profiles in
cases when buckling of the electrode array occurred. Referring
to this, insertion trauma occurred in six of seven cochleae, fre-
quently at the basal part of the cochlea. The basal part of the

cochlea thus represents a critical region for implantation, where
buckling of the electrode array, most likely at its proximal part,
increases the risk of trauma to the cochlear structures (BM,
OSL). Intracochlear buckling did not result in higher forces-on
the contrary: if the electrode array was pushed toward the SV,
the total insertion force dropped: the forces in x and z direc-
tion decreased during trauma, and only the vertical force sig-
nificantly increased. As a result, in a real condition, the surgeon
would most probably not feel any obstruction (it at all, than the
contrary) and would consequently not stop the insertion pro-
cess. The fact that intracochlear trauma caused by buckling can-
not be detected by the surgeon is thus one implication of the
present measurements.

Rupturing of the SL occurred in six cochleae, BM rupture
in three of seven cochleae. The cochlear trauma was exclu-
sive: if damage to the BM occurred no damage to the SL was
observed, and vice versa. Thus, once a certain trauma occurs, it
likely releases the stress from the electrode and prevents trauma
elsewhere. In the present study, the maximal x forces were 2.5
times higher in cochleae with SL trauma (table not included),
meaning that a significant higher pressure against the SL at the
base of the cochlea might cause a trauma.

Trauma to the BM and SL represents the most common
cochlear injury with 25 to 43% (Shepherd et al. 1985; Kennedy
1987; Adunka et al. 2004; Adunka & Kiefer 2006; Skarzynski
& Podskarbi-Fayette 2010; Wimmer et al. 2014). Where dam-
age to the BM obviously affects acoustic hearing directly, pre-
vious studies reported that the SL as well plays a key role in
the maintenance of the ionic environment and the endocochlear
potential (Schulte & Adams 1989; Crouch et al. 1997). Hear-
ing loss occurs following the loss of fibrocytes in the cochlear
lateral wall (Hoya et al. 2004), particularly in the SL, where
potassium recycling takes place. A damage of the presumed
recycling pathway may cause hearing loss similar to the con-
nexin mutations, targeting the same pathway (Hibino & Kurachi
2006). Finally, the vascular supply to the stria might be affected
by a mechanical forces acting on the SL. In our study, the ini-
tial contact between the electrode array and the lateral wall was
121° £+ 9°, whereas SL trauma started between 13° and 59° from
the RW. Consequently, the middle and the proximal part of the
electrode array are most likely responsible for trauma to the SL,
and not the electrode tip. The situation may differ in cases of
deeper insertions or other electrodes not studied here. It needs
to be emphasized that the present data are only reflecting one
electrode with the given size and stiffness.

Intracochlear trauma at 180° from the RW was frequently
reported in previous studies (O'Leary et al. 1991; Nadol et al.
1994, 2001; Richter et al. 2001; Tykocinski et al. 2001; Aschen-
dorff et al. 2003; Eshraghi et al. 2003; Roland 2005; Wardrop
et al. 2005; Finley & Skinner 2008; Wanna et al. 2011), how-
ever, in the present study there was no such trauma at 180°. A
difference to the previous studies is that due to the clear view of
the ST trajectory in a microdissected cochlea, the best suitable
insertion vector could be determined before implantation in the
present experiments, as we were able to rotate the cochlea in the
most favorable angle. McRackan et al. (2013) used an image-
guided trajectory, and also noted no trauma at 180° from the
RW. Combining this with the present data indicates that a cor-
rect insertion angle in y direction reduces the risk of electrode
dislocation near 180° and thus also the risk of a tip-induced
trauma.
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Correlation Between Cochlear Geometry and Force
Profile

Previous studies have shown that size, location, angle, and
the accessibility of the RW has a large effect on implantation
outcomes (Kha et al. 2007; Li et al. 2007; Roland et al. 2007;
Meshik et al. 2010; Adunka et al. 2010; Shapira et al. 2011;
Gibson et al. 2012; Wimmer et al. 2014; Breinbauer & Praeto-
rius 2015; Zou et al. 2015). We found a statistically significant
correlation between RW angle and the local friction force. A
large RW angle (Fig. 8A) resulted in bending of the electrode
array around the RW entrance and directed the electrode array
against the modiolus. Consequently, the electrode tip was slid-
ing along the modiolar wall on the way to its initial contact
with the lateral wall of the basal part, which was visible on the
force profiles (max: 10 mN). However, trauma identification
using micro-CT has not revealed any damage to the modiolar
wall due to the electrode tip, meaning that those forces exerted
to the modiolar wall in the present setup were too small to
induce visible trauma to the spongy bone covering the modio-
lus. Although potentially increasing the risk of trauma (Zou
et al. 2015), we have not seen any correlated translocations or
trauma with unfavorable insertion angles.
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