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Introduction

Unintentional electrical excitation of the facial nerve is a well-known complication of using
a cochlear implant (Cl) to stimulate the cochlear nerve. Facial nerve stimulation (FNS)
restricts optimal use of a cochlear implant and often requires reprogramming of the
stimulating strategy (1,2). In some cases, FNS results in such severe discomfort or limited
stimulation range that the cochlear implant is essentially useless, which leads to explantation
and reimplantation (3-5). Facial nerve stimulation includes visible facial spasm as well as
milder subjective symptoms of tingling and sometimes facial pain (1,2). Kelsall et al.
proposed a grading scale for FNS in which grade I is “no stimulation” and grade V1 is “total
stimulation” which is defined as “severe gross motion of total facial musculature and/or
severe pain” (1). While the reported incidence of FNS varies between 0.9 and 14.9 %(1,4,6—
9) in the general population of implanted patients, some etiologies such as temporal bone
fracture, cochlear malformation and otosclerosis have been associated with a higher
incidence of FNS (4,7-12). The rate of FNS in patients with otosclerosis has been reported
as high as 78 % of implanted patients (2,4,13,14).

Several mechanisms have been proposed to explain the higher incidence of FNS in patients
with otosclerosis. Otosclerosis is a disorder of bone metabolism affecting the enchondral
bone of the otic capsule. The dysplastic bone consists of areas of resorption, vascular
proliferation, cavitation and spongiosis, sclerotic bone formation and a connective tissue
matrix (15,16). The otospongiosis may reduce the impedance of bone, which may facilitate a
shunt of current from the electrode toward the nearby facial nerve (17,18). The positions of
intracochlear electrode contacts most likely to excite the facial nerve are typically located in
the upper basal turn of cochlea (mid-array contacts). The proximity of this location to the
labyrinthine segment of the facial nerve suggests that pathologic involvement of the bone
between the labyrinthine segment of the facial nerve and the upper basal turn of the cochlea
is important in the pathophysiology of FNS(1,8,14,17). The design of the electrode array has
been reported as an additional important variable with FNS being less frequent in implants
with a perimodiolar electrode design than with a straight electrode (19-21).

The potential cause of FNS and why some patients with extensive otosclerosis do not have
FNS while others do, remains unclear. In this temporal bone study of 11 subjects with
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otosclerosis who used a cochlear implant in life, we test whether specific pathologic factors
are associated with FNS.

Materials and Method

Results

All temporal bones from the collections at the Massachusetts Eye and Ear infirmary (MEEI)
and the House Research Institute (HRI) which met the following criteria were included in
the study: (1) implantation with a multichannel CI and (2) otosclerosis as the etiology of
profound hearing loss. A total of 13 temporal bones from 11 subjects were identified.

The temporal bones were removed after death, fixed in Heidenhain Susa solution or 10%
buffered formalin and decalcified in ethylene diamine tetra acetic acid (EDTA), and
embedded in celloidin (22). The temporal bones were sectioned at a thickness of 20 ym in
the horizontal (axial) plane, and every tenth section was stained with hematoxylin and eosin
and mounted on a glass slide. Rosenthal’s canal and the cochlear duct were reconstructed in
two dimensions (Figure 1) by a method described by Schuknecht (23) and Otte et al. (24).
The tracks of the electrode were marked on the 2-dimensional reconstructions. Depth of
insertion and the location of the tip of electrode were determined. Then the position of the
electrode contacts, using the morphometric information of the electrodes published by the
manufacturers, was plotted on the 2-dimensional reconstructions (Figure 1). All the slides
were examined by light microscopy.

Fisher’s exact test was used to evaluate whether FNS was significantly associated with the
various pathologic findings.

A total of 13 temporal bones from 11 implanted patients (8 male and 3 female) with
otosclerosis were identified and studied (Table 1). The patients were middle-aged or older,
and all were post-lingually deafened recipients of cochlear implants. The preoperative pure
tone average in all cases was 90 dB or greater (PTA=90 dB). The duration of use of the
cochlear implant was 2 to 23 years with a mean of 11 years. There were 10 temporal bones
with straight electrodes and three with perimodiolar electrodes. Although 4 electrode arrays
were not fully inserted, all passed into the upper basal turn of the cochlea. Facial nerve
stimulation or its equivalent (severe facial pain in case 6) occurred in 4 out of 13 cases (30.7
%). All patients with FNS had been implanted using straight electrodes (4 out of 10 with
straight electrode implants). Three of the 4 had Nucleus® 22 electrode and used a bipolar
stimulation strategy, and one had a Nucleus® 24M electrode and used a monopolar
stimulation strategy. The number of problematic electrodes in the temporal bones ranged
from 2 to 5, and all were among the mid-array electrodes (Table 1) which were located in
the upper basal turn of the cochlea based on 2-dimensional reconstruction (Figure 1). In all
cases, when the problematic electrodes were switched off, cochlear implant use was not
compromised by FNS.

All temporal bones had extensive involvement of the otic capsule by otosclerosis. The
associated pathologies were grouped into six categories (see Table 2) to facilitate analysis.
The criterion defining the first category was any invasion of the cochlear endosteum by
otosclerotic bone. In all cases except temporal bones 4 and 5, the endosteum of the cochlea
was invaded by otosclerotic bone in at least one turn. Based on the various hypothetical
pathophysiologies of FNS, selected regions of the otic capsule were studied in detail to
determine any association between pathologic involvement of these foci and FNS. The
results of the histopathologic review of these foci are summarized in Table 2.
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The upper basal turn of the cochlea (UBTC) is closest to the facial nerve canal (FNC)
especially its labyrinthine and meatal segments (17), prompting evaluation of the
otosclerotic involvement of the bone separating these two structures. In 4 out of 13 temporal
bones no otosclerotic changes were seen in this region. Two different patterns of otosclerotic
involvement were observed in the remaining 9 bones: (1) invasion of the endosteum of both
the UBTC and FNC with complete involvement of the bone between these two structures
was observed in 6 temporal bones and (2) partial involvement of the bone between the
UBTC and FNC (typically adjacent to facial nerve canal) with invasion of the FNC (but not
the UBTC) endosteum was observed in 3 cases. Subjects with no otosclerotic changes in the
UBTC region or partial involvement of this region did not experience FNS (see Tables 1 and
2), whereas 4 of 6 with otosclerotic invasion of the UBTC and FC endosteum and complete
involvement of the bone between these two structures experienced FNS in life.

Table 2 also summarizes how otosclerotic involvement of the internal auditory canal (IAC),
the modiolus and the round window (RW) were distributed across the subjects.

Fisher’s exact test was used to test for associations between the six categories of otosclerotic
pathology (Table 2) and FNS (Table 1). As shown in Table 3, we were not able to rule out
(p>0.05) a chance association of FNS with five of the six categories of otosclerotic
pathology: (1) partial involvement of the bone between the UBTC and FNC and invasion of
the FNC endosteum, (2) involvement of the bone of the internal auditory canal, (3)
involvement of the bone of the modiolus, (4) obliteration of the round window and (5)
involvement of the cochlear endosteum. The only category of pathology that showed
significant association with FNS (p=0.005) was complete involvement of the bone between
the UBTC and the FNC together with invasion of the endosteum of both the UBTC and of
the FNC (Figure 2). Due to an insufficient #, statistical analyses were not applied to the
cases with a perimodiolar electrode.

Discussion

The incidence of unintentional electrical stimulation of the facial nerve with a cochlear
implant varies between 0.9 and 14.9 % (4,6-12). In this study, the incidence of FNS in the
ears with otosclerosis was 30.7 % all of which occurred in 4 out of 10 (40%) cases with a
straight electrode. This incidence is significantly higher than the maximum reported
incidence of 14.9 % in the general population of implant recipients who were also implanted
by straight electrodes (Fisher’s exact test; p = 0.049). Therefore, this study supports previous
studies reporting more frequent occurrence of FNS in patients with otosclerosis ranging
from 38-78% (2,4,13,14). The problematic electrodes were in the mid-array region ranging
from electrode contacts 12 to 18 with the peak incidence at electrode 16 (Figure 3) and
consistent with previous publications (1,8,14). In these reports as well as in the current
study, it was noted that the problematic electrodes were located in the upper basal turn of
cochlea (Figure 1), which is closest to the facial nerve, particularly to its labyrinthine and
meatal segments (8,14,17).

Several theories have been proposed to explain the potential cause of FNS. It has been
suggested that bony changes in otosclerosis results in lower impedance and increased
conductivity in the cochlear bone which allows more current to be shunted away from the
modiolus toward the facial nerve resulting in stimulation of the facial nerve (1,14,18,25,26).
Mens, et al. (26) provided quantitative data to support these suggestions by measuring
surface potentials (ipsilateral [re-implant] mastoid to contralateral mastoid) for each paired
combination of the 22 implanted electrode contacts in 2 subjects with otosclerosis and 14
subjects without. Using relatively simple three-dimensional models of current flow (27) to
predict the highly characteristic differences in the patterns of surface potentials between
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subjects with and without otosclerosis, Mens et al. suggested that the ratio of brain to otic-
capsule resistivity is: (1) between 1:1 and 1:10 for the otosclerotic case and (2)
approximately 1:100 for subjects without otosclerosis. Whiten (28), using a detailed
electroanatomical model of the cochlea, demonstrated that decreasing the resistivity of the
endosteal otic-capsule bone from the normal 5000 Qcm to 600 Qcm (similar to that
measured for cancellous bone(29)) accurately predicted the characteristic patterns of surface
potentials that distinguish subjects with otosclerosis from subjects without otosclerosis.

Some researchers have noted FNS caused by electrodes located in the basal segment of the
cochlea, very close to the round window (7,30), and suggested the presence of a low
impedance pathway at the base of the modiolus as the potential pathology underlying FNS.
In the current study, no electrodes near the round window were associated with FNS, nor did
we find a significant association between FNS and otosclerotic changes in the modiolus,
round window or the internal auditory canal (Table 3).

Based on the higher incidence of FNS associated with mid-array electrodes located in the
UBTC and in close proximity to the labyrinthine segment of the facial nerve, it has been also
suggested that pathologic changes in the bone between the UBTC and FNC results in more
frequent facial nerve stimulation (1,8,9,14,25). Weber et al. suggested that extensive bone
resorption may cause the electrode to come into close contact with the facial nerve allowing
direct stimulation of the facial nerve(18). Bigelow et al. suggested that physical pressure of a
straight electrode at the lateral wall of the cochlea might erode the thin bone of the otic
capsule resulting in direct stimulation of the facial nerve (14). In the current study, there was
no endosteal erosion due to electrode insertion trauma or physical pressure at the upper basal
turn of cochlea. Although to some extent, bone demineralization and resorption occurred in
all temporal bones with positive FNS, none of the temporal bones had dehiscence of the
facial nerve in the upper basal turn of cochlea.

In the current study, the only positive microscopic finding significantly associated with
FNS, was full thickness replacement of hormal bone by pathologic bone with spongiosis,
neoangiogenesis, cavitation and soft tissue deposition with invasion of the endosteum of
both the UBTC and FNC by otosclerosis (Figure 2). All cases with a straight electrode that
demonstrated these changes had FNS. A review of photomicrographs published by Marsh et
al. (25) in a patient with FNS using a Nucleus® 22 electrode, similar changes can be seen in
the same area. There were two temporal bones in the perimodiolar group implanted with the
High Focus 11 electrode (with positioner) that did not demonstrate FNS despite positive bony
changes in that area. This finding is consistent with recently published studies demonstrating
that cases implanted with perimodiolar electrodes had a significantly lower incidence of
FNS (19-21). Perimodiolar electrodes, especially those with a positioner, are less prone to
FNS, probably due to the closer proximity of the electrode to the modiolus which in turn
reduces the current level needed to reach the same C and T levels (31-33) resulting in a
decrease in the shunted current to a level below the threshold of facial nerve stimulation.

In our series as mentioned earlier, although a temporal bone with severe thinning of the bone
between UBTC and FNC was seen (Figure 4), there was no temporal bone with facial nerve
dehiscence at the UBTC. But as the normal bone is replaced by soft tissue deposition and
spongiotic bone with cavitation (Figure 2, 4), it is possible that the intraosseous spaces
create micro channels that allow spread of the current through the fluid space between
UBTC and FNC. Although CT scan images are not available for comparison with our
microscopic analyses to evaluate the extent to which preoperative imaging might be useful,
our results suggest such imaging might be useful in recognizing changes in the bone
between the UBTC and FNC (14). An example of such a case is illustrated in Figure 5
where there appeared to be a dehiscence of the facial nerve at the upper basal turn of the
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chlea which could be explained by a real dehiscence of the facial nerve or by otosclerosis

which resulted in thinning of the bone similar to the image illustrated in Figure 4.

Conclusion

Patients with otosclerosis should be counseled concerning the higher incidence of facial
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rve stimulation and that the use of a perimodiolar electrode is recommended especially in
ses in which the preoperative CT scan suggests dysplastic bone between the facial nerve
nal and the upper basal turn of cochlea. In addition, in cases with otosclerosis and bilateral

profound hearing loss, cochlear implantation is recommended in the ear with less dysplastic
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anges in bone between the facial nerve canal and the upper basal turn of the cochlea as

seen in preoperative CT scan imaging, when the candidacy of the two sides is otherwise
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Figure 1.

Two-dimensional reconstruction of cochlear duct, Rosenthal’s canal and the electrode track
of case 11. The electrode was fully inserted and stimulation of electrode contacts 14-18
caused facial nerve stimulation. The dark stars on the intracochlear electrode track mark the
estimated position of the electrode contacts. The facial nerve (FN) was very close to the
upper basal turn of cochlea (Figure 4). (The black circles on the line representing
Rosenthal’s canal and on the line representing the cochlear duct are 1 mm apart.)
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Figure2.

Upper basal turn of cochlea and nearby facial nerve (FN) at the junction of the labyrinthine
and the meatal segments of the facial nerve. a, b. Normal bone between upper basal turn of
cochlea and the facial nerve. This patient (case 4) did not experience facial nerve
stimulation. ¢, d. This patient (case 9) had facial nerve stimulation and showed full thickness
involvement by otosclerosis of the bone between upper basal turn of cochlea and the facial
nerve. Although the distance between the facial nerve and upper basal turn of the cochlea
was similar to that in case 4, the normal bone was replaced by spongiotic bone with soft
tissue deposition and neovascularization. (The electrode track is shown by an asterisk.)
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Histogram of number of subjects experiencing facial nerve stimulation (FNS) as a function

of the particular electrode being stimulated. The longitudinal cochlear positions of the

electrodes producing FNS correspond to the upper basal turn of the cochlea closest to the
labyrinthine segment of the facial nerve.
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Figure 4.

Severe resorption and spongiosis in the bone between the facial nerve and upper basal turn
of cochlea due to otosclerosis in case 11. In spite of severe thinning of the bone, there was
still an otosclerotic bony septum separating the upper basal turn of cochlea from the facial
nerve (FN). In this case the facial nerve was stimulated unintentionally by intracochlear
stimulation. (The electrode was removed prior to sectioning the temporal bone. The location
of the electrode track is shown by dotted line inside the cochlea.)
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Figureb5.

Stenvers view of the temporal bone in CT scans of a living patient with FNS and
otosclerosis. a. Involvement of the otic capsule by otosclerosis (thick black arrow). b. There
was no bone separating the upper basal turn of cochlea and the facial nerve canal (thin black
arrow) due to otosclerosis, suggesting the presence of dehiscence of the facial nerve.
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Table 3

Results of the Fisher’s exact test (by category of pathology) applied to data from otosclerosis subjects
implanted with a straight electrode. The p-value is the probability of obtaining the distribution (across
subjects) of the pathology shown in Table 2 and the distribution of FNS shown in Table 1 by chance alone if
there is no relationship between the pathology and FNS.

Structuresaltered by otosclerosis p-value

All bone between UBTC and FNC, and UBTC .005

endosteum and FNC endosteum

Bone adjacent to FNC and FNC endosteum .200
IAC .076
Modiolus 0.190
RW obliteration 133
Cochlear endosteum 197

UBTC: Upper basal turn of cochlea; FNC: Facial nerve canal; FNS: Facial nerve stimulation; IAC: Internal auditory canal
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