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Abstract

Facial nerve stimulation (FNS) is a side-effect of cochlear implantation that can

result in severe discomfort for the user and essentially limits the optimal use of

the implant.  In recent years, research in the field of three-dimensional cochlear

implant modelling has led to the progression from generic models to user-specific

models with one of the intentions to develop model-based diagnostic tools.  The

objective of this study is to investigate the mechanisms that underlie the

manifestation of FNS in the post-meningitic cochleae of a specific CI user

through computational modelling. Bilateral models (right and left) were created

using a method previously developed for the construction of a three-dimensional

user-specific volume conduction model of the cochlea and was expanded to

include the facial nerve geometry.  Reduced temporal bone density based on bone

densitometry, cochlear duct ossification and degenerate auditory neural fibres

were incorporated into a comprehensive FNS model.  Auditory and facial nerve

thresholds were predicted with the models showing good correspondence to

perceptual thresholds and the user’s FNS experience.  Ossified cochlear ducts

appear to aggravate the increase in thresholds caused by the otic capsule’s

decreased resistivity.  This translational case study demonstrates the application

of computational modelling as a clinical instrument in the assessment and

management of complications with CI implantation.

Keywords: 3D cochlear model; bone densitometry; user-specific CI model;

compound model
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Introduction

Cochlear implantation is a conventional and safe rehabilitation method of profoundly

deaf people and has improved the quality of life of many individuals.  However, some

users suffer post-implantation complications (Farinetti et al., 2014; Postelmans et al.,

2007) as the biological conditions near the electrodes affect the functioning of the

implant (Pfingst et al., 2011).  One such complication is facial nerve stimulation (FNS)

(Ahn et al., 2009; Akst & Weber, 2005; Berrettini et al., 2011; Bigelow et al., 1998).

FNS can result in considerable discomfort for users and effectively limits the optimal

use of the CI (Seyyedi et al., 2013).  FNS occurs when the electrical current from the

electrode spreads outside the cochlea, thereby stimulating nearby nerves such as the

facial nerve (FN) (Ahn et al., 2009; Bigelow et al., 1998; Niparko et al., 1991).

Symptoms of FNS can range from awareness of tingling in the face to severe

facial spasms that may have an immediate onset at device switch-on or a delayed onset

after a period of use (Ahn et al., 2009; Berrettini et al., 2011; Seyyedi et al., 2013).  CI-

related FNS has been widely reported in the literature and several causes, such as

insertion trauma, cochlear malformation, cochlear ossifications and otosclerosis, have

been identified (Ahn et al., 2009; Battmer et al., 2006; Berrettini et al., 2011; Cushing et

al., 2006; Kruschinski et al., 2003; Seyyedi et al., 2013).

Another challenge for CI rehabilitation occurs in cases of sensorineural hearing

loss (SNHL) caused by meningitis infection and the subsequent ossification of the

cochlear ducts (Axon et al., 1998; Bille & Ovesen, 2014; Caye-Thomasen et al., 2012)

obstructing the insertion of the electrode array.  This damaging process usually starts

within the basal turn of the scala tympani (ST), causing more severe loss in higher

frequencies(Du et al., 2006; Eshraghi et al., 2004; Johnson et al., 1995).  Some studies

have found that post-meningitic CI users, despite some having a full insertion, often
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battle with poorer speech performance compared to non-meningitic users as even mild

ossification can influence performance with a CI (Rauch et al., 1997).

In recent years, the application of user-specific three-dimensional (3D) CI

models has been translated from the research domain where these models are used to

understand the physiological and scientific basis for the functioning of CIs, to the

clinical domain where they are applied as a diagnostic tool to support the management

of CI performance for individual users.  Model-based diagnostic (MBD) tools could

allow non-invasive, quantitative analysis of problems that may arise at the biophysical

interface between the implant and the cochlea (Hanekom & Hanekom, 2016; T.K.

Malherbe et al., 2013; T. K. Malherbe et al., 2015).  The MBD tool used in the present

study consists of a 3D volume conduction (VC) model used in conjunction with a

computational neural model.  The resulting compound model is used to predict the

effect of the spread of stimulation current within the cochlea on neural excitation

characteristics (Hanekom, 2005).  A study by Frijns et al. (2009) sucessfullly made use

of 3D VC modelling to explore FNS in an otosclerotic ear with a CI.  They employed a

generic model of the human cochlea and the FN to examine the effect of temporal bone

conductivity and electrode placement on FNS.

The objective of this case study is to investigate the mechanisms that underlie

the manifestation of FNS in a specific user's post-meningitic cochleae through the use

of computational modelling.  User-specific 3D VC models were created for the left and

right cochleae and FNs for an 18-year old female suffering from SNHL resulting from

meningitis and who started experiencing FNS ten years post-CI implantation.   Bone

densitometry was used to estimate the reduced temporal bone resistivity.  Additional

post-meningitic factors included in the model were ossified cochlear ducts and

degenerate ANFs.  Subsequent predicted ANF and FN THRs were used to investigate
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the effect of varying temporal bone resistivity, the correspondence with perceptual

THRs, the predicted likelihood of FNS compared to the user’s experience and the

relationship between electrode distance from the FN and its risk of causing FNS.

Results suggest that an MBD tool may facilitate the analysis of FNS for a specific user

which may, in turn, inform a protocol to deal with the complication.

Methodology

CI user history

Ethical clearance from the University’s ethics committee as well as informed consent

from the CI user were obtained to conduct this study.

The participant in this study received her first implant (Med-El C40+ Standard

Electrode array) in the right ear at age four years and four months (Apr. 2002), two

years and seven months post-meningitis infection.  Three years later the left cochlea

was implanted with a Med-El Pulsar ci100 short array because of severe ossification of

the scalae.  Another three years later, she started to experience acute headaches and pain

on the left side that worsened over time to the point where she refused to wear the left

processor (Jan. 2010) and eventually had it explanted because of fluid draining over the

implant (Aug. 2012).  A dummy electrode was inserted to facilitate future re-

implantation despite further ossification.  At the end of 2013, with only the original

right processor in use, facial nerve stimulation (FNS), mostly eye twitches, was noted

for the first time and the user complained that sounds were becoming too soft.  A new

map was programmed that initially performed well and did not cause eye twitching, but

over time, increased stimulation levels triggered the eye twitch again.  In October 2014

the left ear was re-implanted (Med-El Compressed Array and SONATAti100

processor), but ossification allowed only 7 of 12 electrode contacts to be inserted.
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Shortly after activation of the new implant, FNS was noted on the left side as well.  The

FNS progressed on both sides and in mid-2015 (age 17) the user's ENT decided to try

Botox (Botulinum Toxin) treatment as a possible short-term solution to the FNS, as this

method has been shown to be effective in the elimination or reduction of FN

hypersensitivity (Langman et al., 1995).  Although the treatment inhibited the FNS, the

user still occasionally perceived “invisible jumps” of the facial muscles and also had

little or no facial expression which had negative social implications.  This treatment was

therefore not considered as a long-term solution.

Applying the MBD tool to assess the specific CI user's FNS

Basic user-specific CI model

The basic user-specific CI model at the core of the MBD instrument consists of a finite

element volume conduction (FEVC) model of a cochlea that is integrated with an ANF

model.  The FEVC model is a computational description of the anatomy and electrical

properties of a cochlea and the dimensions and electrical properties of a specific

electrode array inserted into the cochlea.  It allows calculation of the spread of current

throughout the modelled volume as a result of intracochlear stimulation.  The ANF

model is a computational description of the morphology and electrophysiology of nerve

fibres under electrical stimulation.  The ANF model allows calculation of a neural

response to the current distribution from a specific stimulus as predicted by the FEVC

model.

FEVC models were created for the user's left and right cochleae using the

method presented in our previous work (Badenhorst et al., 2017; T.K. Malherbe et al.,

2013; 2015, 2016).  A full insertion of twelve active electrodes (Med-El Classic Series
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Standard) was modelled for the right cochlea, and a partial insertion of seven active

electrodes was modelled for the left cochlea (Classic Series Compressed).

Each cochlea was encapsulated by a spherical otic capsule modelled as

homogeneous temporal bone.  The left and right otic capsules were subsequently

positioned in a generic FEVC head model, scaled to the user's head dimensions.

Neural excitation was predicted using the Hodgkin-Huxley-based human

compartmental ANF neural model of Rattay et al. (2001) as implemented in Badenhorst

et al. (2017).  Single ANFs were spaced at 5° intervals along the angular length of the

cochlea following a radial pattern from the modiolus into the spiral lamina.

Adding the FN to the basic model

The construction of the FEVC model of the FN was based on the dimensions from the

three temporal sections of the FN, i.e. the labyrinthine, tympanic and mastoid segments

stretching from the internal acoustic meatus to the stylomastoid foramen (Maru et al.,

2010).  The path and dimensions of the three segments were determined using the

method by Shin et al. (2014) based on the visible FN (fallopian) channel on the CT

scans.  The widths (diameters) of the labyrinthine (WL) and tympanic segments (WT),

the length of the labyrinthine segment (LLS) and the angle between the labyrinthine and

tympanic segments (ALT) were measured from the axial CT view shown in Figure 1a.

From the oblique coronal view (Figure 1b), the length of the mastoid segment (LMS)

and its width (WM), the length of the tympanic segment (LTS) and the angle between

the tympanic and mastoid segments (ATM) were measured.  Results were validated

against measurements reported in the literature (Fatterpekar et al., 2006; Phillips &

Bubash, 2002; entürk et al., 2009; Shin et al., 2014).
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Figure 1. CT-based measurements of the facial nerve landmarks for one FN.  (a) Axial view

showing the angle between the labyrinthine and tympanic (ALT) segments, the widths

(diameters) of the labyrinthine and tympanic segments (WL1, WL2, WT1 – WT3) as well as the

length of the labyrinthine segment (LLS).  (b) Oblique coronal view showing in the angle

between the tympanic- and mastoid segments (ATM), the widths of the mastoid segment (WM1

– WM3) as well as the lengths of the tympanic- and mastoid segments (LTS, LMS).

The angular position of the geniculate ganglion was determined in relation to the

origin of the cochlea as defined by the cochlear view (Verbist et al., 2010).  Once the

orientation and location of the FN was determined relative to the cochlea, its geometric

coordinates were calculated and imported in the basic FEVC CI models (Figures 2 and
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3).  As the resistivity of the FN is unknown, the resistivity of the spiral ganglion

(300 .cm) was used.

Figure 2. The semi-transparent inferior and lateral views of the left and right cochleae and FN

FEVC COMSOL models show the relative location of the FN, cochlea and electrode arrays.  The

location of the most apical electrode contacts, E1, for the left and right arrays and also E5, which

is the electrode in closest proximity to the FN for the right cochlea, are indicated.

Figure 3. The complete FEVC model image shows the relative location of the scaled, generic

head, the user-specific left-hand cochlea and the facial nerve.
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Several assumptions were made to model FN excitation.  (1) Only the motor

root of the FN innervating the facial muscles was considered since the focus was on

FNS resulting from CI use.  (2) The segment of the motor root of the FN closest to the

cochlea was modelled as a bundle of axons since somas of motor fibres of all cranial

nerves are located in the respective brainstem nuclei (Shin et al., 2014).  (3) Only one

fibre on the perimeter of the FN closest to the cochlea was selected to determine FN

thresholds since this location represents a worst-case FNS scenario.  (4) Since very little

about the morphology and electrophysiology of the FN is available in the literature, the

FN fibre was modelled using the Rattay et al. (2001) compartmental neural model.  A

fibre diameter of 8 µm was chosen from the FN fibre diameter range of 4 to 8 µm

reported by Thurner et al. (1993) since fibre threshold decreases as the diameter

increases (Rattay et al., 2001).  This choice will produce an indication of the lowest

FNS threshold that may be expected and thus maintain the worst-case scenario for FNS.

The internodal distances of the fibres were arbitrarily set at 500 µm as in Rattay’s

central axon model as no value could be found in the literature.  A study by Frijns et al.

(2009) used a 4 µm diameter that would predict higher FNS thresholds, and a 400 µm

internodal distance.

Applying the MBD tool to the FNS case

Model validation

Validation of the MBD tool is required first to assess the model’s ability to predict

measured, perceptual results and second to serve as a benchmark or reference for

diagnostic investigations.  Model outcomes in the form of predicted, single fibre

thresholds, were compared to the user’s map parameters (threshold and most
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comfortable loudness (MCL).  Predicted thresholds are known to be higher than actual

measured, perceptual thresholds making it difficult to compare thresholds and to

estimate MCL levels (Kalkman et al., 2016).  (Briaire & Frijns, 2006) used a predicted

1 mm activation region on the neural excitation profiles (NEPs) as an equivalent for

perceptual ANF threshold and a predicted 4 mm activation region for MCL.   However,

applying this principle was not successful as the user’s NEPs were found to be

relatively “flat” resulting in dynamic ranges of only 2 to 3 dB which was not

comparable with measured perceptual data.   As will be seen in the results, predicted

ANF threshold profiles approached the perceptual thresholds and it was thus decided to

directly compare these two measures and to use the Med-EL convention that threshold

is set at 10% of MCL, i.e. MCL is 10×threshold or threshold + 20 dB.

Monopolar, biphasic, cathodic-first stimuli with channel (electrode) specific

pulse widths, according to the user’s map, were used in all simulations to predict ANF

and FNF excitation thresholds.  All stimulus intensities are stated in dB re 1 µA.  For

the right ear, a map from 2013 when FNS was first observed, was used.  For the left ear,

a map from 2014 after the activation of the new electrode, was used.  Unfortunately, no

maps or CT scans prior to 2011, when no complications were experienced by the user,

were available.  Both maps are pre-Botox treatment as treatment affects threshold

values.

Reference model

A “healthy” reference model was created for both the left and right cochleae with

normal tissue properties and intact ANFs.  The two healthy or reference models were

then altered to model different facets of the user's post-meningitic cochlear environment

with which to investigate the causes of the FNS.
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Diagnostic investigations

Three phenomena related to either FNS or meningitis were modelled namely (i) the

health of the ANFs, (ii) ossification of the cochlear ducts, and (iii) a change in temporal

bone density.

ANF health. Ossification in the cochlear ducts causes segmental loss of the spiral

ganglion cells and also results in degenerate fibres (Klein et al., 2008; Rotteveel et al.,

2004) that affects the efficacy of the CI (Pfingst et al., 2011; Pfingst et al., 2015).

Segmental loss of the SG was not modelled since it is difficult to attribute hearing loss

to either spiral ganglion loss or degeneration of fibres in a live CI user. The model,

therefore, implements a one-dimensional neural array along the angular length of the

cochlea instead of a population distribution and all hearing loss was assumed to

originate from degeneration of the peripheral processes.  To model the effect of

degenerate fibres, all dendrites were terminated at the 5th node of Ranvier (Badenhorst

et al., 2017) thus leaving 14% of the dendrite along with the pre-somatic region and

soma intact.  This implementation agrees with reports that degeneration of the ANF

begins at the dendrite and progresses toward the soma (Felder et al., 1997; J. B. Nadol,

1990) and that most somas survive (J. B. Nadol, Jr. et al., 1989).

Ossification of cochlear ducts. The electrical resistivity of the bony structures in and

around the cochlea (otic capsule) affects potential distributions predicted by VC models

of the electrically stimulated cochlea thereby affecting predicted neural thresholds (T.

K. Malherbe et al., 2015).  Meningitis often results in partial to full ossification of the

fluid-filled cochlear ducts thus significantly increasing its resistivity (Durisin et al.,

2010; Tinling et al., 2004).  A decrease in the existing bone density (or resistivity) in
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and around the cochlea is also possible, as is the case in otosclerosis (Marshall et al.,

2005).  A decrease in the resistivity has been shown to be a likely cause of FNS in

practice (Ahn et al., 2009; Kelsall et al., 1997) and modelling (Frijns et al., 2009).

Sites of ossification cannot be determined in vivo or readily from CT scans

because of electrode artefacts, and hence the sites were assumed based on literature

(Bille & Ovesen, 2014; Caye-Thomasen et al., 2012; Du et al., 2006; Tinling et al.,

2004) and the user’s ENT reports.  The user’s medical records and CT scans showed the

left cochlea to be almost completely obliterated, resulting in a shallow CI insertion.  The

left cochlea’s scalae were therefore modelled as completely ossified with a resistivity of

650 .cm (fibrous or cancellous bone (Saha & Williams, 1989)) compared to normal

perilymph at 69 .cm.  The right cochlea had a deep insertion with the possibility of

some ossification in the ST.  The right cochlea was thus modelled with a section of the

basal-to-middle turn of the ST filled with cancellous bone tissue (  = 650 .cm) as

illustrated in Figure 4.

Figure 4. The FEVC model shows the basal-to-middel turn of the right cochlea’s scala tympani

from Figure 2 partially ossified with cancellous bone having a resistivity of 650 .cm. The rest

of the ST is remains filled with perilymph.
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Changes in temporal bone density. To investigate how changes in bone density and

hence resistivity contribute to the user's FNS symptoms and CI performance, bone

densitometry was used to measure the user’s temporal bone density (in Hounsfield

units, HU) as an indirect, non-invasive gauge of bone resistivity.  The bone

densitometry method used and specific regions measured were based on four studies

(Grayeli et al., 2004; Kawase et al., 2006; Kutlar et al., 2014; Marshall et al., 2005;

Saha & Williams, 1989).  These studies all determined bone density in otosclerotic

users together with a control group of normal, healthy ears.  The measurements were

subsequently used in the present study as a benchmark against which to compare the

density for the case of meningitis.  The five regions measured are the 1) posterior semi-

circular canal (PSCC), 2) fissula ante fenestrum (FAF), 3) cochlear apex, 4) precochlear

region and 5) anterior margin of IAC.

For the present study, three sets of CT images taken over 18 months were used

to measure the bone density for both ears at the five regions identified using INFINITT

Healthcare CDViewer (medical image viewing software).  Figure 5f shows the CT

image passing through the oval window with the marked anatomical regions for one of

the three sets.

Although there is no evidence in literature of a direct correlation between bone

density and resistivity, it is known that less dense bone, such as fibrous or cancellous

bone, has a lower resistivity (650 .cm) (Saha & Williams, 1989) compared to normal,

compact bone (Balmer et al., 2018).  For the purposes of this study, any change in bone

density will thus be interpreted as and translated to a change in bone resistivity.  Based

on the study by T. K. Malherbe et al. (2015), a bone resistivity of 6500 .cm was used

for normal, compact bone.
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Results

Constructing the post-meningitic FNS model

Post-meningitic or FNS models that assumed degenerate ANFs and full and partial

ossification of the scalae for the left and right cochleae respectively, were used to derive

a suitable value for temporal bone resistivity.

Figure 5. (a)  – (e) Hounsfield units for each of the five regions for the left and right ears are

compared to that of a healthy control group and an otosclerosis group. Both ears show a

decrease in density over time and three regions (1, 3, 4) have lower densities than the

otosclerosis group. (f) The five regions within the user’s otic capsules where the bone density

was measured: 1) posterior semi-circular cans (PSCC), 2) fissula ante fenestrum (FAF), 3)

cochlear apex, 4) precochlear region and 5) anterior margin of IAC.

Assessment of temporal bone resistivity

The three sets of bone density measurements for each of the five regions within the otic

capsule of both ears are compared to those of the average otosclerosis and control
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groups in Figure 5a to e.  As expected for the case of meningitis, the bone density of the

user is lower than the density of the healthy cochleae of the control group.

Noteworthy, however, is that the bone density, or resistivity, of both ears is lower

compared to the otosclerosis group in three of the regions (PSCC, apex and pre-cochlear

region) suggesting higher susceptibility to FNS compared to the otosclerosis group.

Table 1 summarizes the decrease in bone density for both cochleae over the 18

month period.  An almost uniform 8% decrease in density is observed for the right ear.

If the results for this ear are extrapolated to the time of reported FNS onset (Nov 2013),

an overall decrease in bone density of more than 10% could be possible.  The left ear

shows a smaller percentage decrease in bone density which might partially be ascribed

to the fact that the left ear is already fully ossified whilst the right ear is thought to be

only partially ossified as discussed earlier.  These results support the inclusion of a

lowered temporal bone density in the user’s FEVC models.

Table 1. Percentage decrease in temporal bone density in the five regions within the

otic capsule over an 18 month period.

Region
% Decrease

Left Right

1. PSCC 3 8

2. FAF 6 8

3. Cochlear Apex 2 8

4. Precochlear region 4 1

5. Anterior margin of IAC 5 8

Effect of temporal bone resistivity on predicted neural thresholds

To confirm the relationship between bone resistivity and neural thresholds, and provide

a basis for comparison with the findings presented by Frijns et al. (2009), the effect of



17

temporal bone resistivity on AN and FN thresholds was investigated at values 20% and

60% lower (5200 and 2600 .cm) and higher (7800 and 10400 .cm) than normal,

compact bone (6500 .cm).

Figure 6.  FNF and degenerate ANF thresholds as a function of otic capsule bone resistivity. a)

Left ear shows predicted thresholds for electrodes E1 (150  from the round window), E3 (95 )

and E7 (5 ).  Thresholds show a sharp increase below 5200 .cm.  E3 and E7  have threshold

differences of less than 5 dB, suggesting a risk for FNS.  Both ST and SV are mildly ossified

with a resistivity of 650 .cm. b) Right ear shows predicted thresholds electrodes E1(apical),

E5 (nearest to FN) and E12 (base).  The FN threshold of E5 is slightly lower than that of the

ANF, suggesting a high probability of FNS.  E1 and E12 pose a lower risk of FNS compared to

E5 with FN thresholds more than 10 dB higher than the ANF thresholds at the majority of

resistivities.  Only the ST is partially and mildly ossified with a resistivity of 650 .cm.

A comparison of the predicted ANF and FN thresholds at the four different

temporal bone resistivities are shown in Figure 6a for the left ear for three electrodes.

Both ANF and FN thresholds show a steep increase as the resistivity decreases below

5200 .cm compared to a slight decrease above 5200 .cm.  For E3 and E7 the FN

threshold is only approximately 5 dB higher than the ANF’s suggesting a possible



18

increased risk for FNS.  A similar comparison is shown for the right ear in Figure 6b.

The most significant observation is E5’s FN threshold being slightly lower than the

ANF’s, thereby suggesting a risk of FNS at low resistivities.  The apical and basal

electrodes present a lower risk of FNS having threshold differences of 10 to 20 dB at

most resistivity values.  In contrast to the left cochlea, the thresholds do not drastically

increase at the lower resistivities.

Healthy reference models of the left and right ear

Predicted ANF threshold and MCL levels as well as the FN thresholds for each

electrode of the healthy left ear were used as reference and compared to measured,

perceptual user data in Figure 7a.  As expected from literature, predicted thresholds are

higher than the measured perceptual thresholds (Kalkman et al., 2016; T. K. Malherbe

et al., 2016).  Modelled and programmed with the user’s map, the difference between

the predicted and user’s perceptual ANF threshold and MCL levels increase and diverge

from approximately 10 to 18 dB.   This suggests that the reference model is not an

accurate model of the actual post-meningitic cochlea.  A comparison between the

predicted FN and ANF thresholds shows that the FN threshold is lower for all but the

two most apical electrodes (1 and 2) suggesting a risk of FNS even prior to the onset of

meningitis related factors.  These simulations were, however, performed for the worst-

case scenario of maximum FNF diameter (8 µm).  Predictions of thresholds for smaller

diameter FNFs would be higher and thus decrease the likelihood of FNS.
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Figure 7.  Predicted and measured (perceptual) thresholds and MCLs comparison for each

electrode when modelled and programmed with the user’s map for the healthy, reference

models.  (a) Left ear.  The difference between the model’s predicted ANF threshold and MCL

levels (solid, filled marker lines) increases from approximately 10 to 18 dB as it diverges from

the user’s perceptual threshold and MCL data (broken, empty marker lines).  This suggests that

the healthy model is not an accurate model of the actual post meningitic cochlea.  The predicted

FN threshold (broken, unmarked line) is lower than the ANF threshold for all but the two most

apical electrodes (E1 and E2) confirming possible FNS even at the lowest stimulus levels for the

worst-case scenario of an 8 µm FNF diameter.  (b) Right ear.  The difference between the

predicted and perceptual ANF threshold and MCL levels ranges between 5 and 10 dB, smaller

compared to the left ear.  E1 to E3 might be wrongly positioned within the cochlear model as

their predicted thresholds are lower than the perceptual thresholds.  The predicted FN thresholds

are higher than most of the ANF thresholds, but the close proximity of the two threshold

predictions again suggests a risk of FNS at low stimulus levels even in the absence of

meningitic related factors.

Equivalent comparisons for the reference right cochlea in Figure 7b show

predictions to be much closer to the measured, perceptual results with ANF threshold

and MCL differences ranging between 5 and 10 dB.  In contrast to predicted ANF

thresholds almost always being higher than perceptual thresholds, the first three apical

electrodes have lower predicted thresholds.  This might suggest that the modelled

electrode array is not positioned correctly within that section of the cochlea.  Although
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the FN thresholds are higher than the ANF thresholds for most electrodes, it still lies

much closer to the ANF thresholds than the MCL levels which, as with the left cochlea,

suggests that the user could have been at risk of FNS even without manifestation of

meningitic related FNS factors.

User-specific application of the MBD tool

Predicted stimulus threshold and MCL levels versus electrode, as presented in the

previous section for the reference cochleae, were repeated for the post-meningitic

models using the user’s map with STs and SVs ossified as described in earlier.  The

temporal bone resistivity was set to 5200 .cm, 20% lower than normal bone, based on

the May 2015 data from Figure 5 from which it was calculated that the average density

for the left and the right cochleae (approximately 1890 HU) is 20% lower than the

control group’s average density (2207 HU).  Hence, for the purpose of this study, we

are assuming that the resistivity is proportional to density.

Predictions for the left ear in Figure 8a show a noticeable decrease in MCL and

threshold toward the basal electrodes in contrast to an increase seen in the reference

model (Figure 7a).  Predicted threshold and MCL values therefore no longer diverge

from the measured values’ trend, but follow it more accurately.  The FN thresholds

show a slight and overall, almost uniform, increase compared to the reference model

resulting in the FN threshold now being 3-8 dB higher than the ANF threshold where it

was lower than the ANF threshold for the reference model.  This would suggest a

lowered, albeit still reasonable, risk of FNS as the FN threshold remains below the

MCL.
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Figure 8.  Predicted and measured (perceptual) thresholds and MCLs comparison for each

electrode when modelled and programmed with the user’s map for the post-meningitic models.

(a) Left ear.  Predicted thresholds no longer diverge from the measured thresholds as was the

case for the healthy model (Fig 7a), but follows the perceptual trend more accurately at the basal

electrodes.  The FN threshold shows a slight and near-uniform increase compared to the

reference model resulting in a 3 to 8 dB higher threshold than the ANF threshold. The risk of

FNS, however, remains as the FN threshold remains below the MCL. (b) Right ear.  Apart from

E3, the predicted threshold and MCL levels are even closer to the perceptual values compared

to the healthy model in (7b).  The FN thresholds show a slight and near-uniform increase thus

widening the gap between the ANF and FN thresholds as in the left cochlea.

The post-meningitic right cochlea’s simulation results in Figure 8b show a

notable resemblance between the predicted and measured threshold and MCL levels.

The cause for the high threshold predicted for E3 is unsure but could be attributed to

factors such as the fibres now being degenerate or incorrect electrode placement in the

model.  Compared to the reference model (Figure 7b), threshold and MCL levels show a

small but noticeable decrease toward the perceptual levels and, as was the case for the

left cochlea, the FN thresholds again show a slight and near-uniform increase.   As

would be expected, E5, being the electrode nearest to the FN, remains the electrode with

the lowest FN threshold.
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Discussion

The primary objective of this study was to apply user-specific 3D computational

modelling in a translational way to create an MBD tool that allows investigation of the

mechanisms that underlie the manifestation of FNS in a CI user's post-meningitic

cochleae.  The models were constructed based on previous work in our group (T. K.

Malherbe et al., 2016) and used to assess the likelihood of FNS through the prediction

of ANF and FN thresholds by including the FN and factors associated with post-

meningitic cochleae into the models.

Several studies have proposed that lowered resistivity, or increased conductivity,

of the otic capsule is the most probable cause of FNS as it creates possible pathways for

current to leak from the cochlea to other nearby structures such as the FN (Ahn et al.,

2009; Battmer et al., 2006; Cushing et al., 2006; Kelsall et al., 1997; Kruschinski et al.,

2003; Makizumi et al., 2013; Marshall et al., 2005; Seyyedi et al., 2013).  The bone

densitometry results in Figure 5 revealed that the post-meningitic cochleae of the CI

user in this study have a more severe reduction in bone resistivity than most post-

otosclerotic cochleae.  The effect of reduced resistivity in the otic capsule due to

otosclerosis was first modelled by Frijns et al. (2009) who described the leakage current

as resulting in a reduced current density in the ST and hence higher thresholds for both

the ANF and FN, albeit to a lesser degree for the FN.  The bone densitometry results in

Figure 5 also showed a continuous decrease in the otic capsules’ bone density or

resistivity over time, thus suggesting an increase in FNS. This observation is supported

by the changes in FNS experienced by the user and by the increase in perceptual

thresholds during the same period.

After constructing user-specific models of the cochleae and including

ossification within the cochlear ducts and degenerate fibres, the threshold vs. bone
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resistivity graphs in Figure 6 revealed somewhat different results compared to those

found in Frijns et al. (2009).  The partially ossified right cochlea (Figure 6b) more

closely resembles Frijn’s healthy, non-ossified cochlear duct simulations in which the

FN threshold remains “relatively constant” for higher resistivities while the ANF

threshold increases more rapidly as the resistivity decreases.  This convergence of the

two thresholds as temporal bone resistivity decreases over time, decreases the dynamic

range within which the CI can operate without causing FNS.  The relatively constant FN

threshold is particularly visible for E5, the electrode nearest to the FN.

In contrast to the partially ossified right cochlea, the completely ossified left

cochlea (Figure 6a) shows a rapidly increasing threshold for both ANF and FN as the

resistivity decreases below 5200 .cm.  It would therefore seem that ossification of the

ducts, i.e. increased resistivity within the ducts, aggravates the impact of the reduced

resistivity in the otic capsule.  It would also appear that, in itself, ossification reduces

the operable dynamic range when comparing the difference between the ANF and FN

thresholds for the left and right cochleae.  Despite the apical electrode (E1) of the left

cochlea being further away from the FN than E1 of the right cochlea, the FN threshold

is noticeably closer to the ANF threshold for the left cochlea suggesting a higher

probability of FNS on the left.  The same observation can be made for the two basal

electrodes that are more equidistant from the FN.

The effect of ossification in the cochlear ducts, degenerate ANFs and a 20%

lower temporal bone resistivity within the post-meningitic cochleae on model accuracy,

was investigated using Figure 8 by comparing electrode thresholds to those of the

healthy, reference cochleae in Figure 7.  For both the left and right cochleae (excl. E1 –

E3), the post-meningitic ANF thresholds showed a much closer correspondence to the

measured, perceptual thresholds thus validating the inclusion of the three meningitic
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factors to model the effect of FNS.  Although the post-meningitic left cochlea’s

predicted ANF thresholds (Figure 8a) were not as close to the perceptual thresholds as

is the case for the right cochlea (Figure 8b), they do follow the same trend as the

perceptual thresholds.  In contrast to the other electrodes in the right cochlea, E1 to E3’s

predicted ANF thresholds are lower than the perceptual thresholds in the reference

model (Figure 7b) and E3’s threshold is excessively high compared to the other

electrodes in the post-meningitic model.  This might suggest that these three electrodes

were positioned incorrectly in the model taking into account the difficulty to accurately

identify electrode locations from CTs because of the artefacts created by the metal

electrodes.  Other factors might include the presence of fibrous tissue encapsulating the

electrode or segmental loss of the ANFs which was not included in the model.

It is known from physiological studies that electrodes close to the FN pose a

higher risk of FNS (Kruschinski et al., 2003; Seyyedi et al., 2013).  The post-meningitic

model results of the right ear in Figure 8b showed that the FN threshold for E5, the

electrode nearest the FN (see Figure 2), is the lowest of all electrodes and even slightly

less than the ANF threshold which suggests a risk of FNS.  Electrodes in the left

cochlea are almost equidistant from the FN (Figure 2) thus resulting, as expected, in all

electrodes having approximately the same predicted FN threshold (Figure 8a).

Overall, the left would appear to be more susceptible to FNS across all

electrodes as the ANF and FN threshold differences are less than those on the right

(except for E5 which is situated right next to the FN).  This observation again

corresponds to the user's experience with the left implant, which was explanted, later re-

implanted with FNS re-occurring soon after and finally explanted a second and final

time.  This further validates the improved, post-meningitic model.
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Considering the post-meningitic FN threshold curves in Figure 8a and Figure 8b,

both the left and right showed a small, almost uniform increase across all electrodes

compared to those of the reference models.  This corresponds to the observations made

for a lower temporal bone resistivity in Figure 6.  In contrast to the FN thresholds,

observations made in Figure 6 and in Frijns et al. (2009), the ANF thresholds decreased

in the post-meningitic models.  This could possibly be ascribed to the ossified cochlear

ducts’ near 10-fold increase in resistivity redirecting sufficient current through the bony

spiral lamina to the degenerated ANF’s axons which have lower thresholds relative to

the dendrites because of their larger diameters.

Case reports such as the one presented in the present study complement

evidence-based medicine as the population-based nature of large research studies often

necessitate the exclusion of case-specific parameters. This approach may result in the

findings from such studies to have little relevance to an individual person (Rison et al.,

2017).  By applying the MBD tool to assess the underlying mechanisms and the

progression of FNS for the specific CI user, clinical information that is relevant for the

individual could be derived.  The primary implication for the user from the findings in

this study is that the presentation of FNS is expected to have stabilized in the left

cochlea while it is likely to deteriorate for the right cochlea as the changes in the bone in

and around this cochlea are ongoing. This information may affect and ultimately

determine the course of management of the specific user.

In summary, i) bone densitometry was effectively used to estimate and model

the decrease in bone resistivity within the otic capsule, ii) post-meningitic predicted

ANF threshold levels more closely presented the perceptual thresholds while the

predicted likelihood of FNS was confirmed by the user’s experience, iii) ossification of

the cochlear ducts appeared to aggravate the increase in thresholds caused by the otic
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capsule’s decreased resistivity, iv)  simulations showed good correspondence between

electrode distance from the FN and its risk of causing FNS.

Finally, this translational study demonstrates the value of computational

modelling as a clinical instrument in the assessment and management of complications

with CI implantation.
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