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Abstract

Introduction

Robot-assisted cochlear implantation surgery (RACIS) involves the drilling of a
keyhole access to the inner ear for cochlear implant placement to treat patients with
severe-to-profound sensorineural hearing loss. RACIS with the HEARO-procedure
does not require the drilling of a mastoidectomy and posterior tympanotomy to pass
through the facial recess. Instead, it directly drills through it guarding a safe dis-
tance from both the facial nerve and chorda tympani. Cochlear implantation surgery
involves a well described risk for facial nerve injury when passing through the facial
recess. Neuromonitoring as a safety protocol gained great importance in conven-
tional Cl surgery and is proving its benefits in RACIS. RACIS in the HEARO-
procedure involves a customized facial nerve monitoring (FNM) device that was
designed and tested in an animal model study. Here, this device was retrospectively
assessed in the largest series of patients undergoing the HEARO-procedure.

Materials and methods

The safety protocol in the HEARO-procedure involves FNM and intra-operative cone-
beam CT (CBCT) imaging with a 0.1 mm spatial resolution. The customized FNM
device was employed, using both active mono- and bipolar stimulation to estimate
the distance to the facial nerve in RACIS. Linear regression was used to determine

if the minimum stimulation thresholds (FNM) could significantly predict the intra-
operative distance (CBCT) between the drilled trajectory and the facial nerve. Logistic
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regression was used to calculate if FNM can distinguish distances smaller and
greater than 0.4 mm to the facial nerve.

Results

The minimum stimulation thresholds significantly predicted the distances between the
drilling trajectory and the facial nerve for both the monopolar (p = 0.001) and bipolar 3
(p = 0.008) stimulation configuration. Both the monopolar (f =-0.189, S.E. = 0.063, p
= 0.003) and bipolar 3 (3 =-0.187, S.E. = 0.080, p = 0.019) stimulation configuration
are negative and significant predictors of the probability of the distance being smaller
than 0.4 mm.

Conclusion

FNM will alert the surgeon when the drilling trajectory comes closer than 0.4 mm to
the facial nerve in RACIS. A linear relationship was observed between the minimum
stimulation thresholds and the intra-operative distance towards the facial nerve.

Introduction

The World Health Organisation estimates that around 5% of the worlds population
has some kind of a disabling hearing loss [1]. Although well-established reimburse-
ment programs for hearing aids and cochlear implants are available in most western
countries, the uptake rate remains low [2]. On the other hand, there are more than a
million cochlear implant users today [3]. Cochlear implantation (Cl) is widely accepted
as the most effective treatment for patients with severe to profound sensorineural
hearing loss [4]. Its surgical placement is low risk involving an enlarged mastoidec-
tomy followed by a posterior tympanotomy. This so-called facial recess approach is
considered the gold standard technique [5,6]. Performed by an experienced otologist,
the risk of complications in conventional cochlear implantation surgery is low, with a
facial nerve injury prevalence of less than 1% [7,8]. This is probably due to the rather
stable and not too much alternating anatomical position of the facial nerve, allowing

a trained otologist to respect it during the drilling of the mastoid. A free running facial
nerve monitor is used during the conventional procedure which can give an alarm
when the surgeon accidentally drills on the facial nerve.

Advancements in image guided surgery allowed for the development of robot-
assisted cochlear implantation surgery (RACIS) [9]. New sets of tools were
engineered to make the HEARO®-procedure (CAScination, Bern, Switzerland) a
reality. OTOPLAN® (CAScination, Bern, Switzerland), initially a 3D planning soft-
ware programme used to calculate the surgical trajectory is now even commercially
available as a stand-alone product for otologists as a bedside image handling tool
[10]. The HEARO-procedure allows access to the inner ear by robotic drilling a
direct keyhole trajectory through the mastoid and facial recess. Electrode array
insertion is performed through this keyhole trajectory either manually or robotically
with another tool [11].
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High-resolution imaging empowered with highly accurate navigation systems enable the robotic drilling of a 1.8 mm
keyhole trajectory through the mastoid and facial recess for middle ear access [12—14]. Hereafter, inner ear access is
achieved after the milling of a 1.0 mm keyhole trajectory through the bony overhang of the round window [15]. Electrode
array insertion can thus be achieved through this minimal invasive access into the inner ear. The accuracy of the robotic
drilling arm was calibrated to be 0.15+0.08 mm when verified in pre-clinical trials on human cadavers [16,17]. The size of
the facial recess at the level of the round window is described as 2.65+0.63 mm [18]. During the HEARQ® procedure, drill-
ing through the facial recess is considered the most critical step. A custom-made drill with a diameter of 1.8 mm must pass
at a safe distance of at least 0.4 mm and 0.3 mm from both the facial nerve and the chorda tympani respectively. These
safety margins are described as being three standard deviations larger than the accuracy of the robotic system [13,15].
Drilling through the facial recess is performed in 0.5mm intervals.

The importance of neuromonitoring as a safety protocol is important in both conventional and robotic cochlear implan-
tation surgery. For the HEARO-procedure, a customized facial nerve monitoring (FNM) device was used, employing both
active mono- and bipolar stimulation. In a prospective study on sheep, it was demonstrated that FNM was able to prevent
structural damage to the facial nerve. In 4 out of 7 sheep, FNM was able to correctly estimate facial nerve proximity for
distances less than 0.1 mm. A prediction of facial nerve proximity can thus be made depending on the stimulation thresh-
old used. Smaller stimulation thresholds correlated with smaller distance ranges, and vice versa [19].

Here, we studied the efficacy and reliability of the customized FNM device during the HEARO procedure in the largest
series of patients undergoing RACIS to treat their severe to profound hearing loss.

Materials and methods
Study design and ethical considerations

This study is set up as a retrospective case-control study. The approval of the UZ Brussel ethics committee was granted
with number BUN: 1432022000276. The ethics committee waived the requirement for informed consent. The data for this
study was accessed on 4 September 2023. The authors did not have access to information that could identify individual
participants during or after data collection due to data anonymization.

The aim is to assess the performance of the FNM device in our database of patients who have underwent RACIS with
the HEARO-procedure and to determine the correlation between the stimulation thresholds at which a response was mea-
sured and the distance to the facial nerve measured using intra-operative imaging.

Intra-operative cone-beam CT

Before robotically drilling through the facial recess, imaging is performed in all included cases with a mobile cone-beam
CT with a 0.1 mm spatial resolution (XCAT XL, Xoran Ltd, Ann Arbor, Michigan, USA). A titanium rod is placed in the
partially drilled tunnel, 3mm before reaching the facial recess, to enhance the contrast of the keyhole trajectory (Fig 1).
The intra-operative distance between the drilled trajectory and the facial nerve for each RACIS case is measured using a
dedicated 3D planning software programme [13,15].

Facial nerve monitoring procedure

A pair of subdermal electromyography needles are inserted into the orbicularis oculi muscle and a pair into the orbicularis
oris muscle. The correct placement of these needle electrodes is checked by directly stimulating the facial nerve. Drilling
through the facial recess is conducted in small 0.5mm intervals starting 3mm in front of the estimated depth of the facial
nerve. After each 0.5mm interval, active facial nerve stimulation is performed using the FNM probe that is inserted in the
drilled trajectory (Fig 2). The FNM probe features four different stimulation configurations: the monopolar (M), bipolar 1
(B1), bipolar 2 (B2) and bipolar 3 (B3) stimulation (Fig 3). Each configuration will produce a stimulation threshold ranging
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Fig 1. Intra-operative cone-beam CT of titanium rod placed inside the drilling trajectory and calculation of the facial nerve (yellow) distance
using a dedicated 3D planning software programme. Fiducials (blue) are used for patient to image registration. The chorda tympani (orange) and the
target/cochlea (red) are also visualized.

https://doi.org/10.1371/journal.pone.0326614.9001
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Fig 2. FNM is performed after each 0.5 mm drilling interval (blue point) when drilling through the facial recess. The facial nerve is indicated in
yellow and the chorda tympani in orange.

https://doi.org/10.1371/journal.pone.0326614.9002
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Fig 3. The FNM probe features four different stimulation configurations: monopolar (M), bipolar 1 (B1), bipolar 2 (B2) and bipolar 3 (B3).

https://doi.org/10.1371/journal.pone.0326614.9003

from 0.2 to 2.0 mA. The compound muscle action potential (CMAP) can then be measured from both facial muscles in mil-
livolt (mV). Excluding artefacts, minimum stimulation thresholds that elicit a CMAP response above 0.1 mV are recorded
as an event. A CMAP response of less than 0.1 mV at a stimulation threshold of 2 mA is not considered a significant event
and indicates that the measurement site is not in close proximity to the facial nerve. A total of five measurements are per-
formed for each stimulation configuration.
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Conventional monopolar neuromonitoring alone cannot accurately estimate the proximity to the facial nerve at dis-
tances less than 0.1 mm [20]. While monopolar stimulation provides high sensitivity, it lacks specificity. By using 3 elec-
trodes for bipolar stimulation at lower thresholds, more specific estimations of distances smaller than 0.5mm can be
achieved [21].

Data-analysis

All cases were performed by the same surgeon (VT) with the HEARO®-procedure (CAScination, Bern, Switzerland) as
previously published [15]. Cases that had to be converted to conventional cochlear implantation surgery before drilling
through the facial recess and where there is thus no FNM data to analyse had to be excluded from the analysis.

The following data were analysed for the monopolar, bipolar 1, bipolar 2 and bipolar 3 configuration:

» The intra-operative distance (mm) between the drilled trajectory and the facial nerve for each RACIS case measured
during intra-operative cone-beam CT imaging.

* The CMAP responses (mV) measured at both the orbicularis oculi and orbicularis oris muscles.
* The minimum stimulation threshold (mA) that elicited an event: a CMAP response above 0.1 mV at each interval.

A total of 33 patients underwent RACIS. Three cases were excluded from this study. Two were excluded due to a
software failure disabling the intra-operative safety assessments. The third case was excluded because of intra-operative
imaging not being able to predict a safe distance towards the facial nerve. All excluded cases were successfully implanted
through conventional cochlear implantation surgery. The data consisted of 30 cases or 600 measurements. Only 192
events or minimum stimulation thresholds (mA) that elicited a CMAP response above 0.1 mV were analysed.

Statistical considerations

All events of each drilling interval were analysed together using linear regression and logistic regression analysis. Linear
regression was used to determine if the minimum stimulation thresholds that elicited a CMAP response above 0.1 mV sig-
nificantly predicted the intra-operative distance between the drilled trajectory and the facial nerve. Logistic regression was
used to calculate if facial nerve monitoring can distinguish distances smaller and greater than 0.4 mm.

Results

In none of the patients undergoing the HEARO-procedure was there a case of structural or functional damage to the facial
nerve. In two cases, FNM alarmed the surgeon for an unsafe trajectory reaching closer than 0.4 mm to the facial nerve
which is considered unsafe according to the current safety mitigation protocol. Intra-operative imaging and 3D planning

in the first case confirmed the distance towards the facial nerve to be 0.222mm. Robotic drilling through the facial recess
was continued but was aborted after the third facial nerve stimulation interval. At this point, each respective stimulation
configuration demonstrated a minimum stimulation threshold of 0.2 mA.

In the second case, intra-operative imaging and 3D planning predicted the distance towards the facial nerve to be
0.415mm. Robotic drilling through the facial recess was continued but also aborted after the third facial nerve stimulation
interval. At this point, facial nerve monitoring could not warrant a safe distance towards the facial nerve. The monopolar,
bipolar 1 and 2 stimulation configuration demonstrated a minimum stimulation threshold of 1.25 mA, 0.3 mA and 0.75
mA respectively. A post-operative analysis was performed because of the discrepancy between the FNM responses and
the measured distance with cone-beam CT imaging from the facial nerve. This analysis demonstrated the facial nerve to
have been incorrectly partially segmented which resulted in a miscalculated safe trajectory estimation. A section of the
facial nerve was thus closer to the drilling trajectory than measured (Fig 4). The actual intra-operative distance to the facial
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Fig 4. Intra-operative cone-beam CT and 3D reconstruction of incorrectly partially segmented facial nerve (yellow). The drilling trajectory (light
blue) was in reality closer to the facial nerve than initially calculated.

https://doi.org/10.1371/journal.pone.0326614.9g004

nerve was 0.290 mm. In both cases the HEARO-procedure was converted to conventional surgery. Both patients were
successfully implanted without any complications.

Monopolar configuration

Simple linear regression analysis was statistically significant (R2=0.202, F(1, 80) = 20.24, p=0.001) for the monopo-
lar configuration (Fig 5). The minimum stimulation thresholds significantly predicted the distances from the facial nerve
(3=0.449, p=0.001).

The minimum stimulation thresholds in the monopolar configuration are a negative and significant predictor of the prob-
ability of the distance being smaller than 0.4mm (=-0.189, S.E.=0.063, p=0.003).

The odds ratio for the minimum stimulation thresholds is 0.828 (C.l. = [0.732, 0.937]) meaning that the odd of the dis-
tance being smaller than 0.4 mm decreases by 17,2% with every 0.1 mA increase in the minimum stimulation threshold.

Bipolar 1 configuration

Simple linear regression was not statistically significant (R?=0.164, F(1, 17) = 3.34, p=0.085) for the bipolar 1 config-
uration. The minimum stimulation thresholds did not significantly predict the distances from the facial nerve (=0.405,
p=0.085).

The minimum stimulation thresholds in the bipolar 1 configuration are a negative but non-significant predictor of the
probability of the distance being smaller than 0.4mm (=-0.168, S.E.=0.102, p=0.099). The odds ratio for the minimum
stimulation thresholds is 0.846 (C.I. = [0.693, 1.032]) meaning that the odd of the distance being smaller than 0.4 mm
decreases by 15,4% with every 0.1 mA increase of the minimum stimulation threshold.
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Fig 5. Linear relationship between intra-operative distance from the facial nerve and the minimum stimulation thresholds for the monopolar
configuration.

https://doi.org/10.1371/journal.pone.0326614.9005

Bipolar 2 configuration

Simple linear regression was not statistically significant (R2=0.099, F(1, 36) = 3.95, p=0.055) for the bipolar 2 config-
uration. The minimum stimulation thresholds did not significantly predict the distances from the facial nerve (3=0.214,
p=0.055).

The minimum stimulation thresholds in the bipolar 2 configuration are a negative but non-significant predictor of the
probability of the distance being smaller than 0.4mm (3=-0.129, S.E.=0.074, p=0.083). The odds ratio for the minimum
stimulation thresholds is 0.879 (C.I. = [0.760, 1.017]) meaning that the odd of the distance being smaller than 0.4 mm
decreases by 12.1% with every 0.1 mA increase of the minimum stimulation threshold.

Bipolar 3 configuration

Simple linear regression was statistically significant (R?=0.130, F(1, 51) = 7.65, p=0.008) for the bipolar 3 configura-
tion (Fig 6). The minimum stimulation thresholds significantly predicted the distances from the facial nerve (=0.361,
p=0.008).

The minimum stimulation thresholds in the bipolar 3 configuration are a negative and significant predictor of the prob-
ability of the distance being smaller than 0.4mm (=-0.187, S.E.=0.080, p=0.019). The odds ratio for the minimum
stimulation thresholds is 0.829 (C.I. = [0.710, 0.970]) meaning that the odd of the distance being smaller than 0.4 mm
decreases by 17,1% with every 0.1 mA increase of the minimum stimulation threshold.

Discussion

Here we present the clinical assessment of multipolar FNM for estimating facial nerve proximity during RACIS in the
largest series of patients. Robotizing surgical tasks is gaining more and more popularity. As described by Fosch-Villaronga
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Fig 6. Linear relationship between intra-operative distance from the facial nerve and the minimum stimulation thresholds for the bipolar 3
configuration.

https://doi.org/10.1371/journal.pone.0326614.9006

et al., surgical automation is categorized into 5 levels [22]. Most surgical robots in use today operate at autonomy level 2.
In this setup, there is a master-slave connection where the surgeon (master) remotely controls a robotic tool (slave). With
a low level of robotic autonomy, the need for a rigorous safety protocol is less crucial [23]. In the HEARO procedure, as
described by Topsakal et al. [15], the autonomy level is 3, where the surgeon still manually segments the patients anat-
omy to determine a surgical trajectory towards the inner ear but the drilling is performed by a robotic arm. The safety miti-
gation protocol in robotic procedures need perhaps to be more rigorous because of potential human errors during surgical
trajectory segmentation. In this sense a secondary and independent safety measure is given by the FNM.

Significant results were observed for the monopolar and bipolar 3 stimulation configurations in our series of cases. A
linear relationship was established between the minimum stimulation thresholds that elicited a CMAP response above 0.1
mV and the intra-operative distance relative to the facial nerve. As expected, a response following increasing stimulation
thresholds correlated with a greater intra-operative distance, and vice versa. Both the monopolar and bipolar 3 stimulation
configurations were able to significantly distinguish distances greater and smaller than 0.4 mm.

On the scatterplot, some variability is observed in the distances relative to the facial nerve per stimulation threshold.
The initial pre-clinical FNM trial was calibrated on sheep [19]. Although the anatomy of a sheep’s mastoid is comparable
to that of a human [24]. We suspect the presence of air cells (where there are no air cells in a sheep’s mastoid) and the
differences in bone quality to have an effect on how the stimulation threshold is transmitted to the facial nerve and on the
measured responses. The subtle variations in the anatomy determine the different media that the electrical current must
traverse. This could explain this observed variability.

Most measurements represent distances greater than 0.4 mm. Although the results are statistically significant, FNM
performance could only be evaluated on a limited set of critical distances. This is to be expected because preoperatively,
a minimum safety margin of at least 0.4 mm in relation to the facial nerve is considered. The prospective study in sheep
was able to include more critical distances, but for obvious reasons this is not possible in humans. However, it can be
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stated that in the two cases where there was a critical distance relative to the facial nerve, FNM was able to alert the sur-
geon in time. Because of this, the surgeon decided to convert these HEARO-procedures to conventional surgery without
any complications. Regardless of how performant or accurate the navigation system is, anecdotal accidents and injuries
have been observed when passing the facial nerve using only a navigation system. It seems indispensable to have two
diverse systems for risk mitigation that are independent of each other.

The aim of the HEARO-procedure is not to replace the surgeon but to be used as a surgical instrument that increases
the quality and reliability of the surgery standardising outcomes for patients. Based on the patients’ individual anatomy
and cochlear parameters, a personalised trajectory to the inner ear is calculated [25]. The angle of insertion can be war-
ranted better than any surgeon can perform or estimate using the anatomical landmarks, simply because it is not possible
to look beyond the level of the round window with a microscope. The required accuracy and sensitivity during cochlear
implantation is already at the limits of human dexterity. With electrode arrays becoming smaller in the future, the need for
robotic accuracy and reliability will become necessary. Robotic cochlear implantation surgery would take less than 10 min-
utes for inner ear access however the current safety protocols such as FNM and intra-operative imaging require most of
the time. This study evaluating FNM could help reduce RACIS time. Perhaps RACIS can become an outpatient procedure
under local anaesthesia.

RACIS should not only respect the anatomical course of the facial nerve but should also not cause any thermal injury
during drilling. Drilling through temporal bone close to the facial nerve can lead to a harmful temperature rise [26]. Facial
nerve palsy due to the heat generated during drilling has been described in the past, in a case of template based cochlear
implantation [27]. Therefore, a custom-made helical step drill with an optimized geometry was designed to minimize the
heat buildup during drilling. Furthermore, drilling is performed in 0.5 mm intervals with additional flushing of the drilled
trajectory to prevent chip-build up and thus to further minimize harmful temperatures [28].

With the cone-beam CT that has a spatial resolution of 0.1 mm, a safe distance from the facial nerve can still be
planned with great accuracy. However, when compared to the prospective study on sheep that used a uCT imaging
device with a spatial resolution of 0.018 mm, the resolution is 5 times lower. In terms of the safety of the procedure,
this has no implications. The drilling accuracy has been verified to be 0.1+ 0.05mm excluding image-related errors and
0.15+£0.08 mm on human cadavers (6). Besides the difference in spatial resolution, yCT imaging is also not feasible in an
intra-operative setting.

The most recent version of the planning software can automatically segment the crucial anatomy of the inner ear and
suggest a drilling trajectory. Here, the surgeon needs to approve the suggested drilling trajectory and supervise its exe-
cution reaching towards a level 4 of robotic autonomy. An automated segmentation of the patients anatomy and surgical
trajectory to the level of a voxel eliminates any potential human error or inaccuracy. Higher autonomy levels require sep-
arate rigorous safety mitigation protocols. Current FNM and perhaps newer electrophysiological monitoring devices will
therefore, continue to play a crucial role in RACIS.

Conclusions

A linear relationship was observed between the minimum stimulation thresholds and the intra-operative distance towards
the facial nerve in this study analysing RACIS. The customized FNM device can distinguish distances greater and smaller
than 0.4 mm.
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