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Facial nerve damage has a detrimental effect on a patient’s life, therefore safety
mechanisms to ensure its preservation are essential during lateral skull base surgery.
During robotic cochlear implantation a trajectory passing the facial nerve at <0.5mm is
needed. Recently a stimulation probe and nerve monitoring approach were developed
and introduced clinically, however for patient safety no trajectory was drilled closer than
0.4mm. Here we assess the performance of the nerve monitoring system at closer
distances. In a sheep model eight trajectories were drilled to test the setup followed
by 12 trajectories during which the ENT surgeon relied solely on the nerve monitoring
system and aborted the robotic drilling process if intraoperative nerve monitoring
alerted of a distance <0.1 mm. Microcomputed tomography images and histopathology
showed prospective use of the technology prevented facial nerve damage. Facial nerve
monitoring integrated in a robotic system supports the surgeon’s ability to proactively
avoid damage to the facial nerve during robotic drilling in the mastoid.

Keywords: robotic surgery, robotic cochlear implantation, neurophysiology monitoring, monopolar and bipolar,
nerve stimulation electrode

INTRODUCTION

Cochlear implants allow to treat severe sensorineural deafness and so far more than 324,200 (by the
end of 2012) have been implanted worldwide (1). If a patient’s residual hearing can be preserved
during surgery, speech recognition is improved (2). Key-hole approaches to the middle and inner
ear for cochlear implantation can automate the drilling process and electrode insertion can be more
consistent with hypothesized better auditory outcomes (3, 4). The conventional mastoidectomy
and posterior tympanotomy is replaced by a linear tunnel reaching from the mastoid surface to the
insertion site on the cochlea, passing between the facial nerve and the chorda tympani at distances
of <1 mm (5, 6). Optimal electrode insertion angles even advocate a margin of <0.5 mm (7). Facial
nerve damage has detrimental effects on a patient’s life (8). Therefore, in the conventional approach,
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the facial nerve is surgically exposed (skeletonized) and risk
of facial nerve palsy is minimal (<0.8 %) (9), in most cases
only a transitory problem. However, during a keyhole approach
sufficient clearance cannot be confirmed visually, hence accurate
stereotactic image guidance technology is required, backed up by
redundancy to provide for fail safe operation.

Clinically, key-hole cochlear implantation using patient-
specific stereotactic frames (10) and our previously reported
task specific robot system (11-13) have been demonstrated.
We consider surgical robotic technology to be superior over
stereotactic frames, as it can control forces, irrigation and
feed forward rates accurately during drilling processes and
provide coherent integration of necessary safety mechanisms
(14). Among other safety elements, we had integrated facial
nerve monitoring (FNM) to trace the functional integrity of
nerves during the first attempts of robotic keyhole surgery (3, 4)
(Figure 1).

Intraoperative nerve monitoring was first proposed for
use in lateral skull base surgery (15) and was subsequently
introduced to many other surgical disciplines such as Ear-nose-
throat (ENT) (8, 16), spinal (17, 18), and cranial neurosurgery
(19, 20). While facial nerve monitoring has become a well-
accepted clinical utility during certain otologic surgeries (21,
22), our understanding of its performance during key-tunneling
approaches is still in its infancy. We previously demonstrated,
that conventional monopolar facial nerve monitoring is of only
limited use during robotic middle ear access, because it does
not give conclusive feedback of nerve proximity at close range
(<1 mm) (23).

Hence, we proposed a nerve monitoring approach with
variable monopolar and bipolar stimulation intensity and where
muscle response are analyzed to determine whether a surgical
drill is too close to the facial nerve (24) (Figurel). As the
drill passes the facial nerve, stimulus thresholds (minimum
stimulation intensity evoking a muscle action potential response)
are sampled at pre-defined locations. The bipolar configurations
have a localized electrical field, allowing to distinguish nerve
proximity at closer distances than the monopolar configuration
(19). In an initial pre-clinical in vivo experience, the system
was able to determine potential collisions (distance <0.1 mm,
stimulation threshold <0.35mA) with the facial nerve (24).
Different stimulation channels provide different penetration
depths of the electrical current, thus higher sensitivity is
associated to a monopolar configuration and higher specificity
to a bipolar. From four stimulation channels studied (bipolar
1, 2, 3, and monopolar), it was demonstrated that bipolar
stimulation (distance cathode-anode of 2mm) is the most
reliable to determine a potential collision with the facial nerve
(<0.1 mm). The system was then introduced clinically (25) in six
patients, and its predicted facial nerve clearance correlated with
the distances measured in the intraoperative CT scans (12). For
patient safety, trajectories were drilled with a safety margin to the
facial nerve of 0.4 mm.

Here, we aim to validate the performance of the system
in distance ranges between potential collision and sufficient
clearance to the facial nerve (0.0 < distance < 0.4 mm). We
hypothesize that the surgeon is able to abort the robot assisted

procedure based on the facial nerve monitoring feedback,
without support on systems navigation, before structurally
damaging the facial nerve. We carried out an in vivo study
(sheep model), where trajectories were planned and drilled in the
mastoid at pre-defined low distances from the facial nerve. The
ENT surgeon stopped the drill process if the system suggested
a collision with the facial nerve. Post-mortem micro-computed
tomography images and histopathology were used to evaluate
the nerve monitoring system’s ability to support the surgeon in
avoiding facial nerve structural damage.

MATERIALS AND METHODS

In-vivo Experiment

Study Design

The study was approved by the Bernese cantonal animal
commission (license number BE56/12). The study was designed
as prospective and observer-blinded. In total, a number of
24 drilling attempts (eight trajectories in three animals) with
varying distances (0 to 1.5mm) to the facial nerve were carried
out. Following a redesign of a FNM stimulation probe as
part of a commercial development and in order to confirm
expected system performance (24, 25), the first animal served for
training (training trajectories) and the last two for prospective
assessment of the nerve monitoring approach. In the training
trajectories, the surgeon is asked to continue drilling even
if the system suggests of a collision with the facial nerve.
In the prospective trajectories the surgeon will stop robotic
drilling in case the system suggests collision with the facial
nerve. A sheep model was chosen, because it provides similar
mastoid and facial nerve anatomy to human (26), whilst
the non-existence of air cells (27) is considered to be of
no relevance.

Per drill attempt, the trajectory was planned using pre-
operative computed tomography image data and drilled by
a surgical robotic system for cochlear implantation. Nerve
monitoring was applied at pre-defined positions near the
facial nerve. The system was operated by an ENT surgeon
who was not aware of the specifics of the drill trajectory
relative to the facial nerve (observer role). After each nerve
monitoring measurement, the ENT surgeon was presented with
the findings of the measurement and asked to terminate or
continue the drilling process based on stimulation threshold of
0.35mA derived from a previous study (25). After completion
of all trajectories, the subject was sacrificed by 0.5 ml/kg
pentobarbital 40%. The mastoid bone region was extracted for
post-operative micrometer resolution computed tomography.
Potential structural damage of the facial nerve in the proximity of
the drilled trajectories was studied via histopathological analysis
of each mastoid.

Anesthesia Protocol

Animals were pre-medicated with 0.1 mg/kg diazepam and 0.01
mg/kg fentanyl administered intravenously. General anesthesia
was induced with an intravenous injection of propofol 1% to
effect. Endotracheal intubation was performed, whereby the
anesthetic state was maintained by isoflurane in 100% oxygen and
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FIGURE 1 | Robotic cochlear implantation supported by facial nerve monitoring. Robotic drilling is performed from the surface of the mastoid to a first safety point
3 mm before the facial nerve (yellow) and the chorda tympani nerve (pink). The robot drill is retracted and the stimulating probe with monopolar and bipolar
configurations (Bipolar 1,2,3) is inserted to the end of the trajectory, following application of a stimulation intensity ramp (0.2-2 mA, 4 Hz, 250 ps). The minimum
intensity that elicits a muscle evoked potential above threshold is registered for each configuration. Different stimulus thresholds are expected to provide different
prediction of distance to the facial nerve. A stimulation intensity above 0.35 mA (bipolar configuration) suggest sufficient facial nerve distance to ensure structural

preservation of the facial nerve (e.g., 1 mA stimulus threshold bipolar B1).

fentanyl 0.01 mg/kg/h. Ringers lactate solution was administered
at a rate of 5 ml/kg/h. Neuromuscular blockade was avoided to
ensure normal facial nerve activity.

Site Preparation, Imaging, and Planning

The temporalis muscle was excised and four titanium reference
screws (2.2 mm diameter x 5mm length, Medartis, Switzerland)
were implanted near the external auditory canal for subject-
to-image registration (28). A CT image (0.4 mm space between
slices, 0.8 mm slice thickness) of the animal’s head was acquired
(Brilliance, Philips AG). A modified version of an otologic
surgical planning software (OTOPLAN™) (CAScination AG,
Switzerland) (29) was used to segment the facial nerve and
to plan the drilling trajectories (1.8 mm @) relative to the
segmented facial nerve. In subject 1 (training trajectories) an
intraoperative O-arm system (Medtronic) was used for pre-
operative imaging due to a technical problem with the CT
system (0.415mm pixel spacing, 0.8 mm slice thickness). In
each animal eight drilling trajectories were planned relative to

the segmented facial nerve (Figure 2a). Five trajectories were
defined with closest lateral distances (LD) of 0.5mm (TO0),
0.3mm (T2, T4), and 0.0mm (T1, T3). Three trajectories
were planned to frontally intersect with the facial nerve (T5,
T6, T7). On each trajectory five measurement points (P,
N = 5) were defined (Figure 2b). For the lateral trajectories
the first point was defined at an axial distance of 1.2mm
before the facial nerve center and the last point 0.9 mm after
(axial increments of 0.54mm) (25). In frontal trajectories,
the first measurement point was 1.2mm before the facial
nerve canal and the last point 0.3 mm inside (axial increments
0.375mm). Trajectories are herein after referred to by two
attributed numbers (x.y): the subject number (1-3) and
the trajectory number (0-7), e.g., subject 1 trajectory 6 is
labeled as 1.6.

Electromyography Setup
Two pairs of subdermal electromyography (EMG) needles (SDN
Trigon, Inomed, Germany) were inserted into the facial muscles,
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FIGURE 2 | (a) Trajectories (n = 8) plan relative to the facial nerve. (b) Schematic representation: five measurement points planned relative to the origin of the facial
nerve in the drill axis (Opy) for the lateral trajectories. Five measurement points planned relative to the facial nerve canal (FC) in the frontal trajectories. Lateral distance
(LD) planned between 0.00 mm and 0.5 mm. Drill trajectory to nerve closest distance defined as CD. (c) Stimulation probe, same diameter as the drill, four different
stimulation configurations, bipolar 1 (red), bipolar 2 (dark blue), bipolar 3 (blue) and monopolar (light blue). The monopolar configuration is measured with needle anode

orbicularis oculi, and oris; a ground and a stimulation-return
needle were placed central to the nose bridge. To verify correct
placement of the measuring needles, a positive control method
previously describe in Ansé et al. (25) was used. In case one
or both channels would depict no compound muscle action
potential (CMAP) above threshold (100 uV), the corresponding
measuring needle was repositioned in the facial muscle.

Drilling and Nerve Monitoring System

The HEARO™ system (CAScination AG, Switzerland) is a
neurotological surgical robotic system. It integrates a 5DoF
surgical robotic manipulator, an optical tracking camera and
a task-specific facial nerve monitoring system. To assess the
performance of the nerve monitoring system all integrated
safety mechanisms were disabled. The nerve monitoring system
consists of a navigated multipolar stimulating probe, stimulation,
and monitoring hardware and dedicated graphical user interface
functionality to carry out all necessary measurements.

The stimulating probe (Figure 2¢) is based on a previously
reported design (24), to enable bipolar (i) and monopolar (ii)
stimulation with a cathode electrode at the tip and four anode
configurations: (i) three concentric anodes rings (configurations
Bj,,3) distally distributed behind the tip of the probe (distances d
= 2, 4, and 7mm); (ii) a needle anode electrode placed in a far-
field location relative to the stimulating tip acts as anode of the
monopolar stimulation. The stimulating probe is navigated via
tracking markers integrated in the housing to ensure its complete
insertion into the drilled tunnel during facial nerve stimulation.

Robotic Guided Nerve Monitoring

Lateral drilling trajectories were randomly selected and loaded
to the system, to ensure the ENT surgeon was blinded. Drilling
commenced with pre-defined drilling parameters (drilling speed:

1,000 RPM, feed forward rate: 0.5 mms~!) and irrigation with
saline solution (NaCl 0.9%, room temperature). Upon reaching
the first measurement point (Figure 2, P1), the drill was removed,
and the drilled tunnel flushed (NaCl 0.9%) for consistency
in electrode-tissue contact properties. The FNM probe was
inserted to the end of the tunnel and an electrical impedance
check of the probe electrodes was done prior to application
of the stimulating protocol. Then a ramp of 11 stimulation
intensities (0.2, 0.25, 0.3, 0.35, 0.4, 0.5, 0.75, 1.0, 1.25, 1.5,
2.0mA) was applied to each of the channels of the probe
with duration of 250 ws (see Supplemental Digital Content 1
(Supplementary Video 1), which shows how the robotic system
drills to the next measurement point, the insertion of the FNM
probe and the stimulation protocol).

Recorded EMG responses were examined in a 50 ms search
window after a 3 ms rejection period following the stimulation
pulse. The minimum current intensity that produced an CMAP
response above threshold (100 wV) was determined and the
result for each channel presented to the ENT surgeon (Figure 3).
If the stimulation intensity of electrode configuration Bipolar 1
was above 0.35mA, the ENT surgeon continued drilling to the
next measurement point, otherwise the ENT surgeon stopped.
Upon completion of all drillings and FNM measurements,
subjects were euthanized, and the mastoid removed and
preserved in formalin for post-mortem analysis.

Post-mortem Assessment

Drill Trajectory to Facial Nerve Distance Assessment
Mastoids were WCT imaged (isotropic 18 pm, Scanco pCT
40, Scanco Medical, Switzerland). Drilled trajectories and the
facial nerve channel were manually segmented (Amira, FEI,
United States). Spatial positions of the measurement points
(P;) were determined along the segmented trajectory axes and
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the distance between the trajectory and the facial nerve were
measured (Matlab, The Mathworks, 2016a). The minimum
closest distance measured between each drilled tunnel and the
FN was defined as CDp;, (Figure2). The trajectories were
classified in two groups: (i) lateral and (ii) frontal, and lateral
trajectories were subcategorized as facial nerve (CDpin) above
or below 0.1 mm. Each trajectory was labeled as X.Y with X
being defined as the subject number (1-3) and Y as the trajectory
number within the subject (0-7) (e.g., trajectory 1.0 stands
for subjectl-trajectory0).

Histopathology to Determine Structural Nerve
Damage

Histopathologic inspection was used to study structural nerve
integrity and potential damage in all subjects. Mastoid bones were
first stored in EDTA for initial decalcification, and then, bones
were gently decalcified using a 10% formic acid base (Anapath
GmbH) until they became suitably soft to be sliced. Sections
were taken at an approximate thickness of 4 jum, and at steps of
60 wm. The resulting sections (50-60 per subject) were stained

by hematoxylin and eosin (H&E), before undergoing histological
evaluation. Pictures were taken by an UC30 camera.

FNM Performance to Determine Critical Nerve
Proximity

For the prospective assessment of FNM (Subjects 2-3), each
measurement point was classified as “outside” or “inside”
the nerve canal based on visual inspection in the histology
slices. Sensitivity and specificity were calculated comparing the
histology assessment with the intraoperative FNM “unsafe” vs
“safe” assessment. For comparison of these findings with the
previous retrospective pre-clinical study (25, 30), we replaced
not drilled/measured points by a best/worst case scenario.
To calculate confidence intervals, the efficient score method
corrected for continuity was used (31). All measurement points
(S1-S3) were retrospectively classified based on the measured
distance to the facial nerve in the pCT images. Positive and
negative predictive values were determined (PPV and NPV,
respectively) for all stimulation intensities and distances for
which PPV and NPV were above 95%. Youden’s J-test (32) was
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warning from system. (b) 1.1: lateral distance < 0.0 mm, stimulus threshold below 0.35 mA indicates an emitted system warning at the first FNM point. (c) 1.5: frontal

trajectory with final nerve distance < 0.1 mm, the system warned at the deepest FNM point.

used to derive the highest sensitivity and specificity result as a
function of stimulation intensity.

RESULTS

A total of 24 trajectories were drilled in three subjects, each tunnel
consisting of up to five measurement points at varying distances
from the facial nerve canal. During the experiment, breakage
of the bony walls during insertion of the probe (trajectory 3.6)
lead to exclusion of one trajectory. Difficulties to determine
the location of the facial nerve in the post-mortem imagery
lead to exclusion of three more trajectories (exclusion 4/24
trajectories; inclusion 20/24 trajectories). After WCT, we classified
the trajectories in three types based on facial nerve distance:
(a) lateral and FN distance > 0.1 mm (n = 6), (b) lateral and
FN distance < 0.1mm (n = 6), and (c) frontal (n = 8). In
total, 96 FNM points were assessed, 40 FNM points in subject 1
(training trajectories) and 56 points in subjects 2, 3 (prospective
trajectories). Facial nerve distances ranged from 0.0 to 1.5mm,

with 35 points (prospective, 35/56 = 62.5%) below 0.4 mm
(range of interest of this study). An overview of the recorded
CMAP data (from monopolar stimulation) can be found on the
Supplemental Digital Content 2 (Supplementary Data Sheet 1),
which shows the CMAP responses to stimulation for each
measurement point.

Stimulation Thresholds vs. Potential Facial

Nerve Damage

Training Trajectories

All trajectories were drilled to the deepest measurement
point. Figure4 shows three representative trajectories of the
training subject. Nerve monitoring suggested trajectories 1.0
(Figure 4a) and 1.4 with distances to the facial nerve above
0.Imm (Bipolar 1 > 0.35mA), confirmed in WCT (CDpin
> 0.2mm). In lateral trajectories 1.1 (Figure4b), 1.2 and
1.3 the FNM system suggested critical FN proximity below
0. mm and subsequently the system warns the ENT surgeon
(Bipolar 1 < 0.35mA), confirmed in WCT (CDpjp < 0.0 mm).
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In the frontal trajectories 1.5 (Figure4c), 1.6, and 1.7,
the FNM determined critical nerve distance at the deepest
measurement point (Ps), confirmed in WCT (CDpj, > 0.2 mm).
Histopathology determined structural damage to the facial nerve
in trajectory 1.1 (Figure 4b).

Prospective Trajectories

In 49/56 points, the system correctly concluded it was uncritical
to continue drilling. From the remaining seven points, four
were correctly identified to be closer to the nerve than 0.1 mm
(Figures 5i-1) and in three points the drill contacted the fallopian
canal with no prior warning from the FNM (Figures 5e,g,h).
All point along the three lateral trajectories with distances >
0.1 mm (Figures 5a-c) were correctly classified. Of the four
lateral trajectories with distances < 0.1 mm to the facial nerve
(Figures 5d-g), the FNM system missed to identify two critical
trajectories (Figures 5e,g). Five trajectories approached the facial
nerve frontally (Figures 5h-1). In three frontal trajectories the
system recommended aborting the drill process before reaching
the last point (Figures 5i-k). In one frontal trajectory the
FNM detected critical nerve distance in the last measurement
point (Figure 51). In one frontal trajectory FNM suggested FN
proximity < 0.1 mm based on B, (intensity of 0.35 mA at P3) but
missed to indicate it based on Bipolar 1.

No Structural Damage to the Facial Nerve

in Prospective Trajectories

In the prospective trajectories, no structural damage to the facial
nerve was observed in any of the histology slices for any of
the drilled trajectories. Trajectories 2.5 and 3.5 (Figures 5h,k)
were identified close to the facial nerve (distance < 0.1 mm)
with hemorrhage and tissue debris in the trajectories. Contact
to the epineurium surrounding the facial nerve was determined
in trajectories 2.3, 2.5, 3.4, 3.5 (Figures 5e,g,h,k). No structural
damage was observed to any of the nerve fascicles of the
four lateral trajectories with distances < 0.1 mm (Figure 6).
The complete histopathology analysis is in Supplemental Digital
Content 3 (Supplementary Table 1), with each trajectory relative
to the facial nerve and a region of interest in the facial nerve at a
magnified scale.

Stimulation Threshold as Function of

Facial Nerve Distance

The measured distance to the facial nerve in function of the
stimulation intensity (0.2-2mA) showed a wide spread (0-
1.5 mm; Figure 7a). In the lower stimulation intensities (0.2—
0.5mA), monopolar, bipolar 3, and bipolar 2 showed a wider
spread of distances (up to 0.9 mm) compared to Bipolar 1 (up
to 0.4 mm; Figure 7b). From the measurement points at facial
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FIGURE 6 | Histopathology of lateral trajectories at critically low distance to the fallopian channel (facial nerve canal). Decalcified mastoid bone slices with hematoxylin
and eosin staining. (a) Trajectory 2.3-Facial nerve in close proximity to the drilled hole but without visible destruction of the nerve fascicles. (b) Trajectory 2.4 with 6 um
distance (measured in wCT) between drill and fallopian canal, the black arrow indicating intact facial nerve fascicles. (c) Trajectory 3.0 with 10 um distance between
drill and fallopian channel and with intact facial nerve fascicles. (d) Trajectory 3.4 with facial nerve not visible (due to a technical artefact) and an intact epineurium.
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nerve distances below 0.1 mm (37 points in all three subjects),
75% of the times the stimulus threshold was below 0.5mA
(configuration B1, Figure 7c). For the pre-defined threshold of
0.35mA, 63% of the points were recognized by the system as
distances below 0.1 mm. To reach 95% true positive detections
at facial nerve distance < 0.1 mm, a stimulation intensity of
1.5mA was needed (Figure 7d), but this would have resulted
in a large amount of false positive detections (0.l mm < EN
distance < 1.5 mm, Figure 7a).

FNM Performance to Determine Critical FN
Proximity

Evaluation of the prospective use of the FNM system based
on the histopathology resulted in a sensitivity of 0.57 (95%
confidence interval (CI), [0.2, 0.88]) and a specificity of 1 (95%
CI, [0.91, 1]). Providing the four measurement points which
were not drilled (Figures 5i-k) would have been classified as
critical distance (expected scenario), the sensitivity was 0.73 (95%
CI, [0.39, 0.93]) and specificity 1 (95% CI, [0.91, 1]). From the
retrospective assessment (Subject 1, 2, and 3), the sensitivity
resulted in 0.68 (95% CI, [0.49, 0.84]) and specificity 0.97 (95%

CIL [0.89, 0.99]) (J = 0.65). The positive predictive value was 0.91
reached at distances < 0.08 mm (95% CI, [0.69, 0.98]); and the
negative predicted value was 0.88 at distances > 0.0 mm (95% ClI,
[0.78, 0.94]).

Depending on the stimulation threshold, the system is able to
discriminate different distance ranges to the facial nerve with a
positive predictive value > 95% (Figure 8). Lower stimulation
intensities resulted in narrow distance ranges, for example,
in Bl configuration at 0.35mA the drilled trajectories were
within 0.03 mm from the facial nerve. Increasing stimulation
intensities widened the distance ranges, for example at 0.5 mA
(B1) the trajectories were within 0.3 mm from the facial nerve.
Stimulation amplitude increased with distance for Bipolar
configuration B1, whereas with bipolar B3 and monopolar almost
no differences were found in the distance range < 0.6 mm.

DISCUSSION

In this study, we present a prospective validation of a previously
proposed nerve monitoring approach to detect facial nerve
proximity during robotic cochlear implantation procedure.
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Distance Ranges to FN given PPV > 95% for different stimulation thresholds
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FIGURE 8 | For different stimulation threshold levels, given a CMAP response
>100 nV with a positive predictive value PPV > 95%, the trajectory will be
found in the distance range depicted in colors. For example, with a positive
response measured in B1 at 0.5 mA, the distance between the trajectory and
the facial nerve is <0.3 mm.

Experimental results demonstrated that facial nerve monitoring
can correctly warn the surgeon to stop robotic operation when
the drill trajectory contacts the fallopian canal (facial nerve
channel). Although the drill trajectory may have contacted the
channel before the system has warned, structural preservation
of the facial nerve is still guaranteed with the proposed nerve
monitoring settings. Functional preservation of the facial nerve
at the critical distance range <0.1 mm could not be assessed and
remains unknown.

Histological assessment showed that in all prospective
trajectories the system warned and stopped before the facial
nerve was damaged. All measurement points which were outside
the fallopian canal were correctly identified. In subject 1
(training trajectories), the nerve monitoring assessment correctly
identified lateral trajectories that intersected and damaged
the facial nerve (Figure4b). In the prospective trajectories,
in three measurement points the drill trajectory terminated
inside the fallopian canal without previous warning of the
FNM system (false negatives). While the system works well in
most trajectories, there are borderline trajectories with distance
below 0.1 mm when the drill approaches laterally the facial
nerve channel which the system cannot yet correctly identify
(Figure 6). Due to the prospective study set-up there was a
limited number of measurement points classified as inside the
nerve, which biases (underestimates) the sensitivity of the system
compared to specificity (sensitivity 0.73, specificity 1).

The system had previously been used in a clinical trial (25) to
prevent mechanical destruction of the facial nerve. In patients,
a safety margin > 0.4mm had been implemented (13, 25).
Here distances between 0 and 0.4 mm were further studied to
potentially decrease the safety margin defined in future clinical

studies. In a previous pre-clinical in vivo study (24), we tested
an initial version of the system and explored stimulation settings
(intensities) and probe configurations (bipolar and monopolar).
We found that 0.3mA and bipolar stimulation (B;) could
detect a transition into the nerve channel. Now, with a newly
manufactured stimulation probe system, we found that below
0.35mA (configuration B1) avoided structural damage of the
facial nerve, but an intensity of 0.4 mA would potentially increase
the sensitivity to detect critical proximity below 0.1 mm and is
suggested for future studies (Figure 8).

The previous clinical study (25) suggested that the nerve
monitoring information from configurations B2 and B3 may be
redundant at distances > 0.4 mm. Here, we further suggest that
even at the distance range < 0.4mm, the configurations B2,
B3, and monopolar suggest similar correlates of nerve distance
for stimulation intensities below 0.5mA (Figure 8). A probe-
based measuring system allows to implement a large amount of
stimulation settings, however only a limited number of points
can be measured (due to time restrictions). Therefor we argue
in the future the number of electrode configurations could be
reduced from four to two, e.g., Bl and B2 or B1 and monopolar.
Additionally, integrating the electrodes in the surgical drill
bit will increase spatial resolution, save time and reduce the
complexity for the surgeon.

Although the approach was able to ensure structural
(anatomical) preservation of the facial nerve, here we did not
evaluate a correlation between structural damage and functional
damage. Thus, one practical limitation of our study is that
only structural damage could be assessed with microcomputed
tomography or histopathology. Standard assessment of facial
nerve function in an animal model may result cumbersome
and ethically inappropriate. We have applied functional testing
during our first clinical study in patients and it requires awake
state and collaboration of the patients before and after the
operation (30).

An alternative to assess functional nerve damage in an
animal model is recording a positive control stimulation
channel at the brainstem level before the facial nerve mastoid
region. Changes in amplitude of the evoked muscle action
potentials at supramaximal stimulation intensity is correlated
to intraoperative iatrogenic nerve damage (e.g., <50%) (33).
The viability of this method to test nerve integrity in the
mastoid region has not yet been studied, and its efficacy in our
animal model set-up is still unknown. Due to the “somatotopic”
distribution of the facial nerve fibers (34), in future studies we
suggest using a larger number of EMG needles to be able to
precisely assess minimal changes in integrity of the nerve.

The criteria for stopping the robotic drilling is based on a pre-
defined stimulation intensity and EMG-triggered response, but
the surgeon still needs to decide. This is especially relevant in
border-line cases, e.g., when the EMG signal is contaminated with
ambient noise or interference, or when the peak EMG value is
close but not yet above threshold level. In the operating room, the
final decision of the surgeon is based on a combination of nerve
monitoring with the primary layers of safety i.e., accuracy of the
registration process and direction of drilling error relative to the
plan based on intraoperative imaging before the facial nerve (12).
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The nerve monitoring measuring set-up uses a simplified
model with two variables (stimulation intensity and muscle
evoke potentials amplitude) to derive facial nerve distance. This
simplified model ignores anatomical and bone quality properties
which do influence the physical path of the electrical current
(volume conductor). We assume the unexpected high stimulation
intensities in some of the measured points (e.g., Figures 5f,g)
are due to such anatomical and structural differences. In the
future, tissue impedance and computational modeling from
pre-operative computed tomography images (30, 35) could be
investigated to calibrate intensity thresholds at the facial nerve
canal, specific to each patient.

To conclude, facial nerve monitoring integrated in a
surgical robotic system supported the surgeon to enable
facial nerve structural preservation prospectively. Although
structural preservation is a primary requirement during robotic
drilling in the mastoid, it remains unknown if functional
nerve integrity is ensured within distances of 0.l mm or
below. The system and approach are specific to not give
false alarms in case of trajectories being drilled within the
planned safety distance margin (>0.4mm); and the system
proved to correctly warn before the drill could structurally
damage the facial nerve in frontal trajectories. Lateral distances
below 0.1 mm cannot always be discriminated and should
be avoided.

DATA AVAILABILITY STATEMENT

Data sets of this study are made available by the authors
(see Supplementary Materials: Data Sheet 1, Table 1). Requests
to access additional datasets should be directed to juan.anso.
research@gmail.com.

ETHICS STATEMENT

Full name of the ethics committee that approved the study:
Bernese cantonal animal commission. https://www.vol.be.
ch/vol/de/index/direktion/organisation/lanat/organigramm/
kommission_fuer_tierversuche.html.

AUTHOR CONTRIBUTIONS

JA contributed in study design, experiments, data analysis,
statistics, and manuscript writing. CD contributed in study
design, experiments, data analysis, manuscript writing, and

REFERENCES

1. Sahin M, Sagers J, Stankovic K. Cochlear implantation. Otol Neurotol. (2017)
38:786-7. doi: 10.1097/MA0.0000000000001416

2. Huarte R, Roland J. Toward hearing preservation in cochlear implant
surgery. Curr Opin Otolaryngol Head Neck Surg. (2014) 22:349-52.
doi: 10.1097/M0O0.0000000000000089

3. Labadie RE, Chodhury P, Cetinkaya E, Balachandran R, Haynes DS, Fenlon
MR, et al. Minimally invasive, image-guided, facial-recess approach to the
middle ear: demonstration of the concept of percutaneous cochlear access

reviewing. MA contributed in data analysis, statistics, manuscript
writing, and reviewing. FV contributed in study design and
experiments. OS, KS, HR, and FF contributed in study
design, experiments, and manuscript reviewing. MD, 1Z, and
KW contributed in histopathology analysis. MM and MZ-A
contributed in study design, system implementation, and
manuscript reviewing. MH and MC contributed in manuscript
reviewing. SW contributed in study design, manuscript writing,
and reviewing.

FUNDING

Work leading to this in vivo study was supported by the Swiss
Commission for Technology and Innovation (projects MIRACI
17618.1 and 26136.1), Eurostars-Eureka (project RCI E!11597),
MED-EL GmbH (Innsbruck, Austria), CAScination AG (Bern,
Switzerland), and the University of Bern.

ACKNOWLEDGMENTS

The authors thank Christina Stahl (VetSuisse), Nicolas Gerber,
Laetitia Racz, Antoine Letouzey, Daniel Heiniger and Fabian
Zobrist (CAScination), Celine Wegner and Thilo Kriiger
(inomed), Mark Siegrist (DBMR, Unibe), Patricia Ney and
Liliane Schoni (Pathology, Unibe) for technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fsurg.
2019.00058/full#supplementary-material

Supplementary Data Sheet 1 | Overview of recorded electromyography data
showing CMAP responses to the stimulation intensity ramp at each measurement
point for the monopolar stimulation. A graph with maximum CMAP responses of
monopolar stimulation for each trajectory is depicted. A Summary report (Subject
1, 2, 3.docx) of CMAP responses (for monopolar stimulation) in trajectories with
potential FN damage are presented. Data sets of bipolar stimulation can be
shared if the reader is interested (see Data Availability Statement).

Supplementary Table 1 | Complete histopathology analysis with each trajectory
relative to the facial nerve and a region of interest in the facial nerve at a
magnified scale.

Supplementary Video 1 | Experimental robotic drilling and FNM set-up. The
robotic system drills to next measurement point, the otologic surgeon (user)
inserts the FNM probe. The stimulation ramp is applied and CMAP responses of
the subjects facial muscles are recorded. This protocol is reaped for each FNM
measurement point in the trajectory. If FNM system warns of a distance to the FN
below 0.1 mm, drilling of subsequent points of the trajectory is aborted.

in vitro. Otol Neurotol. (2005) 26:557-62. doi: 10.1097/01.ma0.0000178117.61
537.5b

4. Schipper J, Aschendorff A, Arapakis I, Klenzner T, Teszler CB, Ridder
GJ, et al. Navigation as a quality management tool in cochlear implant
surgery. ] Laryngol Otol. (2004) 118:764-70. doi: 10.1258/00222150424
50643

5. Bell B, Gerber N, Williamson T, Gavaghan K, Wimmer W, Caversaccio
M, et al. In vitro accuracy evaluation of image-guided robot
system for direct cochlear access. Otol Neurotol. (2013) 34:1284-90.
doi: 10.1097/MAO.0b013e31829561b6

Frontiers in Surgery | www.frontiersin.org

11

October 2019 | Volume 6 | Article 58


mailto:juan.anso.research@gmail.com
mailto:juan.anso.research@gmail.com
https://www.vol.be.ch/vol/de/index/direktion/organisation/lanat/organigramm/kommission_fuer_tierversuche.html
https://www.vol.be.ch/vol/de/index/direktion/organisation/lanat/organigramm/kommission_fuer_tierversuche.html
https://www.vol.be.ch/vol/de/index/direktion/organisation/lanat/organigramm/kommission_fuer_tierversuche.html
https://www.frontiersin.org/articles/10.3389/fsurg.2019.00058/full#supplementary-material
https://doi.org/10.1097/MAO.0000000000001416
https://doi.org/10.1097/MOO.0000000000000089
https://doi.org/10.1097/01.mao.0000178117.61537.5b
https://doi.org/10.1258/0022215042450643
https://doi.org/10.1097/MAO.0b013e31829561b6
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Anso et al.

Nerve Monitoring During Robotic Drilling

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Labadie RE, Noble JH, Dawant BM, Balachandran R, Majdani O,

Fitzpatrick M, et al. Clinical validation of percutaneous cochlear
implant  surgery: initial report. Laryngoscope. (2008) 118:1031-9.

doi: 10.1097/MLG.0b013e31816b30%¢

. Wimmer W, Venail E Williamson T, Akkari M, Gerber N, Weber S,

et al. Semiautomatic cochleostomy target and insertion trajectory planning
for minimally invasive cochlear implantation. BioMed Res Int. (2014)
2014:596498. doi: 10.1155/2014/596498

. Silverstein H, Smouha E, Jones R. Routine identification of the facial nerve

using electrical stimulation during otological and neurotological surgery.
Laryngoscope. (1988) 98:726-30. doi: 10.1288/00005537-198807000-00007

. Alzhrani E Lenarz T, Teschner M. Facial palsy following cochlear

implantation. Euro Arch Oto-Rhino-Laryngol. (2016) 273:4199-207.
doi: 10.1007/s00405-016-4124-0

Labadie RE, Balachandran R, Noble JH, Blachon GS, Mitchell JE, Reda
FA, et al. Minimally invasive image-guided cochlear implantation surgery:
first report of clinical implementation. Laryngoscope. (2014) 124:1915-22.
doi: 10.1002/lary.24520.Minimally-Invasive

Bell B, Stieger C, Gerber N, Arnold A, Nauer C, Hamacher
V, et al. A self-developed and constructed robot for minimally
invasive cochlear implantation. Acta Oto-laryngol. (2012) 132:355-60.
doi: 10.3109/00016489.2011.642813

Caversaccio M, Wimmer W, Anso ], Mantokoudis G, Gerber N, Rathgeb C,
et al. Robotic middle ear access for cochlear implantation: first in man. PLoS
One. (2019) 14:¢0220543. doi: 10.1371/journal.pone.0220543

Caversaccio M, Gavaghan K, Wimmer W, Williamson T, Anso J,
Mantokoudis G, et al. Robotic cochlear implantation: surgical procedure
and first clinical experience. Acta Oto-Laryngol. (2017) 137:447-54.
doi: 10.1080/00016489.2017.1278573

Weber S, Gavaghan K, Wimmer W, Williamson T, Gerber N, Anso J,
et al. Instrument flight to the inner ear. Sci Robot. (2017) 2:eaal4916.
doi: 10.1126/scirobotics.aal4916

Delgado TE, Bucheit WA, Rosenholtz HR, Chrissian S. Intraoperative
monitoring of facila muscle evoked responses obtained by intracranial
stimulation of the facila nerve: a more accurate technique for facila nerve
dissection. Neurosurgery. (1979) 4:418-21.

Bernardeschi D, Meskine N, Otaibi NA, Ablonczy R, Kalamarides M, Grayeli
AB, et al. Continuous facial nerve stimulating burr for otologic surgeries. Otol
Neurotol. (2011) 32:1347-51. doi: 10.1097/MAO.0b013e31822ec097

Holland NR. Intraoperative electromyography. J Clin Neurophysiol. (2002)
19:444-53. doi: 10.1097/00004691-200210000-00007

Mikula AL, Williams SK, Anderson PA. The use of intraoperative
triggered electromyography to detect misplaced pedicle
systematic review and meta-analysis. | Neurosurg. (2016) 24:624-38.
doi: 10.3171/2015.6.SPINE141323

Kartush JM, Niparko JK, Bledsoe SC, Graham MD, Kemink JL. Intraoperative
facial nerve monitoring: a comparison of stimulating electrodes.
Laryngoscope. (1985) 95:1536-40.

Seidel K, Biner MS, Zubak I, Rychen ], Beck ], Raabe A. Continuous
dynamic mapping to avoid accidental injury of the facial nerve during
surgery for large vestibular schwannomas. Neurosurg. Rev. (2018).
doi: 10.1007/s10143-018-1044-z

Heman-Ackah SE, Gupta S, Lalwani AK. Is facial nerve integrity
monitoring of value in chronic ear surgery? Laryngoscope. (2013) 123:2-3.
doi: 10.1002/lary.23363

Wilson L, Lin E, Lalwani A. Cost-effectiveness of intraoperative facial
nerve monitoring in middle ear or mastoid surgery. Laryngoscope. (2003)
113:1736-45. doi: 10.1097/00005537-200310000-00015

Anso J, Stahl C, Gerber N, Williamson T, Gavaghan K, Résler K, et
al. Feasibility of using EMG for early detection of the facial nerve
during robotic direct cochlear access. Otol Neurotol. (2014) 35:545-
54. doi: 10.1097/MA0O.0000000000000187

screws: a

24.

25.

26.

27.

29.

30.

31.

32.

33.

34.

35.

Ans6é ], Dur C, Gavaghan K, Rohrbach H, Gerber N, Williamson T,
et al. A neuromonitoring approach to facial nerve preservation during
image-guided robotic cochlear implantation. Otol Neurotol. (2016) 37:89-98.
doi: 10.1097/MA0.0000000000000914

Ans6 J, Scheidegger O, Wimmer W, Gavaghan K, Gerber N, Schneider
D, et Neuromonitoring  during implantation:
initial clinical experience. Ann Biomed Eng. 46:1568-81.
doi: 10.1007/s10439-018-2094-7

Seibel VA, Lavinsky L, Irion K. CT-Scan sheep and human inner
ear morphometric comparison. Braz | Otorhinol. (2006) 72:370-6.
doi: 10.1016/S1808-8694(15)30971-X

Seibel VAA, Lavinsky L, Oliveira JAPD. Morphometric study of the external
and middle ear anatomy in sheep: a possible model for ear experiments. Clin
Anat. (2006) 19:503-9. doi: 10.1002/ca.20218

cochlear
(2018)

al. robotic

. Gerber N, Gavaghan K, Bell B, Williamson T, Weisstanner C, Caversaccio

MD, et al. High Accuracy patient-to-image registration for the
facilitation of image guided robotic microsurgery on the head. IEEE
Transact Bio-Med Eng. (2013) 60:960-8. doi: 10.1109/TBME.2013.22
41063

Gerber N, Bell B, Gavaghan K, Weisstanner C, Caversaccio MD, Weber S.
Surgical planning tool for robotically assisted hearing aid implantation. Int
] Comp Assist Radiol Surg. (2014) 9:11-20. doi: 10.1007/s11548-013-0908-5
Ans6 ], Wyss-Balmer T, Jegge Y, Kalvoy H, Bell B], Dur C, et al
Electrical impedance to assess facial nerve proximity during robotic
cochlear implantation. IEEE Transact Biomed Eng. (2018) 66:237-45.
doi: 10.1109/TBME.2018.2830303

Newcombe RG. Two-sided confidence intervals for the single proportion:
comparison of seven methods. Stat Med. (1998) 17:857-72. doi: 10.1002/
(SICI)1097-0258(19980430)17:8 <857::AID-SIM777>3.0.CO;2-E

Youden WJ. Index for rating diagnostic tests. Cancer. (1950) 3:32-5. doi: 10.
1002/1097-0142(1950)3:1<32::AID-CNCR2820030106>3.0.CO;2-3

Amano M, Kohno M, Nagata O, Taniguchi M, Sora S, Sato H. Intraoperative
monitoring  of evoked facial
in acoustic neuroma surgery. Acta Neurochir.
doi: 10.1007/s00701-010-0937-6

Yamada H, Hato N, Murakami S, Honda N, Wakisaka H, Takahashi H,
et al. Facial synkinesis after experimental compression of the facial nerve
comparing intratemporal and extratemporal lesions. Laryngoscope. (2010)
120:1022-7. doi: 10.1002/lary.20840

Wyss Balmer T, Ansé ], Muntane E, Gavaghan K, Weber S, Stahel
A, et al. In-vivo electrical impedance measurement in mastoid
bone. Ann Biomed Eng. (2017) 45:1122-32. doi: 10.1007/s10439-016-
1758-4

continuous nerve electromyograms

(2011) 153:1059-67.

Conflict of Interest: JA and SW were inventors on the related patents
PCT/EP2018/067648 and PCT/IB2017/055312. SW was cofounder, shareholder,
and advisor to the board. MM was chief technical officer and shareholder of
CAScination AG (Bern, Switzerland), a company that is developing the robotic
cochlear implantation technology presented herein.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Anso, Diir, Apelt, Venail, Scheidegger, Seidel, Rohrbach, Forterre,
Dettmer, Zlobec, Weber, Matulic, Zoka-Assadi, Huth, Caversaccio and Weber. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Surgery | www.frontiersin.org

12

October 2019 | Volume 6 | Article 58


https://doi.org/10.1097/MLG.0b013e31816b309e
https://doi.org/10.1155/2014/596498
https://doi.org/10.1288/00005537-198807000-00007
https://doi.org/10.1007/s00405-016-4124-0
https://doi.org/10.1002/lary.24520.Minimally-Invasive
https://doi.org/10.3109/00016489.2011.642813
https://doi.org/10.1371/journal.pone.0220543
https://doi.org/10.1080/00016489.2017.1278573
https://doi.org/10.1126/scirobotics.aal4916
https://doi.org/10.1097/MAO.0b013e31822ec097
https://doi.org/10.1097/00004691-200210000-00007
https://doi.org/10.3171/2015.6.SPINE141323
https://doi.org/10.1007/s10143-018-1044-z
https://doi.org/10.1002/lary.23363
https://doi.org/10.1097/00005537-200310000-00015
https://doi.org/10.1097/MAO.0000000000000187
https://doi.org/10.1097/MAO.0000000000000914
https://doi.org/10.1007/s10439-018-2094-7
https://doi.org/10.1016/S1808-8694(15)30971-X
https://doi.org/10.1002/ca.20218~
https://doi.org/10.1109/TBME.2013.2241063
https://doi.org/10.1007/s11548-013-0908-5
https://doi.org/10.1109/TBME.2018.2830303
https://doi.org/10.1002/(SICI)1097-0258(19980430)17:8$<$857::AID-SIM777$>$3.0.CO;2-E
https://doi.org/10.1002/1097-0142(1950)3:1$<$32::AID-CNCR2820030106$>$3.0.CO;2-3
https://doi.org/10.1007/s00701-010-0937-6
https://doi.org/10.1002/lary.20840
https://doi.org/10.1007/s10439-016-1758-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

	Prospective Validation of Facial Nerve Monitoring to Prevent Nerve Damage During Robotic Drilling
	Introduction
	Materials and Methods
	In-vivo Experiment
	Study Design
	Anesthesia Protocol
	Site Preparation, Imaging, and Planning
	Electromyography Setup
	Drilling and Nerve Monitoring System
	Robotic Guided Nerve Monitoring

	Post-mortem Assessment
	Drill Trajectory to Facial Nerve Distance Assessment
	Histopathology to Determine Structural Nerve Damage
	FNM Performance to Determine Critical Nerve Proximity


	Results
	Stimulation Thresholds vs. Potential Facial Nerve Damage
	Training Trajectories
	Prospective Trajectories

	No Structural Damage to the Facial Nerve in Prospective Trajectories
	Stimulation Threshold as Function of Facial Nerve Distance
	FNM Performance to Determine Critical FN Proximity

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


