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Abstract—This article presents the development and exper-
imental validation of a methodology to reduce the risk of
thermal injury to the facial nerve during minimally invasive
cochlear implantation surgery. The first step in this method-
ology is a pre-operative screening process, in which medical
imaging is used to identify those patients that present a
significant risk of developing high temperatures at the facial
nerve during the drilling phase of the procedure. Such a risk
is calculated based on the density of the bone along the
drilling path and the thermal conductance between the
drilling path and the nerve, and provides a criterion to
exclude high-risk patients from receiving the minimally
invasive procedure. The second component of the method-
ology is a drilling strategy for manually-guided drilling near
the facial nerve. The strategy utilizes interval drilling and
mechanical constraints to enable better control over the
procedure and the resulting generation of heat. The approach
is tested in fresh cadaver temporal bones using a thermal
camera to monitor temperature near the facial nerve. Results
indicate that pre-operative screening may successfully ex-
clude high-risk patients and that the proposed drilling
strategy enables safe drilling for low-to-moderate risk
patients.

Keywords—Minimally invasive surgery, Cochlear implanta-

tion, Bone drilling.

INTRODUCTION

Cochlear implants (CI) are the standard of care for
restoring the perception of sound to individuals with

severe to profound sensorineural hearing loss. These
devices bypass the damaged hearing pathway and di-
rectly stimulate the auditory nerve through an elec-
trode array that is surgically threaded into the cochlea.
Traditional CI surgery requires the removal of a sub-
stantial portion of the temporal bone to gain access to
the cochlea, as illustrated in Fig. 1. The invasiveness of
traditional CI surgery has motivated several research
groups to explore alternative, less invasive techniques.
One such technique, called the suprameatal approach,
was initially proposed by Kronenberg et al.22,23 to
provide access to the middle ear through a narrow hole
that is drilled blindly from the external surface of the
mastoid. The middle ear is then accessed via a tym-
panomeatal flap, enabling both the creation of the
cochleostomy and the threading of the array, which is
passed to the middle ear via the suprameatal tunnel
and into the cochlea. To date, this procedure has been
performed in more than 500 cases with no report of
major complications. However, this approach is lim-
ited by the fact that it does not provide an optimal
insertion vector into the cochlea, thus making elec-
trode insertion challenging. To overcome this limita-
tion, several research groups have explored the
feasibility of drilling the tunnel through the facial re-
cess (see Fig. 1), with the ultimate goal of creating an
insertion vector tangent to the basal turn of the scala
tympani, i.e. the largest among the cavities that com-
pose the cochlea. The challenge with this approach is
represented by the need to operate in proximity of vital
anatomy, including the facial nerve and chorda tym-
pani, which can be as close to 0.5 mm to the drilled
tunnel. To address this challenge, image guidance
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systems have been used to accurately align the surgical
drill with the desired trajectory. Various approaches to
this alignment and the subsequent drilling have been
proposed, including: patient-specific, bone-attached
templates to guide the drill;3,25 modified industrial ro-
bots guided by external tracking systems;4,28 a custom-
developed serial robot that mounts to the patient’s
bed;5,6 and bone-attached parallel manipulators.19–21

A key difference between the minimally invasive CI
systems proposed to date is the method by which the
drilling through the temporal bone is performed. Sev-
eral systems require the surgeon to manually advance
the surgical drill along a linear path that is constrained
by the patient-specific stereotactic frame, robot, or
adjustable mechanism.3,19–21,25 In other systems, the
robot performs the alignment of the drill and the
advancement along the desired linear trajectory
through the bone.4–6,28 There are advantages and dis-
advantages with each approach. The guided manual
drilling enables a simpler overall surgical system and
keeps the surgeon more directly involved with the
process, which better utilizes his/her expertise and may
facilitate earlier adoption by clinicians. The automated
drilling approach provides better control over the
drilling parameters and supports the integration of
additional sensors, which enables optimization of the
drilling process and redundant safety monitoring.1,11,32

A solution being explored by our research group
underwent an initial clinical trial, in which the mini-
mally invasive surgical approach was performed on
nine patients using customized microstereotactic
frames.24 A major complication of this approach oc-

curred with one patient who experienced immediate
post-operative facial nerve weakness and recovered to
a House-Brackman score of II/VI16 after 12 months.
Exploratory surgery performed the day after the min-
imally-invasive procedure was undertaken to explore
the facial nerve and it was found to be structurally
intact. Thus, we hypothesized that the nerve was
damaged by excessive heat secondary to drilling bone
near the nerve.

Other groups have explored the potential effect of
temperature rises secondary to drilling in more detail.
Feldman et al. tested a previously developed minimally
invasive CI robotic system5,6 on live sheep and mea-
sured the temperature several millimeters from the
drilling trajectory using thermocouples inserted into
the bone.11 They then used the acquired temperature
data, planned trajectory information, and image data
to fit a patient-specific CT image-based thermal model
and predicted the temperatures at other locations,
including the facial nerve. Their results indicated that
temperature elevation is strongly dependent on bone
density and dangerously high temperatures are likely
to occur for patients with high bone density in the
nerve region if safety measures (e.g. irrigation) are not
taken, furthering the hypothesis developed by Labadie
et al.24 that thermal injury was the likely cause of the
facial nerve weakness in the aforementioned clinical
trial. Feldman et al. performed an additional study to
optimize the robotic drilling process for heat reduc-
tion.12 They determined that irrigation and drilling
intervals affect temperature elevation and they also
designed a custom drill bit that further reduced tem-
perature elevation.

These recent results from Labadie et al.24 and
Feldmann et al.11 indicate that controlling the heat
generated during drilling in minimally invasive CI
surgery is critical for the approach to be a viable
alternative to the current clinical standard. The dif-
ferences between the approaches for drilling the mini-
mally invasive tunnel discussed above (manual vs.
automated drill advancement) are particularly relevant
for the reduction of heat. It is impossible to control the
manual advancement of the drill with precision and
consistency comparable to the automated advance-
ment. Thus, to ensure that the manual drilling is exe-
cuted consistently and safely despite patient
anatomical variations and differing levels of surgeon
experience, effective safeguards and processes for
manual control are required. The purpose of the work
presented in this paper is to describe a methodology to
perform guided manual drilling for minimally invasive
CI surgery such that the risk of causing heat-related
damage to the facial nerve is minimized. Included in
this methodology are (1) a pre-operative screening
process in which individual patient risk is assessed

FIGURE 1. Comparison between traditional and minimally
invasive approaches to cochlear implantation surgery. The
traditional approach requires a mastoidectomy (outlined in
dashed line) whereas the minimally invasive approach ac-
cesses the middle ear and the cochlea through a narrow
drilled tunnel. This tunnel must pass in close proximity to the
facial nerve and requires an image-guided device (e.g. robot
or stereotactic frame) to safely align the drill.

Screening and Manual Drilling Strategies for MICI 2185



based on preoperative imaging, i.e. bone density and
position of vital anatomy; and (2) novel hardware and
a protocol that gives the surgeon better control over
the drilling process and the resulting heat generation.
An associated experimental setup for the thermal
monitoring of the bone near the facial nerve is pre-
sented and the drilling protocol is tested on fresh ca-
daver temporal bones.

MATERIALS AND METHODS

Surgical Approach

The proposed surgical approach to enable safe
minimally invasive CI surgery using a manually guided
drill consists of two primary components: (1) assessing
individual patient risk and (2) safe execution of the
drilling near the facial nerve. Figure 2 provides a flow
chart of the surgical workflow. The pre-operative risk
assessment is used to decide if a patient should un-
dergo the minimally invasive or the traditional
approach to CI surgery. A drilling strategy that re-
duces the risk of temperature rise near the facial nerve
is then employed for candidates of the minimally
invasive approach.

Pre-operative Risk Assessment

Individual patient risk can be estimated by analyz-
ing the pre-operative CT scan. This risk is dependent
on two factors: (1) the amount of heat generated by the
drill as it creates the minimally invasive tunnel and (2)
how much of that heat spreads to the nerve. Both of
these factors are influenced by the density of the tem-
poral bone, which can be calculated from the CT scan
and varies considerably within a single patient and
between patients. To quantify the risk, we use two
metrics as described in detail below to give the surgeon

a basis for deciding whether the patient should un-
dergo the minimally-invasive approach.

While it is likely that the minimally invasive approach
could be performed safely on all patients with an
appropriate drilling strategy, the manual drill advance-
ment introduces some inconsistency, which could lead to
higher temperatures for some patients. Thus, patients
that are at high risk should undergo the traditional
approach for CI surgery, especially while the minimally
invasive approach is in its infancy. A precise temperature
prediction cannot be made from the pre-operative data
since there will be variability in how the manual drill
advancement is performed and effective irrigation at the
drilling site is inconsistent. Instead, it is possible to assess
the relative risk between patients. Then, if only lower
risk patients are considered candidates for the minimally
invasive approach, variations in drilling and irrigation
that lead to higher temperatures are less likely to result in
unsafe temperatures at the nerve.

The amount of heat generated at a given point along
the path is a function of the process parameters (e.g.
linear velocity, spindle speed, etc.) as well as the bone
density at that point,11 which can be approximated by
the CT scan intensity in Hounsfield Units (HU) (see
Fig. 3). It is important to note that intensity can vary
between scanners and thus yield inconsistent results;
the scanners can be calibrated by using test scans with
a phantom or by comparing scans of the same patient/
specimen. Only the region of bone along the path near
the facial nerve needs to be considered in this analysis.
Bone has a low thermal conductivity (0.55 W/mK9) so
heat generated far away from the facial nerve does not
result in a high temperature near the nerve. We
determined that the region that should be considered is
3 mm lateral and 3 mm medial to the point at which
the drill passes closest to the nerve for a total distance
of 6 mm. This was calculated by analyzing experi-
mental thermal camera measurements of pilot trials
(see experimental methods below). More specifically,
the temperature of bone at 3 mm away from the drill
position did not increase by more than 3 �C. The bone
intensity within a diameter of 1.6 mm (the diameter of
the drill bit) is averaged for each point along the path
in this region. A simple integral of bone intensity in
this critical region can be calculated as:

Icrit ¼
Zpþ3

p�3

h xð Þdx

where x is the distance along the planned drill path,
h(x) is the image intensity at that point, and p is the
point on the path at which the drill passes closest to the
nerve. To account for the fact that heat generated
closer to the nerve has a greater effect on the temper-

Pre-operative
CT Scan

Conventional
Approach

Minimally
Invasive
Approach

Screening
Process

Low Risk

FIGURE 2. Proposed surgical workflow for cochlear
implantation (CI) surgery. Patients are screened using their
pre-operative CT scan to determine if they at high risk for
thermal damage during the minimally invasive approach. High
risk patients undergo the traditional approach to CI surgery.
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ature of the nerve, the integral can be weighted
according to this distance:

I
0

crit ¼
1

K�d

Zpþ3

p�3

h xð ÞKdðxÞdx

where d(x) is the distance from the nerve at a given

distance along the path, �d is the mean distance from
the nerve for the points considered, and K is the
weighting base. In both equations, higher values are
associated with greater heat generation and can be
used to compare the relative risk of excess heat gen-
erated near the nerve between patients

The second risk metric focuses on the composition
of bone between the drill path and the facial nerve.
Since the mastoid bone contains irregularly sized and
shaped air pockets, the thermal conductivity between
the drill path and facial nerve varies with bone com-
position heterogeneity, and leads to a different total
thermal resistance between the path and facial nerve
for different patients. The conductivity is analyzed by
considering a simplified case of one-dimensional heat
flow from the point at which the drill passes closest to
the nerve and the closest point on the nerve. This
calculation is performed by considering a series of
cylinders extending from the closest points between the
drill path and facial nerve (see Fig. 4). Each cylinder
represents a thermal resistance element for one-di-
mensional conduction between the drill and the nerve.
The resistance of each cylindrical element is estimated
based on the intensity in the image within that element,
which can be correlated with thermal conductivity and

resistance. The thermal conductivity of cortical bone
and air are 0.55 W/mK9 and 0.0269 W/mK (at 37 �C),
respectively. The modified intensity values of cortical
bone and air (normalized for CT scanner and shifted
such that air has a value of 0) are approximately 2500
HU and 0 HU, respectively. Thus, the thermal con-
ductivity of a given voxel or set of voxels in a CT image
can be estimated using these values as a reference.
Assuming a linear interpolation between the densities
of air and bone and their associated thermal conduc-
tivities:

kthermal ¼ 0:027þ 2:09� 10�4
� �

h

where h is the image intensity value. The thermal
resistance of each cylinder is then computed by:

Rthermal ¼
t

kthermalA

where t and A are the cylinder thickness and area,
respectively. The total resistance (Rtotal) between the
drill path and facial nerve along the series of cylinders
is then given by:

Rtotal ¼ R1 þ R2 þ � � � þ RN

where N is the total number of cylinders. The conduc-
tance is simply equal to 1/Rtotal. The cylinder thickness,
which affects the number of cylinders used in this
analysis (N), can be selected based on image resolution.
For this analysis, a cylinder thickness of 0.1 mm was
used (image voxel size ranged between 0.2 and 0.3 mm3

and was interpolated as necessary). Several cylinder
diameters are considered and compared in this analysis,
which helps to account for bone composition in the
larger region between the path and the nerve as well as
the bone along the shortest path to the nerve.

After the two thermal metrics are computed for a
given patient, the values are compared to a database
of thermal metrics that are calculated from a set of
clinical CT scans and drilling trajectories. The dif-
ference in scanners is accounted for by analyzing
specimens/patients scanned with multiple CT scan-
ners. The relative metric ranking for the patient are
then given to the surgeon (e.g. ‘‘This patient ranks in
the riskiest 44% for intensity along the drill path and
in the riskiest 26% for thermal conductance between
the drill path and the nerve’’). The surgeon can then
decide on the appropriate surgical approach for this
patient.

Surgical Drilling Protocol for Reduced Heat Generation

The purpose of this section is to analyze the
parameters that can easily be controlled and stan-
dardized for the manual drilling approach and subse-

Image 
Intensity, 

HU 
Position Along Drill Path, x

FIGURE 3. One of the risk metrics used to evaluate individ-
ual patient risk is the integral of the bone intensity along the
drill path. A schematic of this metric is shown here. The
intensity in Hounsfield units is examined in the area in which
the drill path passes close to the facial nerve.
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quently propose a drilling strategy to increase the
safety and consistency of the procedure. Since the
drilling for this surgical approach is performed man-
ually, only a subset of the drilling parameters can be
directly controlled. Other parameters, such as feed
rate, can be selected in a general sense (e.g. instruct the
surgeon to advance the drill at approximately 1 mm/s),
but not precisely. Therefore, careful selection of the
controllable parameters is critical to minimize the risk
of excessive heat generation. Table 1 provides a sum-
mary of the proposed manual drilling protocol.

The parameters that define the drilling process are
as follows: (1) feed rate, (2) spindle speed of drill, (3)
drilling strategy, e.g. continuous drilling vs. peck dril-
ling during which individual pecks are followed by a
pause while the drill is retracted and allowed to cool,
and (4) irrigation of the bone and drill for cooling.
These parameters are discussed individually below.

During manual guided drilling, feed rate and axial
thrust force are coupled. In general, higher axial
forces and feed rates are recommended for heat
reduction.7 This increases the rate of heat generation
but decreases the time of exposure and associated
temperature rise. Thus, the surgeon should be in-

structed to advance the drill quickly but the drilling
strategy must be specified so the total thermal energy
generation within a given time period is limited. The
drilling strategy employed is an interval drilling
approach, which is often used in industrial processes
for reduced heat and tool wear.2,18 Interval drilling in
this application provides time for the bone to cool
between periods of heat generation. The interval
drilling trajectory is defined by two components:
depth of each interval and time between intervals.
Along with the feed rate, the depth determines the
amount of heat generated during each interval. The
work of Feldmann et al.12 shows that shorter interval
lengths result in lower peak temperatures. Based on
this, we constrain each drilling interval in the region
near the facial nerve to a depth of 0.75 mm. The drill
depth is restricted by a physical stop on the drill slide
consisting of a series of disks that are placed on the
base of the drill press (see Fig. 5) during the medial
drilling stage and prevent drill advancement beyond a
given depth. After each drilling interval, the topmost
disk is manually removed during the pause between
intervals, allowing the drill to travel slightly deeper
into the bone for each interval.

Position Along
Drill Path

Position of
Facial Nerve

RiRi-1 Ri+1

Image Intensity of
Cylinder Cross-Section

Facial Nerve

Drill Path

FIGURE 4. Schematic of risk metric related to thermal conductance/resistance between the drill path and the facial nerve. The
thermal resistance is considered in a simplified case of one-dimensional heat flow. A series of cylinders are stacked between the
point on the drill path that passes closest to the nerve and the nerve. The thermal resistance is calculated according to the image
intensity of the cylinder cross section and the known thermal conductivities of solid bone and air. The resistances of each cylinder
is then added to get the cumulative resistance.

TABLE 1. Summary of drilling and control mode for manual, guided drilling.

Parameter Control mode Specification

Feed rate Manual Approximately 5 mm/s

Spindle speed Maximum set; manually controlled £20,000 rpm

Drilling intervals Mechanically constrained 0.75 mm per interval

Interval timing Fixed (timer used) ‡30 s between intervals

Irrigation Manually administered Flood hole before/after each interval;

cool bit between intervals (18

gauge needle tip)

DILLON et al.2188



Longer pauses permit more cooling; however, this
benefit must be weighed against extending the duration
of the surgical procedure. To determine an appropriate
time, which we defined as the minimum time needed
for the bone located 0.5 mm from the drill surface to
return to within approximately 3 �C of base body
temperature, experimental measurements of drilling
temporal bones were analyzed. Figure 6 shows a
schematic of this calculation. Considering a worst-case
scenario from pilot data, in which irrigation was not
used and temperature rose to over 65 �C, the cool
down phase on the last interval was analyzed. The data
was extrapolated using a moving point source model11

and it was determined that the bone temperature
would return to within approximately 3 �C of body
temperature if left to cool for 30 s between drilling
intervals. In typical scenarios where the temperature
rise is lower and irrigation is applied, the bone tem-
perature will cool faster and to an even lower tem-
perature.

Recommendations for drill spindle speed vary in the
literature; however, it is generally recommended to use
lower spindle speeds when possible,7,26 which helps to
reduce the amount of friction between the drill bit and
the walls of the drilled tunnel and, in turn, the amount
of heat generated. However, standard otologic drills
such as the ones used in our system are designed for
high spindle speed, low torque operation. Thus, their
performance is limited at lower spindle speeds during
which the drill can stall easily. To balance the perfor-
mance limitation with the need for lower spindle
speeds, the surgeon should use the lowest rate that
enables cutting of bone without stalling the drill. In

our current application, the spindle speed is limited to
a maximum of 20,000 rpm. However, it is important to
note that given the potential for higher temperature
elevation associated with higher spindle speeds, a
custom drill that fits within the surgical workflow and
enables cutting with a higher torque and lower spindle
speeds will likely be needed before this approach can
achieve widespread use.

Finally, the method of irrigation during the drilling
process must be considered. Flood irrigation is used
while milling a mastoidectomy during traditional CI
surgery. In the minimally invasive approach, irrigating
the cutting site is more difficult since the drill bit fits
snugly within the hole and tends to pump water out of
the hole rather than allow it to travel down to the
cutting site. Thus, sufficient irrigation must be pro-
vided into the drilled hole between drilling intervals
while the bit is removed. It is also important to cool the
bit directly and remove any material embedded in the
flutes with a higher pressure stream. This can be
accomplished by using a narrow (18 gauge) needle at
the end of the irrigation tubing. The surgeon must
verify that no material is embedded in the flutes of the
drill bit before beginning the next drilling interval. If
material is embedded and cannot be easily removed,
the drill bit should be exchanged for a new one.

FIGURE 5. Rendering of interval disks for constraining the
manually-driven drill press for minimally invasive CI surgery
to specified drilling intervals.

FIGURE 6. Schematic showing estimation of required time
between drilling intervals. (Top) Sample pilot data set repre-
senting a worst-case scenario, using no irrigation or fixed
drilling intervals. The plot shows temperature over time at a
distance of 0.5 mm from the facial nerve at the facial recess.
(Bottom) The data is cropped around the final drilling interval
and overlaid with model data calculated using the thermal
model described by Feldmann et al.11 The time required for
the temperature to return to within 3 �C of body temperature
was calculated to be approximately 30 s. As part of the drilling
strategy, we require a pause of at least 30 s between drilling
intervals. Note that the model decreases faster since the drill
was left in the drilled hole after the peak temperature was
reached.
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Experimental Evaluation of Temperature Rise Near the
Facial Nerve

An experimental setup to measure temperature rise
near the facial nerve on fresh ex vivo cadaver temporal
bone specimens for validation of the proposed strategy
was developed using the Microtable system.25 The tem-
perature measurements were made by cutting the tem-
poral bone specimens such that the bone near the facial
nerve could be viewed with a thermal camera from the
medial side. To set up each bone for the experiments, a
modified version of the surgical planning protocol for
the Microtable was performed as follows. Bone anchors
and fiducial markers were fixed to the temporal bones
and an image was acquired using a conventional CT
scanner (Philips iCT, 0.234 9 0.234 9 0.335 mm voxel
dimensions). Vital anatomy was automatically seg-
mented30 and the drilling trajectory from the skull sur-
face to the facial recess was planned on the CT scan.29

Using the location of the fiducial markers and the
planned drill path, the Microtable was then designed,
manufactured, assembled and mounted to the fiducial
markers on the temporal bone.

Then, by clamping the Microtable and bone to a
vise for alignment, the bone was cut along a plane at
the facial recess, perpendicular to the drill path, as
defined in the CT image (see Fig. 7a) with a diamond-
coated band saw. The facial recess was chosen as the
plane at which to measure temperature since the drill
path passes close to the facial nerve in this area. Fur-
thermore, since there is an air gap in the facial recess
and middle ear, a cut at this location does not affect
the boundary conditions of the heat transfer of the
bone as much as if the cut was made more laterally.

TheMicrotable was then clamped to a lab bench and
an infrared thermal camera (Flir A655sc, Flir Systems,
Wilsonville, OR, USA) with a 50 lm close-up lens was
positioned at the medial side of the bone to record the
bone temperature continuously at the cut plane
(Fig. 7b) while drilling. The emissivity constant was set
to 0.95 in the Flir software, which lies within the range
of the experimentally determined value for bone.13 The
camera was focused on the area of bone through which
the drill would subsequently pass a test thermal image
was acquired to confirm the bone was in focus. A linear
transducer was mounted to the manual drill press to
measure the position of the drill during the experi-
mental trial. The thermal and drill position data were
exported to MATLAB and the temperature distribu-
tions throughout the trajectories were analyzed.

Fresh cadaver temporal bones were obtained from
Science Care Inc. (Phoenix, AZ, United States) and 3
drilling trials per bone were performed according to
the drilling protocol described in the previous section
by an experienced otologic surgeon. For each bone, the

first trial was planned to follow the path that would be
used for the surgery (from the skull surface to the co-
chlea). The subsequent trials were parallel to this first
path and offset by several mm. All trials were per-
formed at room temperature (~20 �C) so the temper-
ature data was shifted upwards linearly to account for
starting at approximately 37 �C in a clinical scenario.
Custom drill bits made from hardened 440C stainless
steel were used in these experiments (Orchid Ortho-
pedic Solutions, Holt, MI, USA). Two drill bits are
used in this procedure: a 3.8 mm, two-fluted twist drill
bit for the wider, pilot hole and a 1.59 mm, three-fluted
drill bit with CingleBitTM tip geometry for drilling
through the facial recess. A new drill bit was used for
each thermal monitoring experiment. Irrigation was
performed per the protocol described in the previous
section.

RESULTS

Four fresh temporal bones were used and three
trials per bone were performed. The thermal camera
malfunctioned for one of the trials so only 11 of the 12

FIGURE 7. Experimental setup for evaluating temperature
rise at the facial recess. (Top) CT scan of temporal bone
specimen showing planned drill path (yellow), cochlea (or-
ange), facial nerve (pink), and facial recess plane (red dashed
line) where temperature recordings were made. (Bottom) De-
vice hardware mounted to temporal bone and thermal camera
positioned to record temperature during drilling at a plane
located at the facial recess.
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trials provided usable data. Figure 8 shows the tem-
perature data over time at the facial recess at distances
of 0.5 and 1.0 mm from the edge of the drill for all
trials. 0.5 mm represents a worst case scenario for the
distance between the drill bit and the facial nerve.
Paths are planned to be 0.6–0.7 mm from the nerve.
Additional safety checks are employed throughout the
surgery to determine if the drill is deviating from the
path towards the facial nerve and the minimally inva-
sive approach is aborted if necessary.

Of the 11 trials, 9 show temperature profiles that are
below 50 �C for the entire drilling process at a distance
of 0.5 mm from the drill path at the facial recess.
Furthermore, the temperature is near 40 �C for the
majority of the trial durations and the spikes above
45 �C are very brief. Two trials (Bone 1, Paths 1 and 2)
had spikes in temperature that exceeded 60 �C. As will
be explained in the discussion, the temperature profiles
should be evaluated in terms of the total thermal dose,
which accounts for the duration of time the bone
spends at different temperatures.

The data was also analyzed according to the pre-
operative protocol described in ‘‘Pre-operative Risk
Assessment’’ section. The four temporal bone scans
were analyzed and compared to each other and the
prior clinical data set of nine patients24 in terms of the
two pre-operative risk metrics. The pre-operative scans
indicate that Paths 1 and 2 of Bone 1 were at much
higher risk than all other paths for excessive heat near
the facial nerve, which is supported by the experi-
mental results. In fact, when considering the CT
images of the 13 specimens/patients in terms of the two
patient-specific risk metrics described earlier, these
paths stand out as being the riskiest according to bone
intensity integral (7.5% for path 1 and 11.5% for path
2, where lower percentiles indicate higher risk). The
thermal conductance metric can only be calculated for
the first path for each bone since that is the only path
that is planned in the standard location, approximately
0.6–0.7 mm from the facial nerve. Path 1 of Bone 1
ranked 11.5% for this metric. Table 2 provides the
thermal metrics for all paths.

DISCUSSION

To evaluate the results from the various experi-
mental trials and compare the data with estimates of
temperature thresholds in the literature, the tempera-
ture response must be analyzed in terms of both tem-
perature and exposure time. One common approach
for quantifying tissue damage, which was originally
used for measuring thermal doses for heat-based can-
cer therapies,31 is to calculate the cumulative equiva-
lent minutes at 43 �C (CEM43C):

CEM43 ¼
Ztfinal

0

R T tð Þð Þ 43�T tð Þð Þdt

where R(T(t)) = 0.5 if T(t)> 43 �C and R(T(t)) =
0.25 otherwise. The equation is integrated over the
time of tissue exposure and provides a metric that
enables better comparison between various sets of
transient temperature data and evaluation of likely
tissue damage. According to this equation, as the
temperature is increased by 1 �C, the exposure time
must be decreased by a factor of two for the same
thermal dose.

The temperature thresholds for different tissues vary
considerably34 and the threshold of the facial nerve is
yet to be determined. There have been several prior
studies evaluating the temperature tolerance of motor
nerves, which can be used to estimate the tolerance of
the facial nerve.8,10,14,15,17,27 Table 3 provides a sum-
mary of these studies, along with the model used and
their findings. The results vary substantially due to
different animal models used (e.g. porcine laryngeal
nerve, rat sciatic nerve) and heat application method
(e.g. heated saline, high-intensity focused ultrasound).

Some studies suggest that nerves can be damaged at
fairly low temperatures. For example, the work from
De Vrind et al.10 showed that rat sciatic nerve damage
(decrease in function by at least 50%, as measured by
electrophysiological examination) occurred in over
50% of the specimens when exposed to temperatures
as low as 43 �C for 60–80 min. This temperature
threshold is further supported by Haveman et al.17

who concluded that peripheral nerve temperature
should not exceed 44 �C for more than 30 min
(CEM43C = 60 min).

Other studies present higher temperature thresholds
for nerves. Lin et al. studied the electromyographic
(EMG) response of porcine recurrent laryngeal nerves
(RLN) after exposure to saline solutions at different
temperatures/durations.27 They concluded that 60 �C
is a critical temperature for RLN thermal injury. In
their experiments, no EMG change was measured at
55 �C after 60 s; however, damage occurred at 60 �C.
At that temperature, nerve function was partially
recoverable after 20 s (CEM43C = 4.37 9 104 min)
and irrecoverable after 60 s (CEM43C = 1.31 9 105

min).
Perhaps the most relevant report related to esti-

mating the threshold for facial nerve damage was
completed by James et al.17 While using their high-
intensity focused ultrasound (HIFU) in the 1960s for
destruction of vestibular organs in patients with Me-
niere’s disease, they reported 2 out of 40 patients
experienced facial nerve paralysis. They then measured
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the temperature at the facial nerve in cadaver temporal
bones while using the HIFU at various power settings.
At the power setting that was used in the previous 40

clinical cases (25 W/cm2), the temperature was
approximately 48 �C after a brief warm up period.
They then lowered the power to 22 W/cm22 for clinical
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FIGURE 8. Temperature vs. time plots for 11 experimental trials using the revised drilling strategy described in ‘‘Surgical Drilling
Protocol for Reduced Heat Generation’’ section. Temperature measurements are at the facial recess, where the drill passes closest
to the facial nerve. The cumulative thermal dose in terms of equivalent minutes at 43 �C (CEM43) is also noted on the plots. Note
that the thermal camera data acquisition malfunctioned for one trial so only two paths were analyzed for Bone 4.
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practice and no subsequent patients experienced facial
paralysis (75 cases at the time of publication). This
lower power corresponded to a temperature of 46 �C
in the cadaver trials, which they concluded is the upper
bound of facial nerve temperature tolerance. Of
course, this conclusion does not incorporate the
exposure duration. From their description of the
ultrasound approach, it appears that the patients were
exposed to the maximum power HIFU for approxi-
mately 10–20 min (CEM43C = 80–160 min).

Considering our experimental results in the context
of the studies discussed above, all trials except for
Paths 1 and 2 for Bone 1 have CEM43C values below
1 min and are considered to be safe according to even
the most conservative criteria15 when the nerve is
0.5 mm (and greater) from the drill surface. The two
trials with higher peak temperatures are considered
unsafe by all criteria discussed above if the nerve was
0.5 mm from the drill surface. Table 2 summarizes this
data and the pre-operative risk metrics for each spec-
imen.

It is important to note that the two cases in which
temperature rose to potentially unsafe levels would have
likely been excluded using the pre-operative screening
protocol described in ‘‘Materials and Methods’’ section
since this bone rated highest in both risk metrics out of
the all bones in the data set (the four bones from this
study and the nine prior patient scans24). An exact
exclusion threshold is difficult to determine from this
experimental data but given that these two paths were
by far the highest risk of the data set, a reasonably
conservative threshold (e.g. approximately 20–30%)
would have excluded these paths. Using a conservative

threshold may result in excluding a patient/specimen
unnecessarily (e.g. Bone 1, Path 3), but this is accept-
able given the severity of potential complications. Thus,
with a criteria of at least 20%, the thermal dose was at a
safe level for the cases in which the minimally invasive
approach would have been performed. This represents
an important advancement over the prior clinical
implementation, in which the pre-operative risk to
thermal nerve injury did not appear to be related to the
patient outcomes due to inconsistencies with the surgi-
cal approach. For example, the patient that experienced
facial nerve palsy did not have extremely high risk
metrics. Now, with a standardized drilling strategy, the
higher risk patients per the pre-operative evaluation are
associated with higher temperatures at the facial recess,
enabling an effective criteria for exclusion.

Future work should focus on improving our sur-
gical approach so the surgery can be safely performed
on all patients. Potential areas of improvement in-
clude: optimized drill motor design to cut at a lower
spindle speed and reduce heat generated by friction,
optimized drill bit design (e.g. the single fluted drill bit
design by Feldmann et al.12), and automated drill
advancement with integrated force sensing. Addi-
tionally, more patient data should be acquired to
determine the percentage of patients that would be
excluded from the minimally invasive approach based
on the criteria described in this paper as well as cri-
teria described by Williamson et al.33 that considers
the facial recess dimensions and accuracy of the sur-
gical system.

In conclusion, the revised surgical protocol for
manual minimally invasive CI drilling, including the

TABLE 2. Pre-operative risk metric values/ranks and thermal dose (CEM43C) for all trials.

Bone Path

Pre-operative risk metrics—risk percentilea CEM43C at dist. from drillc

Path intensity integral (%) Thermal conductanceb (%) 0.5 mm 0.75 mm 1.0 mm

1 1 7.70 11.5 2.10 9 107 1.12 9 104 34.8

2 11.5 3.91 9 104 256.9 7.37

3 26.9 0.57 0.44 0.35

2 1 46.2 73.1 0.52 0.43 0.40

2 50.0 0.02 0.01 0.01

3 50.0 0.50 0.49 0.48

3 1 53.8 96.2 <0.01 <0.01 <0.01

2 50.0 0.10 0.03 0.01

3 50.0 <0.01 <0.01 <0.01

4 1 38.5 84.6 <0.01 <0.01 <0.01

2d 88.5 – – –

3 65.4 0.34 0.10 0.06

aSee ‘‘Pre-operative Risk Assessment’’ Section for description of each metric. Risk percentiles based on the scans of the four bones included

in this study and the nine patients scans from Ref. 24 (lower percentile indicates greater risk).
bOnly available for the Path 1 of each bone since this is the path planned through the facial recess, avoiding the nerves. Paths 2–3 were

parallel to Path 1 at different distances to the nerve.
cValue calculated at various distances from the drill surface; mean temperature at each time step at a given distanced used in calculation.
dNo thermal data for this trial due to a malfunction in the thermal camera recording software.
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pre-operative scanning step and the improved drilling
strategy enables safer implementation of this surgery in
cases in which the patient is not pre-disposed to high
risk of thermal injury. The exclusion criterion appears
to be effective, especially if used conservatively; how-
ever, more patient data needs to be considered to
provide better estimates of patient risk and determine a
more precise cut-off point.
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