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Abstract

A micro-electro-mechanical system (MEMS) based hydrophone inserted into the cochlea
may be utilized to study acoustic pressure distribution. The objective of this project, performed
through collaboration between WPI and UniversitétsSpital Ziirich, was to develop an improved
procedure for experiments at the UniversitdtsSpital Ziirich that would increase the insertion
accuracy. This is necessary due to the small scale, complex anatomy, and delicate nature of the
inner ear. This was done by calibrating tools and completing registration and insertion processes.
The goal was to achieve an overall accuracy of 250 microns, which was met with a final accuracy
below 200 microns, suggestive that the devised procedure can provide an accurate roadmap for
future experiments.
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Chapter 1: Introduction

Currently, a research team at UniversitdtsSpital Ziirich (USZ) is investigating the acoustic
pressure distribution within the inner ear, specifically within the cochlea. They require a method
of accessing inside the scala tympani and scala vestibuli of the cochlea by drilling the surrounding
temporal bone in order to insert a micro-electro-mechanical system (MEMS) based hydrophone
(Pfiffner et al., 2016). They have been unable to carry out this drilling and insertion process in a
reliable manner and with suitable accuracy for their experiments.

The main problem stems from switching tools during this process. In total, there are three
tools involved across all steps of the full procedure: a metal stylus, an otology drill, and a
hydrophone. The metal stylus is used to physically touch the sample during the registration process
and then is switched out with either the drill or the hydrophone. Due to the unique geometrical
characteristics of each tool they are unable to switch between them while remaining at the same
target location. The tip location of each tool is different, with significant enough deviation to cause
potential problems of damaging the cochlea or the hydrophone during the drilling and insertion
processes. In addition, the exact location (within 100-200 microns) of the measurement position
of the hydrophone is determined only after the experiment, thus allowing for uncertainty in the
results and their interpretation. Currently, there are no commercially available and/or cost-effective
medical systems that allow for the location or calibration of the tools relative to the samples of
interest, with a sufficient level of accuracy of 250 microns.

The overall goal of this project was to improve the current drilling and insertion procedure
used for the pressure research. The intentions were to develop a procedure that is more repeatable
while also providing options for guided or semi-automated drilling and insertion techniques. In
order to complete this requirement, one of the main tasks was to create a tool calibration setup and
procedure in which the metal stylus, drill, and hydrophone were all calibrated so that their tips are
at the same location relative to the manipulator wrist. This allows for the use of a preoperatively
calculated approach trajectory and would identify the final location of each tool throughout the
entire process to reduce the uncertainty of the measurement results. The objective was to improve
the current procedure to have an accuracy of 250 microns during the insertion of these
hydrophones. This procedure could then be used for several future applications, such as
autonomous or semi-autonomous drilling. Insertions at multiple different locations along the
length of the cochlea could also be achieved with this location accuracy.



Chapter 2: Background

Anatomy of the Human Ear

In order to fully understand the nature of this research, it is necessary to first have an
understanding of the human ear anatomy. According to Sim (2016), ears are generally broken
down into three separate sections: the outer, middle, and inner ear as shown in Figure 1. The outer

ear, which is the external part of the ear, consists of the pinna and the ear canal. The main roles of
the outer ear are gathering sound and providing a pathway of the sound to the eardrum (also called
tympanic membrane). The middle ear consists of the tympanic membrane (TM) and the middle
ear ossicular chain suspended inside of the middle ear cavity. The main role of the middle ear is
converting sound waves in air to the vibration of cochlear fluid. Sound waves in the ear canal
vibrate the TM, and the motion of TM is transmitted to the cochlea via the middle ear ossicular
chain. At the oval window, where the stapes interfaces with cochlear fluid, the vibrational motion
of the middle ear ossicular chain is converted into fluid vibration. The inner ear, which is where
the main focus of this research lies, consists of the cochlea and three semicircular ducts. While the
semicircular ducts work for balancing, the cochlea performs the conversion of fluid fluctuation to
electrochemical impulses, which are delivered to the brain via auditory nerves. It is within the
cochlea that the transition from the mechanical systems to the electrochemical systems take place
(Sim, 2016).
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Figure 1 - Diagram of the Ear, (Ear Anatomy, 2006)

Sim further explained that the human cochlea is a spiral shape, making 2.5 turns. The
cochlear structures include three ducts, namely the scala vestibuli in the superior, scala tympani in
the inferior, and scala media (also called cochlear duct) between them. In the basal end, the scala
vestibuli interacts with the stapes footplate via the oval window, and the scala tympani terminates
at the round window. The scala media and scala tympani are separated by the cochlea partition,



which consists of the basilar membrane and lateral support structures. The partition that separates
the scala vestibuli from the scala media, which is called the Reissner’s membrane, provides
electrical and chemical insulation, and has a negligible stiffness from a viewpoint of mechanics.
The organ of Corti, which sits on the top of the basilar membrane and is embedded in the scala
media, is responsible for transducing mechanical motion of the basilar membrane to
electrochemical signals. The spiral ganglion
provides pathways of the electrochemical signals to
the auditory nerve (Sim, 2016).

b ¢ Scala vestibul
(perilymph)

Middle and Inner Ear Research

Extent of Current Research

Due to the complexity of the human ear there
are many different variables that must be explored in
order to get a comprehensive understanding of the
processes that take place allowing humans to hear. ;
Nakajima et al. explain that most of the research . AT % " aphel ganghon
surrounding human ears has been focused . H Gl
specifically on the middle ear. The stapes velocity

Seala tympani

[peritymph)

Basilor membrane

has been one of the main focuses of research for
many, providing useful information regarding sound
transmission by air conduction. Although research
has provided us with a better understanding of the middle ear we still lack knowledge about the

Figure 2 - Cross Section View of Cochlea (Sim,
2016)

inner ear, and the conductive pathologies remain an unfamiliar territory. Recent research has
attempted to fill this void of information by performing differential pressure measurements at the
cochlea base, specifically focusing on the difference between the scala tympani pressure (Psr) and
scala vestibuli pressure (Psy), these two channels within the cochlea are shown in Figure 2. The
vibration of the stapes produces pressure within the scala vestibuli resulting in motion of the
cochlear fluid; the sound pressure is then relieved by the round window in the scala tympani
resulting in a pressure difference across the partition that separates the scali. This differential
pressure (Psy - Psr) is the input signal to the cochlea and ultimately drives the auditory transduction
(Nakajima, 2009).

According to Nakajima et al. researching this differential pressure can provide insight into
various middle and inner ear pathologies and modifications, such as ossicular discontinuity and
semicircular canal dehiscence. It could also provide useful information on stimulating the cochlea
in an unconventional method. Ultimately, these measurements will provide a baseline for
comparison with future measurements to answer clinically relevant questions (Nakajima, 2009).



Research at the UniversitdtsSpital Ziirich (USZ)

Currently a research team at UniversititsSpital Ziirich (USZ) is investigating this
differential pressure distribution within the inner ear, specifically (Psy - Pst) within the cochlea.
They require a method of accessing the scala tympani and scala vestibuli of the cochlea by drilling
the surrounding temporal bone and inserting a MEMS-based hydrophone (Pfiffner et al., 2016).
The location the hydrophones are placed within the inner ear during these experiments is shown
in Figure 3.
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Figure 3 - Representation of ear anatomy with the hydrophone inserted into the cochlea (Pfiffner et al., 2016)

The drilling operation through the temporal bone, as well as the resulting access channel
trajectory and diameter, need to be controlled within an accuracy of 1000 microns (Imm). The
drilling operation into the cochlea and the insertion of the hydrophone need to be controlled within
250 micron accuracy. An overview of the current drilling procedure applied by the USZ team can
be seen in Appendix A. Currently this process is based solely on the experience of an otology
surgeon. The hydrophone insertion procedure relies on a custom micromanipulator that is
controlled manually by the researchers based on visual feedback from microscopes and cameras.
In order to define the location of the hydrophone, the USZ team registers the location of the
micromanipulator tool relative to the temporal bone sample. The physical registration procedure
involves a metal stylus with a sharp point, which is used to contact or physically touch multiple
(i.e. 4-6) fiducial markers rigidly attached to the sample. These markers are metal wires that are
50 microns in diameter solidly embedded within a silica tube for structural support. After this
registration the metal stylus is carefully switched with the hydrophone, which is inserted into the
sample to obtain pressure measurements. Swapping the tool during this step significantly decreases
the accuracy of the hydrophone positioning because these two tool tips are not at the same position
relative to the manipulator wrist. The sample is then volumetrically scanned with a commercial
nCT40 scanner manufactured by Scanco Medical in Switzerland (5-15 micro voxel size, 1-10x10°
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voxels), and the location of the hydrophone is determined post insertion. This location is first
estimated based on the location of the end of the cochleostomy and the insertion depth, and is
checked by comparing the pCT scan data and micromanipulator coordinates to each other. This
means that in this procedure it is not known until after the experiment whether or not the
hydrophone was correctly positioned. This research team has expressed great interest in a future
experiment that would consist of placing several of these hydrophones along the lengths of each
scala in order to obtain data regarding the entire pressure distribution within the cochlea. However,
because they do not currently have the means to efficiently and accurately place these hydrophones
this has not been a feasible experiment for them. A representation of a future pressure experiment
with multiple hydrophones inserted into the cochlea to explore the pressure along the entire length
of the scala tympani and scala vesibuli is shown in Figure 4.
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Figure 4 - Representation of future pressure experiments with multiple hydrophone insertions

The miniaturized MEMS based hydrophone that the USZ team is in the process of
developing has gone through several different design iterations. Development of the third version
of the prototype is currently underway. Figures 5 and 6 contain images of the second version of
the hydrophone that is currently being used for pressure distribution research.

These hydrophones have very delicate
membranes on the tip of them and can easily be
destroyed if they come into physical contact with
anything. For this reason the hydrophone itself
cannot be used in the physical registration process of
the temporal bone sample and must be put into the
manipulator only after the physical registration has
been done using a metal stylus to come in contact
with the fiducial marker. These hydrophones
function by the sound induced pressure variations in
the cochlea inducing motion of the diaphragms of the

sound receiving element, which in turn cause Z?"'Qrgfﬁ)' CAD Model of Hydrophone (Pfiffner et

10



pressure variations within the inert gas of the micro tube that are registered by the MEMS
transducer. Based on commercially available MEMS condenser microphones, prototype sensors
have been customized for sound measurement in a fluid environment (Elizabeth et al., 2015).

- -~

600 microns

380 microns

Figure 6 - Close up of Hydrophone Tip (Left) Hydrophone Tip Dimensions (Right)

Minimally Invasive Surgical Techniques

Due to the scale of the human ear, minimally invasive surgical techniques must be utilized
when performing procedures such as the hydrophone insertion into the cochlea. One of the most
common minimally invasive techniques, used primarily in neurosurgery, is stereotactic surgery.
Stereotactic techniques are used for small scale surgeries where accuracy and precision are crucial.
These techniques rely on a three-dimensional coordinate system and a physical frame of reference
for locating small targets within the body. During these procedures a mechanical device is often
used to ensure that the patient's head remains in a fixed position relative to the coordinate system,
allowing the surgeons to reach their target location with minimal uncertainty (Levy, n.d.).
Computer assisted surgery (CAS) has also been becoming more prominent within minimally
invasive surgeries (Nguyen et al., 2011). CAS allows the surgeons to virtually plan the surgery
using scan data and then use the information as a guide during the procedure as well.

A research group at Vanderbilt University Medical Center has developed micro-
stereotactic techniques to achieve desired approach angles for cochlear access. The resolution of
their systems remain greater than 1000 microns (Labadie et al., 2010). Another group in France
has been working on a semi-automated robot based system to reduce the error of the alignment of
the insertion axis (Torres et al., 2017). A third group at the University of Bern has developed an
approach using software that allows them direct cochlear access with positioning accuracies of
150 £ 80 microns (Gerber et al., 2014). Although there has been sufficient research and
development for systems to access the cochlea, no current research has attempted to achieve these
positioning accuracies for navigation within the cochlea itself that are needed for clinical research
purposes.
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CT Scanning

Many minimally invasive surgical techniques rely on some form of imaging to get a view
of interior anatomy in a noninvasive way. This can be accomplished through various forms of
scanning, such as the computed tomography (CT) scan. A CT scan makes use of x-rays to create
a 3D view of an object through image slices. The basic idea is that there is a source, which emits
the x-rays, and a detector, which picks up the x-rays that have different levels of intensity based
on how much it was absorbed by the material it passed through. After rotating around the object,
the data from the detector goes through a mathematical transformation, such as a Radon transform,
to reconstruct a slice, or several slices, from multiple projections to get a full view of the object
(Wang & Vannier, 1999; Weisstein, 2017). These slices can then be put together with an image
processing software to get a full 3D view of the object.

A typical CT scan can provide a resolution on the scale of about 1 mm (UTCT, 2016). In
the case of the middle and inner ear, it is necessary to have a higher resolution view, as the
structures are a much smaller size than other body parts. For this, and similar applications, there is
the pCT scanner. This works in the same way as a regular CT scan, but with a resolution of about
10 microns, and gives clearer results of the bony structures than an MRI would of the same sample
(Sim, 2007).

Errors Within Image Registration Systems

Although there are several different types of surgical registrations systems in use today, the
majority of them rely on some form of image registration where different sets of data must be
transformed into one common coordinate system (Mezger, Jendrewski, & Bartels, 2013). The three
main types of error common to image registration are fiducial localization error (FLE), fiducial
registration error (FRE), and target registration error (TRE).

Fiducial localization error is defined as the distance between the actual marker locations and
the selected marker locations during registration. FLE describes the error that stems from selecting
the fiducial markers because the exact location of the markers is unknown. This error value is
estimated by averaging the measured distances between repeated selections of the same marker.
The fiducial registration error describes the error in alignment between the image space and the
physical space that are being aligned. This is calculated using the root mean square distance
between corresponding fiducial markers after the registration has taken place. Surgeons often
interpertate the FRE as an indication of a system's accuracy and ability to provide guidance during
surgical procedures. The final type of image registration error, TRE, evaluates the distance
between a target location in the physical space and the image space after registration. The
difference between FRE and TRE is that TRE involves a target other than the fiducial markers
(Datteri & Dawant, 2012; Shamir, Joskowicz, Spektor, & Shoshan, 2009).
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Chapter 3: Objectives

The main objective for this project was to improve a current experimentation procedure
used by the research team at USZ for inner cochlear acoustic research. Specifically the improved
procedure needs to achieve tool positioning on temporal bone samples with accuracies that are
below 250 microns. The three tools primarily used in these experiments: the metal stylus, otology
drill, and hydrophone, must all be able to achieve these accuracies and be interchangeable on the
micromanipulator used for tool maneuvering during the experiments.

Chapter 4: Methodology

In order to complete this project objective several intermediate tasks had to be completed.
The first step was to develop a tool calibration setup and procedure for the tools being used in the
experiments. This was necessary in order to make them interchangeable on the manipulator and
eliminate the positioning errors that currently derive from this step. This was followed by a
physical registration using these tools, and then a series of insertion tests to verify the accuracy of
these tools. A virtual registration was also completed separate from the physical ones. This allowed
for the registrations from the image space and the physical space to be compared to each other
through a point cloud to point cloud registration in order to provide feedback on the precision and
accuracy of the overall insertion procedure. Each of these steps are described in further detail
throughout this chapter.

An overview of the improved experimentation procedure is seen in Figure 7. The major
changes from the previous procedure, that can be seen in Appendix A, occur in the preoperative
planning, registration, and final insertion and drilling steps. The preoperative planning was not
present in the previous procedure because the USZ team had no means to reach the targets they
selected in the image space with the manipulator. The error resulting from changing tools was
significant enough to make any preoperative planning attempts irrelevant. Although the physical
registration was still present in the previous procedure, the tool calibration setup now allows for
the physical registration to take place with a force sensor. This allows for a more consistent and
expedited registration process. Finally the greatest benefit of this new procedure is that all the
preceding steps allow for the final insertion location of the hydrophone to be known within a
certain accuracy. This allows the USZ team to know if they are in the correct location before
carrying out the entire experiment and going through a second pCT scan.
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Improved Pressure
Experiment Procedure

Sample
preparation

PRE-OPERATIVE

Experiment
on sample

INTRA-OPERATIVE

1. SURGICAL PREPARATION

* Trimming — Cut down temporal bone sample to correct size for
scanner cylinder

» Coarse Drilling — Continue cutting down sample to expose
target region

2. TECHNICAL PREPARATION

» Fiducial marker Installation - A minimum of three 50
micron diameter metal wires are put on sample

3.PRE-OPERATIVE PLANNING

* uCT Scan of Sample

* Process Scan Data — Upload data into AMIRA and isolate
markers

» Virtual Planning — Using CAD program define the target
location, approach vector, and insertion depth

4. REGISTRATION

» Physically touch fiducial markers with force sensor to obtain
coordinates

» Using MatLab perform point to point cloud registration to align
manipulator and scan data coordinate systems

5. FINAL DRILLING AND INSERTION

Figure 7 - Overview of Improved Pressure Experiment Procedure
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Tool Calibration

The first step in improving the procedure used by the researchers at USZ was to calibrate
the tools that are used in their pressure measurement experiments. These tools are a metal stylus,
a force sensor, and a hydrophone pressure sensor.

Manual ~
Manipulator

M ip Jator Clamp

~  Top / Boftom Base
_Alignment Plates

Figure 8 - Tool Calibration Setup

To achieve the goal of calibrating all the tools to the same point, we constructed and used an optical
setup as shown above in Figure 8. This consisted of two high resolution cameras (Camera 1:
1600x1200px, Camera 2: 640x480px) aligned at approximately 90 degrees to each other to get a
side and top view of the tool. The tool was brought into the field of view of the cameras using a 3
stage manual manipulator that was attached to the tool with the manipulator clamp. Each tool was
aligned to the same virtual target point in the cameras and permanently fixated in this position with
the tool clamp. This ensured that all tools were FEEEE
calibrated to the same point relative to the base
alignment plate, which are kinematic plates that use
magnets and allow for a strong yet detachable
connection to the calibration setup and the manual
manipulator used in the experimental setup. For the
purpose of testing the overall procedure there was
an additional manipulator stage to allow for
installation of the hydrophone tips that were left as
markers in the temporal bone sample.

In order to use the cameras as measurement
tools and see how accurately we were able to

Figure 9 - Overlay Showing Tool Movement with
Measurement Lines
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achieve alignment to the optical target, it was necessary to determine the scale of the cameras in
terms of microns per pixels. This was done by taking an initial picture of a tool tip in both cameras
and then moving it a known amount with the manipulator, in this case 1 mm. We then took another
picture of the tool tip. Overlaying these two images we were then able to measure the pixel distance
that the tool tip travelled as seen in Figure 9. This provided us with a scale in microns/pixel that
we were then able to use to measure how much our tools tips deviated from the target location.
For camera 1 this was 9.25 microns/pixel and for camera 2 it was 5.36 microns/pixel. After
calibration of our three tools the largest deviation from the target was 30 microns, which will
contribute to the fiducial localization error and therefore the overall error in the hydrophone
insertions.

Initial Registration

Physically touching each of the fiducial markers is a necessary step in completing the
overall registration procedure. This physical registration is used to obtain the coordinates of the
fiducial markers in the physical space that will then be utilized in the point to point cloud
registration to compare to the image space. In the improved procedure the force sensor is the
primary tool responsible for completing this physical registration, however it was also done with
the metal stylus in order to compare the accuracy of the previous procedure the researchers at USZ
established to that of the improved procedure.

Four separate physical registrations of each of the five fiducial markers were carried out
using both the previously calibrated force sensor and metal stylus. The data from these registrations
can be seen in Appendix B. The setup used for the physical registration is shown in Figure 9.

———

Figure 10 - Physical Registration Setup

The metal stylus required two optical means in order to locate the fiducial marker, one observing
the x and y direction allowing for lateral alignment while the other one observed the z direction
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providing feedback on the vertical position. This setup was slightly modified when using the force
sensor as a second optical tool was no longer needed. Instead, the Sensoptic program that the force
sensor uses provided audible feedback when 1 mN of force was detected at the tip of the sensor,
therefore alerting the user that the desired lateral position of the tool relative to the marker had
been achieved. This specific force value was chosen because it is the lowest detectable value of
this particular force sensor. After locating a fiducial marker the x, y, and z locations were then read
on the dials of the manipulator stages and recorded to be used later in the point to point cloud
registration. This process was then repeated for the four other fiducial markers to complete an
entire physical registration. The coordinates recorded from these registrations are limited to the
resolution of the manual manipulator used, which is 10 microns.

Virtual Registration

During the virtual registration the same procedure was carried out as in the physical
registration. This time, however, it took place on the computer model of the temporal bone that
was generated from the CT scan data. Using several thresholding tools within AMIRA the metal
markers were isolated from the bone and tissue in the sample. Once the markers were isolated it
was possible to place a point on the fiducial marker tips and obtain the (x,y,z) coordinates of each
one of the markers. This can be done in various CAD or imaging softwares once the markers have
been isolated from the sample. For these experiments the virtual registration took place in
Geomagic and the preoperative planning took place in Geomagic as well. Just as for the physical
registration, the virtual registration was completed four times to obtain sufficient data. Figure 10
shows the virtual reconstruction of the temporal bone sample in AMIRA.

Figure 11 - Virtual Reconstruction of Temporal Bone Sample

Point to Point Cloud Registration

Using the data from our physical and virtual registrations, as described in the sections
above, we then aligned our coordinate systems to each other. This was done by finding the optimal
rotation and translation between the sets of points. To do this we solved for R and t in the equation
below.
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B=R*A +t
To find the optimal transformation matrix we found the centroid of each dataset, which is
calculated using the following equations.

v

centroidy = % E P}

=1

centroidg = Tl E Py

3

N
=1

After finding the centroids, we then needed to find the optimal rotation between points.
The most common way of doing this is through singular value decomposition which can be done
using Matlab with the formula below (Ho, 2013; Besl & McKay, 1992).
v

H = ZI le — centroidya)( P‘;ia — e I?f]‘r)i('l[})T
=1
[(". S. \'] = SVD(H)
R=vUT

By using these equations in Matlab we were able to optimize between trials and between markers
to find the best alignment of the coordinate system defined in AMIRA and the one defined by the
micromanipulator.

Final Procedure Test

To test the accuracy of the improved procedure we conducted several insertion and drilling
tests. These tests were broken down into two main groups we defined by angle 1 and angle 2. We
aimed to do insertions into various locations to simulate a wide range of experiments that could be
using this improved procedure. At angle 1 insertions took place into a pre existing cochleostomy
in the scala tympani, round window, an arbitrary location, and finally into the cochlea after
performing a cochleostomy. This cochleostomy was performed by carrying out the preoperative
planning in a CAD software called Geomagic and then using the manual manipulator with the
metal stylus as a guide for the manual drilling process. At angle 2 insertions took place into the
scala vestibuli and a second arbitrary location on the sample. These two angles provided data from
6 total insertions.
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For each angle a physical registration and a virtual registration had to take place as
previously described, the data from these registrations can be seen in Appendix C. These physical
registrations were then used in the point to point cloud registrations and we were able to then carry
out preoperative plans to determine our insertion locations and dial them in with the manual
manipulator. The data for both of the point to point cloud registrations can be seen in Appendix D,
this also includes the optimization parameters to determine what fiducial markers to use in the
registration that provide the best alignment of the two coordinate systems. At this point the tool
was switched to the hydrophone, which was set up with dummy markers attached instead of the
functioning sensor. We moved the hydrophone to location determined in the pre operative planning
and using glue we left the marker attached to the sample. The locations determined in the
preoperative planning can be seen in Appendix E. After all 6 insertions were completed another
uCT scan was conducted to determine the accuracy of the insertions. This scan was again uploaded
into AMIRA and then a .STL file was exported to Geomagic in order to extract the locations of
the hydrophones. An image of the surface constructed from this post operative scan with the
hydrophones inserted can be seen in Figure 11. The green represents the temporal bone itself while
the hydrophone tips can be seen in purple. The physical and virtual registration data can also be
seen in this image. The black circles labelled with “MP” represent the coordinates of the
registration for a fiducial marker using the manipulator while the red stars labelled “CT” represent
coordinates of the registration for a fiducial marker using the virtual model. This visual
representation allows us to see if there are any major errors within the registration that could be
disrupting our experiment, i.e. if the corresponding black circles and red stars do not line up with
each other.

This test was used to simulate the practical application of our project, in which the
researchers use the calibrated tools and virtual registration to decide where to insert the hydrophone
to obtain pressure measurements. It also tested the accuracy of our procedure in checking the
ground truth location from the uCT scan (visualized with AMIRA) to the physical location of our
tool. This experiment also provided us information about the error that comes from switching
between tools.
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Figure 12 - Post Operative CT Scan Reconstruction

Chapter S: Experimentation and Results

Initial Registration

Fiducial Localization Error

Figures 12, 13, and 4 display the fiducial localization error, or the error associated with the
repeatability of choosing the fiducial marker locations, for the three different tools we used during
selecting points. The imaging software consistently had a lower FLE than the physical tools. The
metal stylus had a significantly higher error than the force sensor due to its reliance on the camera
views to know when a marker is touched. This shows the error in the x, y, and z components, as
well as the Euclidean distance for each. Using the force sensor in our improved procedure brings
the FLE down from 345 microns with the metal stylus to 39 with the force sensor. This significant
decrease in FLE will have a great impact on reducing the overall TRE as well. Along with reducing
the error, using the force sensor enables the researchers to quickly carry out the physical
registrations because it is now easier to identify when physical contact is made. With the metal
stylus registrations took approximately one hour to register 5 fiducial markers and with the force
sensor this took about twenty minutes.
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Final Procedure

Fiducial Registration Error Using Force Sensor

60Point-cloud average FRE including/excl a marker

16
50 15
= 14
g:.l . 13
40
= ©Included S 12
o . -N-Exgluded . _% 1
1 2 3 4 5 § 18
Marker (pair) index = 5
Marker average FRE o
80 T r S 7
[}
g 6
= 5
4
3 + Avg FRE
2 va
1

0 50 100 150 200 250 300
FRE per marker and avg ym
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These graphs show several different representations of the Fiducial Registration Error from
the two angles that we used for the final insertion procedure. The graph in the top left shows the
average point-cloud FRE, where the black line shows the average when that specific marker is
included, and the red line shows the average when that marker is excluded. A significant difference
between the red and black lines, when the red is lower, indicates that that marker is likely
contributing a large amount of error to the overall registration. If there is a significant difference
and the red is higher, meaning the FRE went up when that marker was excluded, this means that
that specific marker probably contributed little error to the registration. The graph in the bottom
left shows the average FRE for each marker, the distribution of which can be visualized by the
different blocks of color in the graph to the right. This graph shows the different combinations of
markers that can be used in registration and the FRE that comes from each one. This shows how
the markers can contribute to error differently depending on the combination. There is also a
crossmark that shows what the average FRE is for each combination. The results from angle 1
shown in Figure 15 are associated with a FRE of about 35 microns. The results from angle 2 shown
in Figure 16 are associated with a FRE of about 40 microns. These FRE’s contribute to the overall
TRE that we had during these insertions.

Target Registration Error Based on Six Hydrophone Insertions at two Angles

The table below shows the target registration error for the six separate insertions from our
final procedure. This target registration error provides us feedback on the overall accuracy of our
improved insertion procedure. These values represent how closely we were able to physically
achieve the target location that we picked on the virtual model. Its worth noting that the highest
errors seemed to occur in the axis that is along the length of each of the hydrophones. This error
could potentially come from the metal paint coating that was applied on the tip of the hydrophones

23



so they would show up in the CT scan. This added thickness from the layer of paint could be the
reason for this coordinate generally having a larger error than the others. Overall, the average
target registration error is below 200 microns. The root mean square for angle 1 is 180 microns
and for angle 2 it is 160 microns, these values confirm that we achieved the overall objective for
this project of 250 microns.

Table 1 - Target Registration Error for Six Insertions

. . Diff in Mech coord
Insertion Location
X (um) | Y (um) | Z(um) | Euclid. (um)

Scala Tympani 21 -76 123 146

Angle 1 Round Window 42 -65 193 208
(view 1) Cochleostomy -188 90 31 211
Arbitrary 1 12 -124 10 125

Angle 2 Scala Vestibuli 166 69 -35 183
(view 2) Arbitrary 2 -116 -48 -56 138

Chapter 6: Discussion

Within this work we proposed an improved experimental procedure for inner cochlear
acoustic research. More specifically this procedure was to achieve tool positioning accuracies on
the samples of interest within 250 microns. The results of our tests provide a target registration
error that confirms we were able to achieve an accuracy below 200 microns when positioning a
hydrophone into the temporal bone sample.

Compared to previous experiments, our research goes beyond solely accessing the cochlea
as other groups have studied. In the experiment performed by Torres et al. the semi-automated
robot based system that was developed was meant to assist the surgeon in a typical cochlear
implant procedure, even though it was tested on temporal bone samples as in our experiment
(Torres et al., 2017). Our procedure, on the other hand, allows for researchers to access the cochlea
from different angles to obtain pressure measurements along the entire structure. The downside to
this is that it is not immediately applicable to use on patients, instead being meant for research
purposes alone. In the experiment done by Labadie et al. a similar stereotactic method was used
on patients, but did not have the level of accuracy that was achieved in our procedure (Labadie et
al., 2010). The group at the University of Bern achieved comparable results to our experiment, and
as both used similar approaches this is to be expected. Their focus was on surgical planning for
direct cochlear access and testing software to choose the insertion axis, whereas our focus was on
the physical positioning and insertion of the hydrophone (Gerber et al., 2014).

This improved procedure provides additional benefits for carrying out inner cochlear
acoustic experiments. Due to the preoperative planning that takes place virtually on the scanned
sample, the time the sample is exposed to the environment during the experiment is now
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minimized. This will provide more accurate experiment results as the samples begin to change on
a molecular level as they dry and lose certain characteristics as soon as they are exposed to the
environment. This procedure also provides the benefit of being able to insert multiple hydrophones
efficiently and effectively into the cochlea during a single experiment. This will allow researchers
to begin the exploration of the sound pressure distribution along the entire length of the cochlea
and not just at the beginning of it.

In addition to the immediate benefits of this improved procedure it could also be easily
modified to extend its usefulness. Now that the methods for achieving these positioning accuracies
have been established they could be applied elsewhere. Calibrating lasers and using them in the
manipulator would allow for optical targets to be projected onto the sample with this same level
of accuracy. This could be used as a guide for manual drilling. The otology drill used for
performing the cochleostomies in these experiments could also be calibrated with the tool
calibration setup and then used in the manual manipulator for a semi-autonomous drilling
procedure, which would reduce the time during this step of the experiments. It would also eliminate
the need for a surgeon during the actual experiments as the researchers could simply follow the
preoperative planning data by moving the manipulator to the correct coordinates. Another
application would be to carry out this procedure using a robot instead of a manual manipulator.
This would again expedite the process and eliminate several steps in the procedure that currently
allow for human error to be made, such as with manually dialing in and reading the coordinates on
the manipulator. These future applications would have been pursued further had our time with the
USZ research team been longer than two months.

Within our project there are several possible sources of error that could influence our final
results. The first comes from our calibration. We conducted extensive tests to check our selection
error in determining what we are seeing in each camera, and although the error was minimal, it
contributes to our fiducial localization errors. There are also possible sources of error in our
registrations, as it is difficult to tell exactly what is the tip of each marker, and in the physical
system there is always the possibility that things are moving. An example of this is that we are
assuming that the micromanipulator holding our tool is perfectly static, but there could be some
slight deformations. For the most part, this error is seen in the fiducial registration error.

Another significant source of error comes from the difficulty of inserting the hydrophone.
To make the hydrophone visible in the uCT scan we had covered the tip of it in a metallic paint.
This, however, increased the diameter and made it difficult to judge the depth in Geomagic. There
was also the difficulty of securing the hydrophone to the sample. We secured it first with super
glue and then with epoxy, however because the tool is so delicate adding this glue may have moved
it from the intended position. Despite these sources of error, our target accuracy was still achieved.

Although we achieved the desired level of accuracy this procedure could be further
improved through repeating the same experiments that we carried out with minor changes. The
first recommendation would be to use the same wire used for the fiducial markers during the
insertion tests instead of hydrophone tips. This would allow for the tip locations to be picked more
precisely on the post operative scan of the sample after the insertions have taken place. We used
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hydrophones for the purpose of making the insertions similar to those that the USZ team will
perform however smaller diameter metal wires will provide better results for the purpose of testing
the improved procedure.

Conclusion

The inner ear has many complex structures and functions, some of which still remain
unexplored. The work we have presented will assist in further investigation into the acoustic sound
pressure distribution in the cochlea, specifically in the difference between the scala tympani
pressure (Pst) and scala vestibuli pressure (Psy). This research attempts to fill the void of
information regarding the inner ear in hopes of better understanding pathologies related to these
structures. These measurements ultimately provide a baseline for reference against future
measurements that aim to answer clinically relevant questions.

The result of this project was an improved accuracy and precision for hydrophone
positioning during pressure experiments done by the team at USZ. Our goal was to achieve an
accuracy level of 250 microns, which we exceeded with our final results below 200 microns. This
means that our procedure can be used for future applications such as autonomous or semi-
autonomous drilling, or sample registration and sensor insertion at multiple locations across the
same sample.
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Appendix A: Current Pressure Experiment Procedure

PRE-OPERATIVE

INTRA-OPERATIVE

POST-OP

Current Pressure
Experiment Procedure

sample
preparation

Experiment
on sample

LOCATION
ANALYSIS

1. SURGICAL PREPARATION

* Trimming - Cut down temporal bone sample to correct size for
scanner cylinder

* Coarse Drilling — Continue cutting down sample to expose
target region

* Fine Drilling — Carefully expose target location on cochlea

* Define cochleostomy location with superficial drilling on
cochlea

2. TECHNICAL PREPARATION

« Artificial Ear Canal (AEC) installation to be used in
experiments

« Fiducial Marker Installation - Several 0.05mm diameter metal
wires solidly embedded within a silica tube

3. FINAL DRILLING

* Return to previously determined location (from step 1) and
complete cochleostomy

4. HYDROPHONE POSTIONING

* Insert hydrophone into opening in cochlea, estimating the final
target location and angle
* Collect pressure measurements

5. HYDROPHONE REGISTRATION

* Leave tip of hydrophone as a marker to confirm location

6. MICRO CT SCAN

« Scan the sample to compare the actual location to the desired
location to determine accuracy
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Appendix B: Physical and Virtual Registration Data for Initial Registration

Marker Physical (Force Sensor) Virtual (AMIRA)
X Y z X Y z
Trial 1 1 7.62 10.28 9.12 16.45 10.38 16.55
2 11.52 7.64 11.72 14.75 7.06 20.43
3 16.66 3.79 10.21 11.29 7.38 26.01
4 17.98 717 9.46 14.45 8.86 27.16
5 9.00 20.92 4.95 26.17 16.44 17.33
Trial 2 1 7.58 10.33 9.10 16.42 10.34 16.55
2 11.52 7.59 11.75 14.72 7.04 20.43
3 16.67 3.81 10.20 11.26 7.36 26.01
4 17.90 7.18 9.46 14.45 8.84 27.15
5 8.98 20.91 4.96 26.18 16.43 17.33
Trial 3 1 7.56 10.28 9.15 16.43 10.34 16.55
2 11.52 7.59 11.75 14.69 7.04 20.43
3 16.62 3.78 10.21 11.28 7.37 26.01
4 17.89 717 9.46 14.44 8.84 27.15
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Trial 4

8.96

7.55

11.45

16.62

17.89

9.01

20.90

10.28

7.59

3.76

7.15

20.91

4.96

9.13

11.74

10.22

9.48

4.96
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26.18

16.43

14.75

11.26

14.44

26.17

16.43

10.34

7.04

7.36

8.84

16.43

17.33

16.55

20.43

26.01

27.15

17.33



Appendix C: Physical and Virtual Registration Data for Final Procedure

Virtual and Physical Registration Data for Angle 1

Marker Physical (Force Sensor) Virtual (AMIRA)
X Y z X Y z
1 (REF) 15.8 12.08 23.07 16.45 10.38 16.55
2 10.39 12.05 23.01 14.75 7.06 20.43
Angle 1 3 5.49 15.07 19.92 11.29 7.38 26.01
4 6.61 12.61 17.46 14.45 8.86 27.16
5 22.00 5.74 15.69 26.17 16.44 17.33
Virtual and Physical Registration Data for Angle 2
Matker Physical (Force Sensor) Virtual (AMIRA)
X Y z X Y z
1 (REF) 14.65 20.50 24.39 16.45 10.38 16.55
2 9.31 19.51 23.79 14.75 7.06 20.43
Angle 2 3 4.51 21.13 19.64 11.29 7.38 26.01
4 6.27 18.58 17.68 14.45 8.86 27.16
5 22.79 14.44 18.96 26.17 16.44 17.33
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Appendix D: Point to Point Cloud Registration Parameters

ANGLE 1

Fiducial marker position in CT Coord system

CT pos = [14.324999 21.194998 38.837990
16.049999 24.359999 43.010315
19.679998 23.789999 48.3532871
16.529999 22.244999 49.328827
4.980000 14.610000 39.468342];

Fiducial marker position in Mech. Coord system
Mech pos = [5.8 12.08 23.07

10.39 12.05 23.01

5.49 15.07 19.92

6.61 12.61 17.46

22.00 5.74 15.69];

Mech pos(:,2) = -Mech pos(:,2);%flip Y axis on Mech for RH coord sys

Fiducial marker selection optimization:

10 combinations for a set of 3
Comb #1(1): 1 2 3

RMSE: 0.042558mm

Reflection detected

Comb #2(2): 1 2 4

RMSE: 0.048731mm

Reflection detected

Comb #3(3): 1 2 5

RMSE: 0.061203mm

Reflection detected

Comb #4(4): 1 3 4

RMSE: 0.020279mm

Reflection detected

Comb #5(5): 1 3 5

RMSE: 0.055918mm

Reflection detected

Comb #6(6): 1 4 5

RMSE: 0.058057mm

Comb #7(7): 2 3 4

RMSE: 0.025986mm

Comb #8(8): 2 3 5

RMSE: 0.034782mm

Reflection detected

Comb #9(9): 2 4 5

RMSE: 0.038738mm

Comb #10(10): 3 4 5

RMSE: 0.023879mm

Elapsed time is 0.015923 seconds.
Elapsed time is 0.003551 seconds.
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5 combinations for a set of 4
Comb #1(11): 1 2 3 4

RMSE: 0.043434mm

Comb #2(12): 1 2 3 5

RMSE: 0.06137mm

Comb #3(13): 1 2 4 5

RMSE: 0.063528mm

Comb #4(14): 1 3 4 5

RMSE: 0.053636mm

Comb #5(15): 2 3 4 5

RMSE: 0.034163mm

Elapsed time is 0.005050 seconds.
Elapsed time is 0.000536 seconds.
1 combinations for a set of 5
Comb #1(16): 1 2 3 4 5

RMSE: 0.05821mm

Elapsed time is 0.002075 seconds.

Final registration parameters — rotation and translation:
Rot is:
-0.30957 -0.57061 -0.76064
-0.92595 0.36286 0.10465
0.21629 0.73671 -0.64068

Trans is:

61.938
-10.5416
29.1253

ANGLE 2

Fiducial marker position in CT Coord system

CT pos = [14.324999 21.194998 38.837990
16.049999 24.359999 43.010315
19.679998 23.789999 48.3532871
16.529999 22.244999 49.328827
4.980000 14.610000 39.468342];

Fiducial marker position in Mech. Coord system
Mech pos = [14.65 20.50 24 .39

9.31 19.51 23.79

4.51 21.13 19.64

6.27 18.58 17.68

22.79 14.44 18.96];

Mech pos(:,2) = -Mech pos(:,2);%flip Y axis on Mech for RH coord sys
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Fiducial marker selection optimization:
Elapsed time is 0.013553 seconds.
10 combinations for a set of 3
Reflection detected

Comb #1(1): 1 2 3

RMSE: 0.031838mm

Reflection detected

Comb #2(2): 1 2 4

RMSE: 0.087328mm

Comb #3(3): 1 2 5

RMSE: 0.028851mm

Reflection detected

Comb #4(4): 1 3 4

RMSE: 0.065298mm

Comb #5(5): 1 3 5

RMSE: 0.029257mm

Comb #6(6): 1 4 5

RMSE: 0.062124mm

Comb #7(7): 2 3 4

RMSE: 0.085364mm

Reflection detected

Comb #8(8): 2 3 5

RMSE: 0.040335mm

Comb #9(9): 2 4 5

RMSE: 0.085884mm

Comb #10(10): 3 4 5

RMSE: 0.055592mm

Elapsed time is 0.074200 seconds.
Elapsed time is 0.000781 seconds.
5 combinations for a set of 4
Comb #1(11): 1 2 3 4

RMSE: 0.076622mm

Comb #2(12): 1 2 3 5

RMSE: 0.041981mm

Comb #3(13): 1 2 4 5

RMSE: 0.078591mm

Comb #4(14): 1 3 4 5

RMSE: 0.059664mm

Comb #5(15): 2 3 4 5

RMSE: 0.075236mm

Elapsed time is 0.008590 seconds.
Elapsed time is 0.000721 seconds.
1 combinations for a set of 5
Comb #1(16): 1 2 3 4 5




RMSE: 0.071063mm
Elapsed time is 0.006482 seconds.

Final registration parameters — rotation and translation:

Rot is:

-0.48306 -0.60563 -0.63235
-0.87515 0.3566 0.32702
0.027441 0.71137 -0.70228

Trans is:
58.9953
-28.2099
36.1755
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Appendix E: Preoperative Planning Data for Marker Insertions

Insertion Location

Mod. Mech in CT coord

X Y y4
Scala Tympani 15.18 18.50 46.83
Angle 1 Round Window 15.13 16.67 44.99
(view 1) Cochleostomy 15.12 19.56 48.67
Arbitrary 1 11.89 21.03 50.20
Angle 2 Scala Vestibuli 12.55 19.78 48.95
(view 2) Arbitrary 2 7.96 10.76 40.07

37




