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Chapter 1

Introduction

1.1 Motivation

1.1.1 Hearing and Hearing Loss

Traditional hearing individuals begin their sensation of sound when a sound wave travels down

their ear canal to their eardrum and causes it to vibrate. An image including the outer, middle, and

inner ear is shown in Fig. 1.1(a) for reference. Eardrum vibrations subsequently cause the three

small bones of the inner ear—the ossicles—to also vibrate, which amplifies the vibrations and

sends them to the cochlea (Fig. 1.1(b)). The spiral-shaped cochlea has two main channels—the

scala tympani (ST) and the scala vestibuli (SV), which are each filled with a conductive fluid called

perilymph [1]. The channels are separated by an elastic structure called the basilar membrane as

well as a third channel called the scala media (SM) (Fig. 1.1(c)) [1], [2]. The transferred vibration

causes a fluid wave to propagate through the SV and out the ST (connected via an opening at the

apex called the helicotrema) and a traveling wave moves along the basilar membrane which is

lined with sensory hair cells [1]. The traveling wave on the membrane causes these hair cells to

move and causes pores in the stereocilia on top of the hair cells to open. Chemicals move into

these pores, which causes the original mechanical motion of the sound wave to be converted to an

electric signal. The auditory nerve then carries that information to the brain for interpretation [2],

[3].

For individuals with hearing loss, one or multiple components of this hearing pathway is not

or are not functioning properly. Hearing loss is the fourth leading cause of disability globally and

can lead to a variety of challenges, one of the largest being difficulty communicating with others

[4]. This difficulty can lead to feelings of isolation and challenges navigating certain environments.

Hearing loss has also been linked with changes in cognitive ability, even correlated with increased

likelihood of dementia and Alzheimer’s disease [5], [6]. Hearing aids and cochlear implants (CIs)
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Figure 1.1: (a) Anatomy of Human Ear with Cochlear Frequency Mapping by InductiveLoad/

CC-BY-SA-3.0: Full hearing pathway including outer, middle, and inner ear and (b) Sound trans-
duction by hair cells ©2011 Pearson Education Inc., obtained from [9]: Detailed view of hearing
pathway showing a sound wave vibrating the eardrum, which then vibrates the ossicles, which then
sends a pressure wave down the SV and back through the ST. (c) This wave vibrates the hair cells
that line the basilar membrane. The vibration of the hair cells enables the conversion of the sound
wave to an electric signal and the auditory nerve sends this information to the brain.

are two of the main devices used to help augment or restore hearing to those with some or pro-

found hearing loss [4]. Hearing aids simply amplify sound, but an individual is still relying on

the surviving hair cells of their cochlea to interpret these signals [7]. For individuals with pro-

found sensorineural hearing loss caused by inner ear malfunction, CIs are typically recommended

because they bypass the traditional hair cell pathway and use surgically implanted electrode ar-

rays (EAs) to directly stimulate the auditory nerve [8] (see Fig. 1.2). The work in this dissertation

focuses on improving CI surgery.

1.1.2 Hearing Restoration - Cochlear Implants

A CI is one of the most successful neuroprosthetic devices to date [10]. This device sends

digitized sound stimulus information from a microphone/battery pack/speech processor system

to an external transmitting coil held in place by magnets [11]. For a particular CI, a processing

strategy is selected (such as continuous-interleaved sampling) and the audiologist will define a

user’s unique “MAP”, or set of processor instructions [12]. The implanted receiver/stimulator
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Figure 1.2: (a) Overview of CI components. The microphone detects mechanical sound waves and
the processor encodes these sounds and sends them to the internal (subcutaneous) receiver that is
electromagnetically coupled to the transmitter. The internal receiver then sends the digital infor-
mation to the cochlea for auditory nerve stimulation. Source: Blausen.com staff (2014). “Medical
gallery of Blausen Medical 2014”. WikiJournal of Medicine 1 (2). DOI:10.15347/wjm/2014.010.
ISSN 2002-4436. (b) Within the cochlea, the digitized sound information is emitted from the elec-
trode contacts to stimulate the spiral ganglion cells that lie along the modiolar wall. Modified
image from: https://pronews.cochlearamericas.com/perimodiolar-advantage-cochlear-ci532-slim-
modiolar-electrode/

receives electromagnetically transmitted information from the processor and sends these inputs

to the EA implanted in the cochlea (see Fig. 1.2(a)) [10]. Current flows to or between electrode

contacts (depending on stimulation strategy) on the implanted EA to activate neural endings near

the electrode-neuron interface (near the modiolus, the central core of the cochlea that houses spiral

ganglion neurons) (Fig. 1.2(b)) [13]. The neural pathway frequency map for natural hearing is

well-known and consists of decreasing characteristic frequency along the length of the cochlea

[14] (see Fig.1.1(a)). Because of this neural ending frequency-dependent layout, EA efficacy is

very sensitive to EA placement [10], [15]. The preferred placement of the EA is in the ST of the

cochlea because it is larger and will hold the EA closer to the neural endings [16].
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1.1.3 Cochlear-Implant Electrode Array Types

It is important to note that there are two main EA types - termed “straight” and “precurved”

for the remainder of this dissertation [17]. Originally, the first EA was a single wire electrode [18].

As EAs have become more advanced, more stimulation sites and more advanced carriers (i.e.,

silicone) have been added, but the same principle of a flexible carrier with electrode(s) contacts

has been utilized. The mechanism of curvature of these straight EAs is by contact with the lateral

wall (wall opposite the modiolus) and the final scalar position of these EAs is along the lateral wall

(see Fig. 1.3(a)). As more research has been done to improve CI efficacy, it was discovered that the

optimal configuration of an EA is to have the electrode contacts close to the neural endings they

stimulate, i.e., hugging the modiolus [19]. This intimate placement goal led to the development

of precurved, styleted (also called peri-modiolar) EAs, see Fig. 1.3(b). When the stiff (relative to

the EA body) stylet is in place, the precurved EA body is held in a straight configuration and it

will return to its precurved shape upon stylet removal. These EAs can be inserted with the stylet

in place, and the stylet is removed upon completion of the insertion such that the silicone carrier

ideally conforms to the modiolar wall. However, this approach can lead to intracochlear trauma

due to the stylet stiffness. To overcome this issue, an “Advanced-Off-Stylet” (AOS) technique was

developed, in which the stylet is held in place after the carrier reaches the basal turn, and then the

surgeon continues to advance the silicone carrier while holding the stylet in place such that the

curvature gradually increases throughout the insertion and ideally no EA component contacts the

lateral wall. Unfortunately, this ideal AOS insertion is challenging for a surgeon to implement in

practice.

Both of these EA types are used frequently in CI surgery and both have inherent advantages

and disadvantages which will be detailed in Sec. 1.4 after explaining intracochlear trauma and its

relationship to hearing outcomes. However, regardless of EA type, quality insertion remains a

challenge in CI surgery.
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(a) (b)

Figure 1.3: CI EA types [20]: (a) straight, lateral-wall EAs are flexible, silicone electrode carriers
that bend upon contact with the lateral wall of the ST. The final goal position of these arrays is
along the lateral wall and (b) precurved, styleted, perimodiolar EA. These EAs are initially straight
when the stylet is in place. The precurvature of the EAs causes the EA to bend upon stylet removal
into a cochlea-like curvature. The final goal position of these arrays is along the modiolus.

1.1.4 Limitations of Cochlear Implant Surgery

Since FDA approval of CIs in 1984, CI recipients have experienced significant speech percep-

tion improvements [21]. Improvements can be attributed to multiple channels and sites of stimu-

lation, more sophisticated sound coding strategies, and individuals with residual hearing receiving

implants [22]. Despite this success, there is a large disparity in the number of CI candidates and

the number of people who elect to get a CI, with only about 6% of candidates electing to get a CI

as of 2010 [23]. This disparity results from a myriad of different factors, but two factors that can

contribute to fewer individuals electing to get this procedure are the invasiveness of the surgery

and variable and/or suboptimal hearing outcomes.

Regarding invasiveness, the current state-of-the-art CI surgical procedure requires a mastoidec-

tomy to insert the EA, an invasive procedure that requires the removal of a pocket of bone behind

the external ear [24]. If access to the cochlea for EA implantation could be made less invasive,

more candidates may elect to get the procedure and may enjoy the benefits that a CI can bring.

Regarding variable and suboptimal hearing outcomes, clinical outcomes to cochlear implanta-

tion still vary greatly, and many implanted individuals struggle with speech perception in unfavor-
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able (e.g., noisy) listening conditions [25]–[28]. Two sources of variable outcomes and deteriorat-

ing performance in noisy conditions are intracochlear trauma during EA insertion and poor final

intracochlear placement [29], [30].

Next, the current attempts to reduce the invasiveness of the EA insertion procedure will be de-

tailed, as well as non-robotic insertion tools associated with the traditional and with the minimally

invasive approaches. Then, definitions and quantification of intracochlear trauma (and its effect

on hearing outcomes) will be discussed. This discussion will lead to detailing developed robotic

insertion tools and steering mechanisms to decrease insertion trauma. Finally, current attempts to

improve feedback with the aim of improving intracochlear placement and reducing trauma during

EA insertion will be discussed.

1.2 Minimally Invasive Cochlear Implant Surgery

Traditional CI surgery requires performing a mastoidectomy. Recent research has investigated

whether the mastoidectomy could be avoided and access to the cochlea could be obtained in a

less invasive fashion. There are a variety of different surgical techniques to avoid mastoidectomy

including the pericanal technique, the suprameatal approach, the transcanal (veria) approach, and a

single drilled tunnel to the cochlea [31]–[33]. The single drilled tunnel approach achieves the best

angle of approach for EA insertion into the cochlea [34]. This single drilled tunnel approach will

be termed minimally invasive cochlear implant surgery (MICIS) for the remainder of this work.

MICIS leverages image guidance technology and preoperative segmentation of patient anatomy

to plan a safe drill path to the cochlea. A variety of approaches have been employed to guide the

drill along the specified trajectory both in a research and clinical setting. Research implementa-

tions include a parallel robot [35], [36], an industrial robot arm guided by optical tracking of the

robot and the patient [37], [38], and a hand-drilled conical path using image guidance [39]. Clin-

ical implementations include using a custom serial robot arm in conjunction with optical tracking

[40] and using patient-specific microstereotactic frames [32]. MICIS has been shown to be a safe

and effective method of achieving less invasive cochlea access, with increased reliability, increased
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standardization, and decreased scarring compared to the standard approach [39]. Decreasing the

invasiveness could also lead to shorter time to activation, potentially expediting hearing rehabilita-

tion [41]. Despite the success of the minimally invasive approach, the final step of the procedure—

insertion of the EA, remains a significant challenge due to the visualization and dexterity limitation

imposed by the decreased invasiveness and the narrow tunnel surrounded by spiculated bone that

can deflect the EA from its path [42]. Insertion down the tunnel is particularly challenging for the

more flexible, large-diameter straight EAs. It would be desirable to have a tool to use in upcoming

clinical procedures to help perform this final step. It would be particularly useful if this inser-

tion tool was not only compatible with the image-guided MICIS workspace, but also non-robotic

and easily sterilizable to enable expedited clinical translation. Current non-robotic tools will be

detailed below.

1.3 Non-Robotic Cochlear Implant Insertion Tools

There are a variety of commercial and developmental insertion tools for CI EA insertion. The

focus of this section is on non-robotic tool options. Primarily, this category is comprised of what

will be termed “traditional” tools from CI manufacturers. Examples of these tools can be seen in

Fig. 1.4 including forceps (angled, straight, cupped), claws, graspers, and custom tools for specific

EAs. These tools are meant to be operated within the relatively wide field of a mastoidectomy

(with few maneuverability constraints) and thus are often not compatible with MICIS. Even if a

tool is compatible with MICIS (e.g., forceps), they are difficult to use within the resulting MICIS

workspace, they still rely on a surgeon’s hand-eye coordination to thread the EA successfully into

the cochlea, and they do not protect the EA on its journey through the bony drilled tunnel. A few

custom tools have been developed such as the split-tube design used after robotic MICIS [40], and

Kratchman et al. developed a manual tool for AOS insertion that is compatible with the MICIS

workspace of [32]; however, this tool is not compatible with larger diameter EAs. Chapter 2

will focus on conception, development, and clinical translation of a new manual insertion tool for

MICIS EA insertion of larger diameter EAs.
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Figure 1.4: Examples of commercial CI EA insertion tools such as forceps, graspers, claws, and a
custom tool (bottom-right)
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Besides development of new tools that can be compatible with the MICIS workspace, a primary

area of insertion tool development is in reducing trauma during insertion to improve hearing out-

comes. This is the main motivation for robotic tools for CI EA insertion. Intracochlear trauma and

reasoning for trauma reduction will be explained next. Then, robotic insertion tool developments

will be discussed.

1.4 Trauma and Trauma Quantification

As previously mentioned, CI surgeons strive to optimize the interface between an EA and the

neural endings it is attempting to stimulate whenever possible. One way they do this is by using

a “soft-surgery” [43] technique to achieve an atraumatic insertion. This minimization of trauma

essentially means preserving the patient’s natural inner ear structures as much as possible so as

to maintain the natural hearing pathway. This minimization can lead to improved hearing out-

comes and improved residual hearing preservation [44]. This preservation is especially important

as electro-acoustic stimulation (i.e., combining a CI with a hearing aid) becomes more popular

and has been shown to generate better hearing outcomes than electric stimulation alone [29], [45].

Researchers typically use a scale of 0-4 to grade trauma on histologic cochlea specimens. Grading

details can be viewed in Table 1.1.

Because histologic results cannot be obtained in real-time, forces have been used as a surrogate

for trauma and have shown to be linked to trauma [46]–[48]. Force data has been used in laboratory

settings for evaluating tools and techniques for force reduction (and thus implied trauma reduction)

[46], [49]–[57]. The force required to cause trauma is near or below the limits of human perception

[58]–[61]. Thus, as will be discussed in Sec. 1.5, robotic tools have been in development for many

years, with the first clinical use of a robotic tool for CI EA insertion in 2020 [62]. Often, in

evaluating new tools and techniques, the overall force norm is used for evaluation; however, recent

advancements have shown that force direction with respect to the coordinate frame of the cochlea

[63] plays an important role [64]. Typical reported metrics are the average force, the peak force,

and more recently proposed metrics are the jerk of the insertion force profile (dF /dt), the number
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Table 1.1: Intracochlear trauma grading scale [47], [65]

Grade Description

0 No observable macroscopic trauma
1 Elevation of the basilar membrane
2 Rupture of the basilar membrane
3 Dislocation of EA into SV (i.e., translocation)
4 Fracture of osseous spiral lamina or modiolus, or tear in tissues of stria vascularis/spiral ligament complex

of sudden rises in force, the change in force momentum, and the amount of time the force was

above a certain threshold [56].

There are typically four main insertion complications to avoid when inserting an EA: translo-

cation (grade 3 trauma), tip fold-over, tip scraping, and buckling. Examples of these complications

can be viewed in Fig. 1.5. A translocation (also termed scalar deviation) is when the EA ruptures

the basilar membrane and moves from the ST to the SV (Fig. 1.5(a)). This transposition disrupts

the traditional hearing pathway and thus results in a total loss of residual hearing [16]. Tip fold-

over occurs when the most apical section of the EA bends back on itself such that there is a fold in

a section of the apical end of the EA [66] (Fig. 1.5(b)). When fold-over occurs, it causes at least

one, if not both, of the electrode contacts involved in the fold to not be effective at stimulating

neural endings (because they would cause interference, or are facing the wrong direction) [67].

Tip scraping (Fig. 1.5(c)) is when the tip of the EA damages the lateral wall upon insertion and

may lead to damage of structures needed for residual hearing [68], [69]. Finally, buckling occurs

when the flexible EA body gives way under insertion forces and axial insertion forces no longer

translate to tip movement. A discontinuity in curvature occurs as a result, such as in Fig. 1.5(d).

This buckling can occur both inside the cochlea (potentially damaging important inner ear struc-

tures like the spiral lamina [20]) or outside the cochlea in the natural middle ear space, prohibiting

further advancement of the EA and resulting in a shallow angular insertion depth (AID) [42].

1.4.1 Advantages and Disadvantages of Electrode Array Types

Now that the relationship between trauma and hearing outcomes has been discussed, the re-

lationship between insertion of a certain type of EA and the resulting hearing outcomes can be
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(a) (b) (c) (d)

Figure 1.5: Examples of cochlear trauma [20] (a) Translocation of the EA from the ST to the SV
(b) Tip fold-over of the EA where the most apical EA section has folded back on itself, and (c) Tip
scraping, where the tip of the EA scrapes along the lateral wall, causing damage, and (d) Buckling
of the EA inside of the cochlea that prohibits further advancement and affects final intracochlear
position. In this case, the buckling event caused fracture of the osseous spiral lamina.

considered. The two main types of EAs—straight and precurved, have very different mechanical

characteristics, which dictate both 1) final EA placement and 2) typical insertion trauma. First,

straight EAs are able to stimulate lower frequency neurons because they can achieve insertions

deeper than 360◦ [17]. Deeper AIDs have been shown to lead to better hearing outcomes [70].

These EAs also typically have lower incidence of intracochlear insertion trauma, but are more sus-

ceptible to buckle and not achieve a full insertion [44]. Another disadvantage of these EAs is an

increase in the distance between the electrode contacts and the neural endings they are attempt-

ing to stimulate. This distance can result in a higher required current threshold for stimulation,

increased contact interaction (cross-talk), and less focal stimulation of spiral ganglion cells [71].

Electrode contact cross-talk can occur as neural fibers are activated by multiple contacts [72]. This

interference can manifest as poorer speech understanding for the user in challenging listening con-

ditions [73], [74]. This disadvantage is where the precurved EAs possess their main advantage.

Precurved EAs have the potential to achieve “modiolar-hugging” as their final position, with the

electrode contacts ideally curved along and touching the modiolus. A disadvantage of these EAs

is that insertion is more challenging because insertion requires correctly timing and coordinating

two motions (silicone EA carrier advancement and stylet removal) as well as correctly aligning the

planar curvature of the precurved EA with the plane of curvature of the ST. These types of EAs

are inherently much stiffer than the very flexible straight EAs, and tip fold-over, tip scraping, and
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translocation are more common when using precurved EAs compared to straight EAs [16], [66].

If the stylet is removed too late and/or if the curvatures are misaligned, the stiffened tip can scrape

along the lateral wall and even translocate into the SV [12], [16], [66]. If the stylet is removed too

early, the tip is likely to fold-over [16], [53].

1.5 Robotic Cochlear Implant Insertion Tools

There have been a variety of robotic tools developed for CI EA insertion. The main purpose

of these tools is to reduce insertion trauma as defined and detailed in Sec. 1.4. If a CI trajectory

is specified, EA insertion can be largely reduced to linear advancement of the EA along that tra-

jectory, especially for straight EAs. Such placement occurs at the limits of human perception with

intracochlear trauma during insertion—including tip fold-over and translocation––occurring rela-

tively frequently [16]. For precurved EAs, a second motion is necessary to control stylet motion

during insertion. These insertion motions can be automated by highly precise actuators such as

those described in [75] which consists of a linear advancement coupled with a stylet stop. Com-

parison of a modified version of this tool to manual, human insertion showed that while a human at

their best may outperform the robot, the robotic insertion tool consistently and repeatably achieved

low insertion forces [50] likely to be associated with less intracochlear trauma and improved audi-

ological outcomes [29] as compared to the human operator. Another automated solution, building

on the work of Zhang et al. [76], was created by Pile et al. who developed a 4-Degree-of-Freedom

(DOF) solution using a wire-actuated parallel robot design that can be teleoperated or autonomous

[77]. This robot was the first robot to incorporate control feedback in CI insertion [78]. The lat-

est automated insertion tool from the RobOtol (a teleoperated otologic surgery robot developed

at Pierre and Marie Curie University in Paris, France) developers can be coupled to the RobOtol

and has demonstrated smoother insertion force profiles compared to manual insertions [56]. The

RobOtol platform has been used as an instrument holder to perform the first clinical robotic CI EA

insertion [62], [79]. Recently, a simple automated insertion tool was developed using a syringe as

the EA holder and hydraulically actuating the holder via an infusion pump [80]. Finally, clinical
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implementation of another robotic insertion tool was reported by the iotaMotion team (Iowa City,

IA, USA), who have developed a small, head-mounted insertion robot that is compatible with a

variety of different straight EAs and whose angle of approach is set manually by the surgeon [81],

[82].

Attempting to steer EAs throughout the insertion has also been a subject of research for some

time because it would be advantageous to be able to control EA intracochlear placement [83]

and avoid wall contact. This work led to the development of the AOS technique for precurved EA

insertion, the development of tendon-actuated EAs [84], the use of shape-memory wires embedded

in the EA to achieve modiolar hugging after insertion [85], and using an external permanent magnet

to steer a magnet-tipped commercial EA within the ST [68].

Chapter 3 builds on the work of the previously developed automated insertion tools and [68]

by developing a robotic system for less traumatic insertion using magnetic steering combined with

image guidance and a nonmagnetic automated insertion tool [86]. This chapter details the first-in-

cadaver implementation of CI EA magnetic steering.

Trauma is not the only important factor that affects hearing outcomes, EA placement is also

crucial to achieving optimal results. Next, recent and current efforts toward improving intraopera-

tive surgeon feedback to determine this placement will be discussed.

1.6 Feedback During Electrode Array Insertion

CI outcomes are very sensitive to EA placement [87]; however, very few feedback mechanisms

currently exist for a surgeon when inserting an EA [88]. A surgeon can watch the EA enter the

cochlea (and count the number of electrode contacts still outside the cochlea to deduce insertion

depth), and can use limited tactile feedback when inserting by hand to know when to halt or alter

the insertion. Unfortunately, as mentioned, the forces to cause trauma are near or below the limits

of human perception [59], [60], so this is not a sufficient feedback mechanism. Tracking EA

travel is difficult since traditional endoscopes and image guidance tools for EA localization are

not compatible with this procedure due to size constraints and lack of line of sight. Additionally,
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traditional magnetic tracking is not applicable because the sensors are too large to be incorporated

into an EA and they lack the resolution necessary for sufficient localization.

A few technologies and techniques exist for intraoperatively evaluating commercial EA in-

tegrity and placement within the operating room, and these are typically used after insertion. These

technologies and techniques can be separated into imaging techniques and audiologic strategies.

The first imaging technique that has been shown to be beneficial is using postoperative comput-

erized tomography (CT) to determine final EA placement. This approach has been shown to be

extremely useful in determining CI positioning [89], but is limited by CT scanner availability, cost,

patient radiation exposure, and lack of real-time recording during insertion. Sequential fluoroscopy

has also been used during an insertion, but also increases a patient’s radiation exposure and does

not truly provide feedback in real-time [90].

Clinical tools used by audiologists include: electrically-evoked compound action potentials,

electrically-evoked stapedial reflex threshold, electrocochleography, and impedance telemetry [91].

Here, each approach will be detailed as it is currently used clinically and its potential utility for

providing real-time insertion information will be suggested. First, ECAP is the measure of the

peripheral response of the auditory nerve to electric stimuli. Electrically-evoked compound action

potentials have been shown to be a useful predictor of preservation of residual hearing preservation

[92]; however, results relating these measures to EA positioning have been variable [93]–[95]. A

second audiologic measure, stapedial reflex threshold, is obtained by visualizing the contraction

of the stapedius muscle upon electric stimulation [91]. This binary measure is not useful for in-

forming fine EA placement, but can indicate that the peripheral/brainstem portion of the auditory

pathway is functioning correctly. The third listed technique—electrocochleography—measures the

electrical potential responses of the hair cells and spiral ganglion cells of the cochlea to an external

sound stimulus while the surgeon is inserting the EA. Electrocochleography has been shown to be

useful during EA insertion in real-time in helping to prevent residual hearing damage [96]–[100].

However, this technology has only been shown to detect large differences in intracochlear scalar

position (i.e., translocations) and relation to scalar location is complex [101]. Lastly, impedance
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telemetry is traditionally used clinically after the EA has been inserted. This measure involves

sending a known current pulse to an electrode contact and either measuring its voltage response

to a ground (contact impedance), or measuring the voltage response of the other electrode con-

tact(s) to the stimulated electrode contact [102]. Abnormally low values indicate a short circuit

and abnormally high values indicate an open circuit [91]. Impedance values are readily available

in traditional CI manufacturer hardware and require very little workflow change. More impor-

tantly, these values have been shown to have a promising correlation with E-M distances [83],

[103], [104], with recent work showing the benefit of modeling the equivalent circuit components

of the voltage response [88], [105], [106]. It is recommended that more work be done to clarify

the reliability of this technique [104].

Impedance sensing is a promising audiologic technique that could provide clear feedback of EA

insertion progress. Chapter 4 focuses on leveraging bipolar impedance sensing and the equivalent

circuit model to correlate bipolar impedance components to E-M proximity and then use sensed

impedance values as a feedback mechanism in insertion.

1.7 Dissertation Overview and Contributions

The focus of this dissertation is on the advancement of the tools, techniques, and systems that

surgeons use for CI EA insertion to enable them to achieve improved insertions that will lead

to superior patient hearing outcomes. Improvement goals include design and development of a

MICIS-compatible tool for more successful insertion in a minimally invasive CI case, decreas-

ing insertion trauma through robotic assistance and steering, and improving final EA placement

through intraoperative real-time monitoring. Below, the contributions of each chapter of this work

are summarized.

1.7.1 Clinical Translation of a Manual Insertion Tool for Minimally Invasive Cochlear Im-

plant Surgery

MICIS has been shown to be capable of achieving safe and accurate minimally invasive ac-

cess to the cochlea without a mastoidectomy [32], [33]. Despite this success, the final step in
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MICIS of EA insertion remains a challenge due to changes to the surgical workspace that yield a

long porous drill path with limited visualization and dexterity. Commercially available tools are

not designed to fit within the narrow confines of the MICIS workspace. As such, a new insertion

tool is needed that assists the surgeon in easily threading the EA down the drill path and into the

cochlea. This tool should be able to be quickly translated (and thus although many promising

automated tools have been developed, it should not be automated for this application) to enable

use in ongoing clinical trials and should assist with insertion of straight (more flexible) EAs that

are more susceptible to buckling. Kratchman et al. developed a manual insertion tool compatible

with the MICIS workspace [107]; however, this tool was designed for precurved EAs and could

not easily be adapted for larger diameter straight EAs. The main contribution of Chapter 2 is the

development of a rapidly translatable MICIS insertion tool that enables straightforward, successful

insertion of these large diameter straight EAs. This chapter describes the conception, fabrication,

evaluation, and the first clinical translation of this new manual insertion tool. The resulting MI-

CIS workspace for a population (N = 97) was evaluated to advise tool and testing phantom model

design. The repeatability of the MICIS drill path generation using the probabilistic algorithm in

[108] was evaluated for the first time. A clinically realistic testing phantom model was designed

that can be used as a surgical trainer to evaluate insertion force profiles for varying MICIS EA

insertion techniques. Tested insertion force profiles with this platform indicated very little differ-

ence between the insertion force profile with the new tool and with the traditional tool (surgical

forceps). Cadaver insertions demonstrated that increased AIDs can be achieved with the new tool

compared to traditional tools and the tool increased the ease of the insertion. Clinical translation

was achieved for the first time with this tool and enabled a complete insertion (full ST) in a MICIS

case.
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1.7.2 System Development for Magnetically Steered Robotic Cochlear-Implant Electrode

Array Insertion

Reducing trauma during CI EA insertion is essential for improving hearing outcomes [29].

Many promising robotic tools have been developed to enable smooth, controlled insertions [50],

[55], [56], [62], [75]–[77], [80], [81], [109], [110] and potentially steer the EA [68], [76], [85].

In Chapter 3, this work is built on by developing a system that combines a robotic insertion tool,

image guidance, and magnetic steering using an external, programmable electromagnet to enable

an atraumatic insertion. This is the first system that demonstrates magnetic steering of commercial

CI EAs with an electromagnet, and this system enables the first magnetically steered EA insertions

into a cadaveric cochlea. To create this system, a method for preoperative, patient-specific tra-

jectory planning was developed that generates the tool position and orientation and the prescribed

magnetic field vectors for each point along the patient’s insertion path. A robotic insertion tool was

designed that is nonmagnetic, easily adaptable to clinical EAs of different diameters, and features

a new gripping/detachment mechanism. It was demonstrated that the use of image guidance in

conjunction with electromagnetic steering enables a less traumatic insertion compared to either a

robotic insertion with image guidance alone or a manual insertion in phantom models. For the first

time, it was shown that this result holds for magnetic steering in a cadaveric model, an important

result signifying that the in-vitro model results are clinically relevant.

1.7.3 Using Real-Time Electrode Array Insertion Impedance Feedback to Inform Array

Positioning and Modulate Insertions

Surgeons have little feedback when inserting an EA in the operating room. They can watch the

cochlea entrance and attempt to detect minuscule force changes to predict EA insertion progress

and approximate EA placement. Recent work has focused on using an existing non-invasive and

non-radioactive audiologic tool—impedance sensing—to gain valuable position information [83],

[88], [103], [104], [111]. In Chapter 4, building particularly on the results from [88], [104], the

insertion impedance profile vs. E-M proximity was evaluated in phantom models of varying geom-
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etry for a straight EA type whose relationship had not yet been evaluated. This straight EA features

dual-sided EA contacts, and the characterization of the proximity relationship of impedance to E-M

was quantified for the first time for this contact geometry. It was shown that real-time impedance

values can detect entry behavior of individual electrode contacts accurately and repeatably. A

kinematic model for a straight EA was developed, and based on the phantom experiment evalua-

tion, impedance knowledge was incorporated to improve the shape estimation and this model was

validated using to-scale ST insertion experiments. It was also shown for the first time explicitly

that the real-time relationship between access resistance and E-M proximity translates to cadaveric

cochlea. Finally, building on the work of [78], impedance feedback was used to advise EA inser-

tion and the ‘pull-back’ technique (i.e., when the surgeon purposely pulls a precurved EA back

after insertion is complete to decrease E-M distance) with the aim of improving EA placement

using a precurved EA. This pull-back technique is already routinely used clinically, but the sur-

geons do not have any feedback as to when to stop pulling the EA body back to achieve optimal

positioning. In this study, real-time impedance values successfully advised the actuators when to

stop the pull-back technique in real-time and achieve close modiolar positioning without reducing

AID.
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Chapter 2

Clinical Translation of an Insertion Tool for Minimally Invasive Cochlear Implant Surgery

In a traditional CI surgical procedure, a surgeon grips the EA body near the opening of the

cochlea and has full visualization of the EA entering the cochlea during the insertion. In MICIS,

the surgery is made less invasive by drilling a single tunnel to the cochlea, but visualization restric-

tions and dexterity limitations are introduced, increasing the challenge of achieving a successful

insertion. Traditional insertion tools are typically not compatible with the MICIS workspace, do

not provide adequate assistance for threading the EA semi-blindly into the cochlea, and/or do not

protect the EA on its journey through the spiculated bone and middle ear air gap. There is a need

for a MICIS insertion tool that solves the challenges associated with using traditional tools in MI-

CIS, and that could be quickly translated to enable successful insertion of large diameter straight

EAs.

This chapter describes the conception and development of a manual insertion tool for EA in-

sertion during MICIS. This tool addresses an important need in MICIS by enabling the surgeon to

consistently and effectively advance the EA down the long narrow tunnel of spiculated bone. Tool

development began with brainstorming and initial feasibility testing of a wide variety of designs.

Next, once the first version was deemed feasible, this tool was tested in a phantom model to an-

alyze clinical viability. Based on these experiments, modifications to the device were made and

testing in cadavers was performed using the second version of the tool. Based on these results and

further analyses, a third version of the tool was designed and fabricated and eventually clinically

translated.

Contributions of this chapter include 1) population analysis of patient-specific parameters in the

resulting MICIS workspace, 2) development of a simple and safe insertion tool for use in MICIS,

3) creation of a clinically realistic phantom model for MICIS testing and training, 4) experimental

evaluation of the developed tool in phantoms and in cadavers, and 5) clinical translation of the tool.

The content in this chapter led to two conference publications [42], [112], a case report in
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Figure 2.1: Surgical Comparison (a) traditional mastoidectomy in which the skull behind the ear
is carefully removed using a high-speed surgical drill. The middle ear is entered from the facial
recess. (b) MICIS uses CT guidance to drill a tunnel directly from the surface of the skull to the
middle ear

Otology and Neurotology [113], and a first author journal publication in the American Society of

Mechanical Engineers (ASME) Journal of Medical Devices [114]. Contributions in this chapter

also enabled the experiments in [115].

2.1 Introduction

CIs have helped restore the perception of sound to hundreds of thousands of individuals world-

wide [116]. Traditional CI surgery requires a mastoidectomy to access the inner ear structures.

Mastoidectomy involves removing a pocket of bone from behind the external ear (see Fig. 2.1(a)),

a procedure during which the surgeon must rely on experience, hand-eye coordination, tactile feed-

back, and visual cues to avoid vital structures [117]. These vital structures include the facial nerve,

which controls motion of the face, and the chorda tympani, which controls some components of

taste. There have been a variety of efforts to minimize the invasiveness of this procedure and ob-

viate the need for mastoidectomy. Some of these approaches include the pericanal technique, the

transcanal technique, and the suprameatal approach [31], [118]–[122]. These methods have suc-
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cessfully avoided mastoidectomy; however, the angle of approach for insertion of the EA into the

cochlea is suboptimal [34].

Recent research has investigated whether image-guided approaches that leverage patient-specific

anatomical knowledge could be used to avoid mastoidectomy in favor of a single drilled lin-

ear trajectory to the cochlea, termed minimally invasive cochlear implant surgery (MICIS) (see

Fig. 2.1(b)). Specifically, this method calls for the creation of a drilled path to the channel within

the cochlea closest to the auditory nerve endings, the ST. A variety of approaches have been em-

ployed to guide the drill along the specified trajectory including a parallel robot [35], [36], an

industrial robot arm guided by optical tracking of the robot and the patient [37], [38], a hand-

drilled conical path using image guidance [39], a custom serial robot arm in conjunction with

optical tracking [40], and use of microstereotactic frames [32].

All of these approaches share a common theme in that they help realize a minimally invasive

single drill path to the cochlea which avoids critical anatomy. However, the surgically-created tun-

nel creates geometric constraints for the surgeon to insert the active end of the CI—the EA—into

the cochlea. The surgeon is tasked with threading the EA down a narrow tunnel of spiculated bone,

punctuated with irregularly shaped air cells, through the middle ear air gap, and into the ST of the

cochlea with highly restricted visual feedback. During insertion, the EA can sometimes blindly

detour into a partially opened mastoid air cell and/or buckle in the middle ear space. This deflec-

tion is a particular issue for the more flexible straight EAs (as opposed to the EAs that have a stylet

in them resulting in a stiffer overall structure).

As a result, despite promising results and potential advantages of a single tunnel approach—i.e.,

it is less invasive, safer for vital anatomy, and facilitates an optimal insertion vector—the final step

of EA insertion through the tunnel and into the cochlea remains a challenge. Fig. 2.2 displays the

approximate shape of the surgical space resulting from MICIS [32]. In this chapter, a solution to

this challenge using a novel manual insertion tool for MICIS is described.

A variety of automated inssertion tools for CI EAs have been developed in the past featuring

innovative designs [54], [56], [76], [77], [80], [81], [86], [123], [124]. These tools are capable
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Figure 2.2: MICIS Workspace Definitions: The minimally invasive approach consists of two stage
drilling – a lateral 3.8 mm tunnel of length ‖l − s‖ and a 1.6 mm medial tunnel of relative length
‖m − l‖. After drilling the tunnel, the middle ear air space (where m resides) must be traversed to
place the CI EA within the ST component of the cochlea beginning at the target, t

of achieving super-human accuracy and speed. While these automated solutions could prove very

useful in the future, the goal of this work was to develop a simple manual tool that could be quickly

translated to the operating room. Manual insertion tools include traditional surgical instruments

(e.g., forceps, claws, and guidance tools such as [125]). Typically, these tools are not compatible

with the MICIS workspace, and if they are, they do not solve the inherent challenges associated

with this approach. Specific manual MICIS tools include a tool by Caversaccio et al. who used a

metal split-tube design [40], but this tool is not compatible with the workspace of [32] to solve the

aforementioned challenges. Kratchman et al. have developed a tool compatible with the workspace

of [32]; however, this tool is not compatible with larger diameter, straight EAs that are very sus-

ceptible to buckling [107]. Next, the specific design constraints for the tool are described.

2.2 Design Constraints

Design constraints are defined as shown in Fig. 2.2. The two-stage drilling process consists of

a 3.8 mm lateral drill path that extends a distance ‖l − s‖ from the skull surface, followed by a nar-

rower 1.6 mm medial drill path that is ‖m − l‖ long and ends in the air-filled middle ear—-an area

where the EA is susceptible to buckling. The surgeon does not have direct visualization inside the

drilled channel, but can obtain vision of the middle ear through the ear canal by lifting the eardrum.

The exact dimensions of Fig. 2.2 are determined for each patient using their preoperative CT scan

and corresponding surgical plan. To accommodate this variation, one of the design constraints of

the insertion tool was that it be easily customizable or generalizable to most patients. The design

22



needed to accommodate the MED-EL Standard EA, because it has one of the largest diameters of

any commercial EA, which provides adaptability, since the tool can also insert EAs with smaller

diameters. The largest diameter of the MED-EL Standard measures approximately 1.4 mm, which

only allows for about 0.2 mm of clearance in the 1.6 mm diameter medial channel (0.1 mm wall

thickness for a tube). The tool also needed to be quickly translatable to the operating room, so

it needed to not be automated and needed to be easily sterilizable. All of these constraints were

considered during every stage of the design process.

In summary, user requirements for this tool are that it be a manual (i.e., not automated) tool

that enables a clinician to perform the device’s intended use which is to thread a straight EA down

the porous tunnel of bone and insert it safely and effectively into the cochlea. These requirements

lead to the following design requirements that the tool be (i) manually actuated, (ii) able to ac-

commodate the MED-EL Standard and FLEX series EAs, (iii) must be able to accommodate any

viable MICIS candidate, (iv) sterilizable and able to be fully disassembled from the EA, (v) must

not damage the EA, (vi) must demonstrate an improvement over traditionally used tools, and (vii)

it must not limit the final EA insertion depth.

2.3 Initial Tool Development

2.3.1 Design Iteration

Based on the design criteria detailed in Sec. 2.2, numerous designs were prototyped for feasi-

bility before more rigorously testing the first version of the tool. Here, some of the brainstormed

and attempted designs are summarized. Design ideas can be separated into two groups based on

actuation location: designs that attempted to grip the EA at the cochlea opening, within the middle

ear space (termed “proximal grip point”) or designs that attempted to grip the EA from outside

of the skull (termed “distal grip point”). Some of the explored designs can be viewed in Fig. 2.3.

Briefly, proximal grip point attempts included trying to fabricate a tube whose radius could be de-

creased to grip the EA and subsequently increased to release the EA, thereby allowing the EA to

be inched along the desired insertion vector (Fig. 2.3(a)-(c)). The main issue with this mechanism
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of actuation was the difficulty of manufacturing within the 0.1 mm of allowable wall thickness.

Additional proximal variants included using a ‘C’-shaped tube set that would grip the tube when

twisted closed and release when twisted such that the slit portions were aligned (Fig. 2.3(d)). While

initially promising, the space constraints made it very difficult to source a tube that had sufficient

torsional rigidity while still maintaining the ability to machine an effective ‘C’ profile. Finally,

there was an attempt to create two short tubular compression grippers that would be connected via

rods from the middle ear space, through the drilled path, and to the skull opening (Fig. 2.3(e)).

Fabrication of the attachment rods that were sufficiently rigid, but small enough to fit within the

space constraints proved difficult, and removal of the grippers was not straightforward.

Regarding distal grip point variants, a simple push tube set was initially tested (with or without

spring-loading) or compression tube set (Fig. 2.3(f-h)) similar to what has been done with other

insertion tools in the literature. Unfortunately, the space constraints were still a limiting factor

with commercially available metal tubing and the goal was to limit the number of parts that needed

to be translated for simple manual actuation. Friction of the EA inside the metal tubing was

another limiting factor for sliding the EA through a tube with tight clearance. Another distal

variant idea was to use peelable heat shrink that would grip the EA tightly until peeled, such

that if the heat shrink is peeled apart and advanced forward the EA would also be advanced and

eventually released from the tool (Fig. 2.3(i)). This design could potentially be a proximal or distal

grip point variant depending on where the peeling of the heat shrink begins. In this design, it was

very difficult to apply the force vector in the correct direction to enable appropriate advancement

and also peel the tubing.

Finally, it was discovered that polyimide tubing, an extremely thin yet stiff tubing, could be

used to bridge the middle ear space, and a compression variant that is similar to Fig. 2.3(g) but

that uses roller wheels to slightly compress the silicone surrounding the transmitting wire was

selected that could translate the EA forward with minimal movement of tool components (i.e., no

translating components to free the surgeon to focus on the EA entering the cochlea). Next, the

initial design will be described in more detail.
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Figure 2.3: Attempted designs and concepts for initial tool design
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2.3.2 Initial Tool Design

The initial design concept is shown in Fig. 2.4. The tool actuates the EA via a roller mechanism

that creates a mid-channel bottleneck. The surgeon is able to apply a steady axial force by rotating

the roller wheels. This rotational motion is converted to axial motion of the EA via contact between

the roller wheels and the silicone outer sheath of the EA. The proximal end of the tool—the end

closest to the cochlea—consists of a polyimide tube with inner diameter 1.45 mm, and an outer

diameter 1.51 mm, satisfying the aforementioned tolerance of 0.1 mm maximum wall thickness

allowable in the medial drill channel. This design features a static contact point and no vertical

translation of components which helps to keep the insertion simple and smooth, and frees the

surgeon to focus on monitoring insertion progress. The tool geometrically mimics the drilled

channel; it contains a rigid distal end piece with an inner diameter of 1.7 mm that houses the roller

mechanism. The roller wheels rotate on pins that are press fit into the rigid end piece. A support

entry tube extends into the 3.8 mm drilled channel to constrain the EA, and minimize frictional

effects by reducing the length of the EA within the polyimide tube. The polyimide tube extends into

the medial channel and bridges the middle ear air gap, providing the necessary support to prevent

buckling. The entire tool is 3D printed on a Formlabs™ 3D printer (Model Form 2: Formlabs Inc.;

Somerville, MA), and is made out of autoclavable and biocompatible dental resin.

Initial testing proceeded using the phantom model shown in Fig. 2.5(a-c) to evaluate the per-

formance of the newly developed insertion tool compared to the traditional approach (i.e., surgical

forceps). The visualization capabilities of an actual MICIS procedure were replicated by attaching

a plate to the top of the phantom model that had a 10 mm diameter hole in it to mimic an ear canal

opening Fig. 2.5(a). The phantom model was oriented in a clinically representative orientation and

held using a clamp, as shown in Fig. 2.5 for (b) the traditional surgical forceps and (c) new roller

tool. An experienced CI surgeon performed six insertions with the new roller tool and six inser-

tions with surgical forceps using MED-EL Standard EAs. Before each trial, the ST was refilled

with soapy water to minimize friction and maintain consistency between tests. For each insertion,

the insertion duration, whether buckling occurred, and final insertion depth (measured by count-
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Figure 2.4: (a) Initial tool design and (b) Assembled device with autoclavable 3D printed pieces
and United States quarter dollar for scale (diameter of 24.3 mm)
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Figure 2.5: (a) Top view of testing phantom showing the mimicked MICIS visualization, (b) ex-
perimental setup using traditional insertion tools, and (c) experimental setup using the roller tool.
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Table 2.1: Insertion Buckling Comparison

Trial Buckling Insertion Depth

Traditional Tool

1 Y 11/12
2 N 12/12
3 Y 11/12
4 Y 11/12
5 Y 11/12
6 Y 11/12

New Tool

1 N 12/12
2 N 12/12
3 N 12/12
4 N 12/12
5 N 12/12
6 N 12/12

Table 2.2: Insertion Duration Comparison

Duration of Insertion (s)

T1 T2 T3 T4 T5 T6 Avg.

Traditional Tool 185 81 157 101 142 85 125
New Tool 80 97 124 71 142 80 99

ing the number of electrode contacts along the length of the EA that were fully inserted into the

cochlea with 12/12 indicating complete insertion) were recorded.

Data collected from experiments can be viewed in Table 2.1 and Table 2.2. As can be seen in

Table 2.1, no bucking occurred with the roller tool (0/6) compared to almost universal buckling

with surgical forceps (5/6). Insertion depth was somewhat deeper with the roller tool (complete

insertion in all cases) versus surgical forceps (average 11.2 electrode contacts out of 12 inserted

into the cochlea). Table 2.2 shows average insertion durations, with the traditional tool requiring

on average 26 more seconds for an insertion and higher insertion duration variability. Note that

the roller wheel EA insertion time does not include post-implant disassembly so the comparison is

made solely on insertion time.
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Figure 2.6: (a) Second generation tool design and (b) Assembled device with autoclavable 3D
printed pieces and US dime for scale (diameter of 17.91 mm)

2.3.3 Tool Updates after Phantom Testing

Tool updates after phantom testing included shrinking the overall assembly and making dis-

assembly easier using a tongue-and-groove connection between the tool halves. Additionally, the

bottleneck diameter was increased to decrease frictional issues and backlash. All edges were made

as smooth as possible to increase safety for the patient and for the EA. Tolerances were adjusted

such that the printed model required little to no finishing work. This updated design was then tested

in cadaver models using the established MICIS workflow. The workflow of this procedure can be

viewed in Fig. 2.7. Preoperative planning was first performed by segmenting critical structures

in the CT scan of the patient using automated segmentation methods described previously [126]–

[128]. A drilling trajectory was created based on these preoperative scans targeting the medial axis

of the ST [108] (see Fig. 2.7(a) for results from these steps). Next, a patient-specific microstereo-

tactic frame, a Microtable®, was milled using a computer numeric control (CNC) milling machine

[129]. The microtable was then affixed to the cadaver head and the minimally invasive tunnel was

drilled in two steps—a 3.8 mm tunnel lateral to the facial nerve and a 1.6 mm tunnel in close prox-
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Figure 2.8: (a) CT Scan and (b) reconstructed EA position from first cadaver studies with the tool

imity to the facial nerve (see Fig. 2.7(b)). After this step, the tympanic membrane was raised from

an external auditory canal (EAC) approach enabling visualization and preparation of the cochlea.

Such preparation included removal of the bone comprising the round window overhang and re-

flection of the round window membrane posteriorly creating an opening into the ST. Next, the

insertion tool was positioned on the cadaver head and secured by mating of the ∼3.8 mm portion

of the device tube (3.5 mm for clearance) with the 3.8 mm tunnel. For this initial positioning, a

metal stylet was placed through the lumen of the insertion tool such that the stylet could be seen as

it approached but did not enter the cochlea. With proper alignment visually confirmed, the stylet

was removed and the EA was threaded into the insertion tool until the tip could be seen just outside

the cochlea. Finally, with the surgeon viewing the cochlea via the EAC (see Fig. 2.7(c)), the roller

wheels of the insertion tool were manually actuated enabling slow, smooth insertion of the EA.

Initial tests with this device were carried out using two cadaver heads (four ears). Insertions
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Table 2.3: Angular insertion depth comparison of the traditional tool and new tool for the four
tested ears

Angular Insertion Depth (AID) (◦)
Insertion

Technique
Cadaver 1,
Left Ear

Cadaver 1,
Right Ear

Cadaver 2,
Left Ear

Cadaver 2,
Right Ear

Traditional Tool 702 601 699 710
New Tool 664 544 708 555

were done using a traditional tool (surgical forceps) and the new insertion tool. Initial testing was

done using a mixture of water and a small amount of Healon (sodium hyaluronate) for lubrication;

however, both the traditional approach and new tool yielded similar partial insertions near only

about 250◦. These partial insertions were most likely due to a post-mortem change in the frictional

properties of the ST. As a result, to overcome this increased friction, soapy water was used as

the lubricant for testing comparison. Post-insertion CT scans were collected and compared for all

four ears. Resulting AIDs from the cadaveric trials are tabulated in Table 2.3, and a resulting CT

scan and a 3D reconstruction from an insertion with the new tool can be seen in Fig. 2.8. With

both insertion techniques, similar insertion success was achieved; all trials resulted in complete

insertions (12 of 12 electrode contacts intracochlear). For both techniques, similar AIDs were

observed (average AIDs near 680◦ for the traditional tool and near 620◦ for the new tool). Although

both techniques resulted in similar insertion success, using the roller tool enabled the surgeon to

blindly advance the EA along the optimal trajectory while focusing visual and fine motor attention

on the entrance of the cochlea as accessed via the EAC (see Fig. 2.7(c)). Using the new tool made

it significantly easier to insert the EA without buckling. Of note, this version of the tool did not

feature a method of removing the tool completely, although cutting the polyimide tubing after

insertion was complete and tearing a pre-perforated polyimide tube were investigated.

2.4 Steps to Clinical Translation

The previously detailed work focused on initial concept design and feasibility in phantoms and

cadavers. The remainder of this chapter focuses on refinement of this design and performance
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of the steps needed to achieve United States Food and Drug Administration (FDA) approval for

clinical use. The contributions of this work are as follows: 1) population analysis (N = 97) of

patient-specific parameters for both roller tool design and phantom model generation and verifi-

cation that patient-specific designs can be suitably built for all viable candidates, 2) developing a

method for and testing roller tool disassembly around an EA, 3) improving tool concentricity, 4)

miniaturizing the roller tool for compatibility with the geometric requirements of the rest of the

CI system (i.e., subcutaneous receiver permanently attached to the EA by a transmitting wire), 5)

creating a clinically realistic MICIS testing setup that could be used as a general surgical trainer

for MICIS in the future, 6) evaluating the insertion force profile of the roller tool versus surgical

forceps, and 7) evaluating cadaver performance with full mock implantation including disassembly

and removal of the roller tool, with all work leading to 8) clinical translation in a first live human

case.

2.5 Methods

2.5.1 MICIS Parameter Analysis

In this section, methodology toward contribution 1 to determine the MICIS population parame-

ters (i.e., distances along the drill path of the air gap, medial drilling, and lateral drilling in Fig. 2.2)

for the implementation in [32] is described. These distances were quantified for three main reasons.

First, such analysis would help determine if the insertion tool could be a one-size-fits-all design

or if the 3D printed housing and/or distal polyimide sheath length would have to be adjusted on

an individual basis. Second, population analysis would enable the design of a minimally inva-

sive phantom model representative of the surgical population. Finally, this analysis could provide

further insight into anatomic nuances that may rule out some candidate patients from MICIS.

Ninety-seven temporal bone scans were analyzed under IRB-approved protocols. All scans

were acquired on clinical CT scanners, and median voxel size for this dataset was 0.25 x 0.25 mm

in the plane of scan and 0.34 mm between slices. For each patient CT scan, MICIS was planned,

and the resulting drill path was analyzed. To perform this planning, the temporal bone anatomy was
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first segmented using an atlas-based approach [126]–[128]. A 3rd-year otolaryngology resident

surgeon verified that all segmentations were anatomically valid. Any questionable segmentations

were further validated by a very experienced CI surgeon (> 500 implants over 20 years).

Based on the segmented anatomy, a drill trajectory was generated automatically [108]. Critical

points along the trajectory (t, m, a, l, and s) were identified as shown in Fig. 2.2. All points lie

along the trajectory axis. Point t (target point) is the most lateral (toward skull surface) point of

the ST along the axis. Point m is the end of the medial drilling, selected to lie within the middle

ear space and at least 1 mm past any mastoid bone given that the medial drill tip is conical with

a height of approximately 0.8 mm. Thus, this selection ensures that the medial drill bit enters the

middle ear to its full diameter. Next, the first point along the trajectory moving laterally from

the cochlea where the drill path was surrounded by 50% of bone was identified and labeled a,

specifying the boundary of the middle ear air gap. The level/window for determining this point

was set to 500/1000 HU for all scans for standardization; inter-scanner intensity variability was

neglected.

Point l was chosen 10 mm behind point m based on established drilling protocols with the

medial drill bit length being either 10 mm or 13 mm longer than the lateral drill bit length. The

shorter differential is preferred given better access and more stable drilling. If this l (10 mm from

m) placed the lateral drill bit within 4 mm of the facial nerve or within 0.4 mm of the EAC, l

was placed 13 mm lateral to m. If this trajectory still resulted in the lateral drill path being closer

than 4 mm to the facial nerve or 0.4 mm to the EAC, the candidate was omitted from subsequent

analysis and was not considered a MICIS candidate. Finally, intersection of the skull surface with

the midline trajectory was labeled as point s.

The minimum distance between the drill path and facial nerve and between the drill path and

EAC was automatically determined for each plan by first creating an object file of the lateral drill

path to compare to the object files of the segmented anatomy. Then, using the definitions shown in

Fig. 2.9, the minimum distance was calculated by solving
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Figure 2.9: Parameter definitions for minimum distance calculation

mina,b ‖q1 − p + av1 + bv2‖
2 (2.1)

for a and b using a least-squares solution. Then, the closest point pc1 is

pc1 = q1 +

[
v1 v2

] ab
 a, b > 0 and a + b < 1. (2.2)

The closest point may also lie on an edge or a vertex, and coefficients d, e, and f ∈ [0, 1] were

computed using the following equations:

mind ‖p − (q1 + dv1)‖2 ,

mine ‖p − (q1 + ev2)‖2 ,

min f ‖p − (q2 + fv3)‖2 .

(2.3)
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Then, the closest points in each of these cases are

pc2 = q1 + dv1,

pc3 = q1 + ev2,

pc4 = q2 + fv3.

(2.4)

The minimum of the four computed distances was computed in both directions (i.e., from the

vertices of surface 1 to the faces of surface 2 and vice versa), and the overall minimum was the

determined closest distance between the two surfaces.

2.5.2 New Tool Design

This section briefly describes the basic tool design concept originally presented in [112] and

[42]. The new tool that is the subject of this work was created by integrating lessons learned during

the clinical translation process, as stated in contributions 2-4. These contributions are the develop-

ment of a tool disassembly method, improving device concentricity, and overall tool miniaturiza-

tion. First, full removal of the EA from the tool is now realized using slit polyimide. Disassembly

proceeds by holding the EA stationary with tweezers and first removing the tool half without the

polyimide attached. Then, while still holding the EA in place, the polyimide-attached tool half is

pulled out via the slit. Of note, the polyimide has a helical slit with a high pitch (see Fig. 2.10(a))

which enables it to be removed around the transmitting wire while minimizing the chance that the

EA will shift out of the slit during insertion. A second tool design change is the addition of the

second tongue-and-groove feature on the guide cylinder of the tool (see Fig. 2.10(a)) to ensure the

two tool halves remain concentric with one another. Finally, miniaturization of the tool was nec-

essary for clinical use because the EA is permanently attached to an internal receiver buried below

the soft tissue of the skull behind the ear (see Fig. 2.11). The results from Sec. 2.5.1 were used to

advise the miniaturization (i.e., dimensions r, h, and g in Fig. 2.10(a)) as described in Sec. 2.6.2.

In general, this insertion tool design is composed of two 3D printed halves that slide together

with a tongue-and-groove joint. Each tool half has a roller wheel to aid in EA advancement. A
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polyimide sheath is glued to the end of one tool half with a drop of medical grade superglue.

This tool was designed to accommodate the MED-EL Standard and FLEX series EAs (MED-

EL, Innsbruck, Austria) but could easily be modified to accommodate other EAs. The MED-EL

Standard EA has a silicone diameter of approximately 1.3 mm around the transmitting wires (as

do the FLEX series EAs), but the Standard has a 1.4 mm silicone stopper ring indicating full

insertion. For the remainder of this chapter, the electrode transmitting wires housed in silicone

will be referred to as “the transmitting wire” for simplicity. To use this tool, the EA is threaded

into the lumen of the tool and once the last electrode contact is past the wheels, the wheels slightly

compress the transmitting wire and can be used to advance the EA slowly and consistently out of

the tool and into the cochlea.

Device assembly was standardized using the assembly jig shown in Fig. 2.10(b). Most of the

tool (mandrel, wheels, axles, and tool halves) is made of Dental SG Resin on a Form 2 (Formlabs,

Somerville, MA) 3D printer. This material adheres to EN-ISO 10993-1:2009/AC:2010, EN-ISO

20795-1:2013, and EN-ISO 7405:2009/A1:201 standards. A drop of Loctite 4981 superglue that

adheres to ISO-10993 standards (Henkel AG & Company, Düsseldorf, Germany) holds the distal

polyimide sheath (Microlumen®, Oldsmar, FL) to one of the paired entry chambers. The polyimide

sheath is chemically inert and adheres to requirements for United States Pharmacopeia Class VI

compliance. The tool was 3D printed to enable design flexibility, and to increase the speed and

ease of fabrication. The Form 2 3D printer has a maximum resolution of 0.025 mm and a spot size

of 0.14 mm, so this manufacturing method is suitable for standard machining tolerances. All 3D

printed components were printed according to the protocols for medical grade devices available

on the Formlabs website. (This material is used regularly for creation of dental drill guides for

dental implants). According to a Formlabs study involving 84 printed Dental SG surgical guides,

93% of the intaglio surface area was accurate within ± 0.1 mm, demonstrating high accuracy and

repeatability [130]. Sterilization validation of the fully assembled tool (Fig. 2.10(c)) was performed

at SMP GmbH (Tübingen, Germany) and the device was validated to be wrapped and sterilized at

132◦C for 4 minutes.
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Figure 2.10: Manual roller insertion tool (a) transparent CAD design showing paired entry cham-
bers which slide together via a tongue-and-groove mechanism, (b) half of tool in assembly jig
facilitating length sizing and adhesion of the slit polyimide sheath, and (c) assembled tool in com-
parison to a United States quarter dollar (diameter of 24.3 mm)
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Figure 2.11: Assembled EA with template receiver with distance from the stopper of the EA to the
center of the template receiver of approximately 121 mm

2.5.3 Phantom User Study

In this section, contributions 5 and 6 are described: development of a MICIS phantom and

evaluation of the insertion force profile noting that higher forces have been correlated with in-

creased cochlear trauma and poorer patient hearing outcomes [29], [47], [48]. The experimental

setup (Fig. 2.12) was designed to mimic that of an actual MICIS using the scan analysis described

in Sec. 2.5.1 and the determined mean values. This model differs from a previously developed

MICIS phantom model [131] in that it is designed for clinically realistic insertion force profile

evaluation instead of for drilling accuracy evaluation. This model could be used as a general surgi-

cal trainer for MICIS, as practice for a specific MICIS candidate, or to compare insertion methods

for a particular candidate.

To create a clinically realistic model, the patient scan with the closest parameter values to the

mean values determined in the analysis (‖t − a‖ = 5.3, ‖a − l‖ = 8.0, ‖l − s‖ = 14.4) mm (see

Sec. 2.6.1) was selected. The values of the selected patient were (5.5, 7.5, 14.1) mm. The seg-
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Figure 2.12: Minimally Invasive Phantom Test Setup: (a) Surgical view, (b) Side view showing
ST model mounted on force transducer, and (c) Experimental setup with surgeon inserting using
traditional forceps

mented ST object file was exported and the skull was isosurfaced. Meshmixer (Autodesk, San

Rafael, California) was used to trim the skull object to a reasonable size that still included all vital

bone for the procedure visualization and insertion. Meshmixer was also used to modify the bone

to be 3D printable—i.e., to fill holes and extrude the skull surface to generate a 3D printable mesh.

After generating the printable object file in Meshmixer, Solidworks (Solidworks, Waltham, MA)

was used to assemble all exported anatomy with their origins coincident and coordinate systems

aligned such that they were in the correct anatomical orientation relative to each other. The re-

mainder of the assembly was designed to accommodate and mount the temporal bone and a force

transducer (Nano17, ATI Industrial Automation, Apex, NC; SI-12-0.12 calibration). With this cal-

ibration, the transducer has a sensing range of 12 N in the X-Y axes, 17 N in the Z axis, and a

resolution of 1/320 N in all axes. Data were acquired using the ATI Network Force/Torque sen-

sor system. Note the decoupling gap in Fig. 2.12 that was incorporated to decouple forces on the

temporal bone from forces on the ST. The ST model and ST holder were both printed using stere-

olithography. The remainder of the components were printed using fused deposition modeling.

Insertion force profile data were collected to demonstrate phantom model functionality and to

ensure that the tool was not introducing any undesirable force spikes or artifacts as compared to

standard forceps insertion. IRB approval was acquired for this user study, and an expert surgeon

inserted an unused MED-EL Standard EA into the soapy-water-filled ST model 4 times using

the roller tool and 4 times using traditional tools (i.e., surgical forceps), with the order chosen
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randomly for each of the 4 comparisons. Force data (1 kHz) and video (60 fps) of the ST were

recorded for each trial (experimental setup shown in Fig. 2.12(c)) with the surgeon blind to these

recordings. Individual and average insertion force profiles vs. AID are reported in Sec. 2.6.3.

2.5.4 Cadaver Experiments

In this section, the performed cadaver study for simulated-use human factors validation testing

to evaluate clinical viability of this device is described (contribution 7). Cadaver insertions were

performed primarily to verify that 1) the tool dimensions accommodate receiver placement, 2) the

removal method is effective, and 3) the EA is unharmed during insertion. An unused MED-EL

Standard EA was used for each of the eight ears studied. A MED-EL Synchrony template receiver

was attached to each EA at the same distance as a clinical CI (see Fig. 2.11). Pictures were taken of

the EA before and after insertion to document any potential damage. Saline was used as a lubricant

for all eight ears. For the final head, soapy water was also used for each ear (after saline insertions

had been performed).

MICIS was performed as previously described [32] and is summarized in Fig. 2.13. First, a

preoperative scan was taken using the Xoran XCAT™ CT scanner (Xoran Technologies LLC, Ann

Arbor, MI). Critical anatomy was segmented and a safe drill path was automatically planned as

described in Sec. 2.5.1 (Fig. 2.13(a)). An expert surgeon validated the segmentations for clinical

viability. After segmentation validation, the tool was adjusted to be patient-specific—the poly-

imide sheath was cut to length based on the patient-specific drill path. The transmitting wire was

marked at the point at which insertion would be complete relative to the most lateral point of the

insertion tool (see Fig. 2.11) (i.e., when this mark was about to enter the insertion tool, the EA was

fully inserted within the cochlea). The tool was then steam sterilized. While the tool was in the

autoclave, fiducial anchors were placed (Fig. 2.13(b)) and an intraoperative scan was taken. This

intraoperative scan was registered to the preoperative plan, and the microtable was designed using

automatic custom MATLAB® (Mathworks, Natick, MA) code. The patient-specific microtable

was fabricated, assembled (Fig. 2.13(c)), and verified with post-fabrication measurements. During
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Figure 2.13: MICIS workflow: (a) Patient-specific plan is generated on preoperative CT scan. (b)
Fiducial anchors are placed and an intraoperative CT scan is taken. The intraoperative CT scan is
registered to the preoperative plan, and based on the registered plan, (c) a microstereotactic frame
is milled and assembled (<10 minutes). (d) The frame is mounted to the head using the fiducial
markers and the tunnel is drilled in two stages (lateral and medial tunnels) to (e) gain access to the
cochlea
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Figure 2.14: New Steps of MICIS (labeled (f) and (g) as a continuation of Fig. 7): (f) After
subcutaneous placement of the template receiver, the EA is inserted using the new insertion tool
and (g) the tool is removed after EA insertion

microtable assembly, the surgeon lifted the tympanomeatal flap for access to the middle ear, cre-

ated a small periosteal incision for the drill path, and created a subperiosteal pocket for the receiver,

as in standard CI surgery. The microtable was mounted and lateral drilling (3.8 mm diameter) was

performed (Fig. 2.13(d)) and a verification CT scan was taken. After visual verification of the path,

medial drilling (1.6 mm diameter) was performed and the microtable was removed (Fig. 2.13(e)).

The round window overhang was taken down with a 1 mm diamond drill bit and the round window

membrane reflected to gain ST access. For each ear, an insertion using an unused MED-EL Stan-

dard EA was done with traditional tools (i.e., forceps) and with the roller tool (Fig. 2.14(f)). The

ST was refilled with saline between each insertion, and the tool and EA were dipped in distilled

water between each insertion. For the final head, soapy water was also used to test full insertion

capabilities of the tool. The tool was removed when insertion was complete (Fig. 2.14(g)), and a
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final CT scan was acquired.

2.5.5 Clinical Implementation

After the rigorous testing reported above, the updated roller tool and the steps described in

Fig. 2.14 were incorporated into the preexisting workflow (Fig. 2.13) for clinical trials of MICIS at

Vanderbilt (contribution 8). Approval of an amendment to a previously submitted investigational

device exemption from the FDA was obtained prior to clinical use allowing use of the roller tool

as part of this feasibility trial.

In the implementation of MICIS described in this chapter, the fiducial spheres are localized

using an automatic algorithm, but the fiducial bone anchors could instead be used for localization

and registration. Recently, it was discovered that if the bone anchors are localized using the avail-

able automated algorithm instead of localizing the sphere centers, there is an unacceptable level of

error for this procedure. Quantification and correction of this error are investigated and specified

in Appendix A. This analysis could be used if it is necessary for the bone anchors to be localized

instead of the spheres for this surgery.

Prior to clinical implementation, a criterion was defined that the manufactured microtable

needed to meet if the surgery would move forward based on the predicted target registration error

(TRE). Calibrated calipers with spheres of the same dimension as the fiducial spheres was used

to evaluate the dimensions of the manufactured microtable. A target probe was substituted for

the drill, with the target at the same distance as the specified target and six dimensions of the

microtable were measured using these calipers—all three distances between legs and all three dis-

tances from each leg to the target. A coordinate frame was established for these distances as shown

in Fig. 2.15. The fiducial closest to the mastoid is established as the origin of this frame, f1a with

the x̂-axis lying from this fiducial f1a to the posterior fiducial f2a, and all three fiducial positions

defining the x̂-ŷ plane. The actual target point location f4a is then computed using the definitions
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Figure 2.15: Coordinate frame definitions for TRE calculation. The measured fiducial positions
are shown in red and the predicted fiducial positions shown in blue.

in Fig. 2.15 as

f4a = p − bp̂ −


0

0

z

 . (2.5)

After establishing a coordinate frame for the actual microtable fiducial positions and predicted

target, the transformation between the actual fiducials to the predicted fiducials was computed by

finding the transformation that minimizes the fiducial registration error (FRE)

FRE =

√√
1
3

3∑
i=1

FRE2
i . (2.6)
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Using the rigid transformation that minimizes (2.6), this transform was applied to the predicted

target point to transform the predicted position to the desired position and compute the TRE as

TRE =
∥∥∥f ′

4a − f4p

∥∥∥ , (2.7)

where f ′
4a is the actual target point transformed into the predicted frame.

The smallest distance between the medial drill path and the facial nerve for the patient λ was

calculated and it was specified that the following condition must be satisfied to proceed with the

surgery

(λ − TRE) < 0.35 mm. (2.8)

2.6 Results

2.6.1 MICIS Parameter Analysis

In the analysis, 19 of the 97 patients (20%) would not tolerate a MICIS plan given proximity

limitations most typically with the lateral aspect of the EAC. This result is fairly consistent with

that reported in [132] for a drill bit diameter of 1.6 mm where exclusion was determined based

on facial recess size and system accuracy instead of absolute proximity to adjacent structures.

Interestingly, most of these omissions needed to be determined visually on the CT scan and not

automatically using only the segmentations. Automated proximity analysis between structures

only identified 4 out of the 19 of the candidates for omission because it was the lateral-most portion

of the EAC that was the violating area most often—a region of the EAC not typically segmented.

Of the remaining 78 patients who could accommodate a MICIS trajectory, 18 required the 13 mm

differential between the medial and lateral drill bits (i.e., the larger diameter, lateral drill bit did

not go as far into the skull). As with those patients excluded from MICIS, the primary reason for

the larger differential was proximity of the lateral drill to the EAC. In the automated proximity

analysis, 29% of plans collided with the segmented chorda tympani, a percentage slightly higher,
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Figure 2.16: MICIS parameter analysis results (a) Histogram of results and (b) Mean values which
are 5.3 mm for middle ear space (‖t − a‖), 8.0 mm for the medial drilling (‖a − l‖), and 14.4 mm
for the lateral drilling (‖l − s‖)

but fairly consistent with past reporting [108], [133]. It is also important to note that 30 ears out

of the 97 ear dataset came from 15 heads. In other words, the left and right ear were both included

from those 15 heads. Ears from the same head were not excluded because there was no evidence

that the whole MICIS surgical workspace will behave symmetrically. In 3 cases, one ear of a head

met the omission criteria, and the other did not. After this analysis, histograms were generated

for the parameters: ‖t − a‖, ‖a − l‖, and ‖l − s‖ with N = 78 after omissions (Fig. 2.16(a)). The

hypothesis of normality for each parameter could not be rejected by a Kolomogorov-Smirnov test

with 5% significance (p = 0.96, 0.08, 0.50) respectively. The mean for each parameter is plotted as

a horizontal line in Fig. 2.16(b). The mean values were (5.3, 8.0, and 14.4) mm respectively. The

overall drill path lengths (addition of the three distances in Fig. 2.16(b)) were between 21 mm and

36 mm with a mean of 28 mm, consistent with past reported approximations of 30 mm [38], [134]

and maximum of 35 mm [35].

Before proceeding, it is important to note how repeatable these study results are since the au-

tomatic drill trajectory generated is not an analytic result but rather an iterative result with many
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Figure 2.17: Typical result from generating 100 independent trajectories for a patient scan
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Figure 2.18: Median entry point difference (horizontal axis of ellipse) and median target point
difference (vertical axis of ellipse), with an ellipse drawn for each of the 94 scans with 100 trajec-
tories. Note that higher opacity indicates more scans within a region, and lower opacity indicates
outliers.
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possible solutions that is generated by finding a path that does not violate anatomical restrictions.

To investigate repeatability of such trajectories, N = 100 independent drill trajectories were gener-

ated automatically by wrapping the methods detailed in [108] in a loop and applying the automated

algorithm 100 times for each patient scan (see Fig. 2.17). For 94/97 scans, this method was suc-

cessful at generating 100 trajectories. For the remaining 3 scans, only a subset of 100 acceptable

trajectories could be found. For a given MICIS candidate, this enabled analysis of how much the

drill path entry point and target point would vary if the path were regenerated using the automated

algorithm. Furthermore, by looking at the median maximum variation for the population, insight

is gained into study repeatability.

For these independent drill paths for each scan, the maximum deviation of the target point,

entry point, and path length was analyzed. The median maximum deviation for the target point

was 0.51 mm, the median maximum deviation for the entry point was 0.92 mm, and the median

maximum path length deviation was 0.07 mm. Fig. 2.18 shows a plot of the median deviation of

the entry point on the horizontal axis and median deviation of the target point on the vertical axis of

an ellipse drawn for each of the 94 scans with N = 100 trajectories, where outliers can be viewed

by those ellipses with low opacity. Note, the path length in this simulation is only accounting

for the distance between the automatically generated target point to the automatically generated

entry point in the facial recess. The median maximum values show that a given patient’s optimal

insertion vector parameter lengths tend to have small variation, supporting the idea that results

from the parameter analysis would be repeatable. Parameter analysis results were used to update

the tool design and inform phantom model creation as will be described next.

2.6.2 New Tool Design

The parameter analysis indicated that the same 3D printed tool could be used for all patients

(parameters h, r, and g in Fig. 2.10(a)), but the distal tube would need to be customized to account

for interpatient variation. Fortunately, the distal tube is a flexible and easily trimmable sheath made

of polyimide. In regard to the 3D printed tool dimensions, initial cadaver studies with disassembly
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Figure 2.19: Tool sizing parameter definitions

revealed that the slack in the EA transmitting wire once the receiver is placed was a limiting factor

in tool geometry above the skull surface, specifically h and r. This constraint is highly dependent

upon the distance between the drilled tunnel and internal receiver placement which is variable due

to patient and surgeon preference. Considering an EA fully inserted in the cochlea, the distance

from the cochlea opening to the internal receiver center measures approximately 121 mm [135].

Subtracting off the maximum drill path length (from Sec. 2.6.1 = 36 mm) leaves 85 mm outside

of the skull. Fig. 2.19 is then used to estimate tool sizing. The distance from the drill tunnel

opening on the surface of the skull to the center of the subcutaneously-placed internal receiver will

be approximately σ = 69 mm (79 mm average from [136] minus an assumed 10 mm distance e

between the EAC and the drill tunnel opening). All of these distances are assumed to be in a plane

that intersects with the tool centerline and is coincident with the vector connecting the receiver

center to the tool opening center (i.e., y) and it is assumed that the EA does not have curvature

limitations. Given these restrictions, the sum of the tool height (h) and tool radius (r) needs to

be less than 16 mm. The dimensions h and r were specified to meet this constraint and be the
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Figure 2.20: Surface graph of estimated wire slack for varying values of g and guide cylinder space
magnitudes (‖t − s‖ + δ) with plane drawn at 14 mm which intersects with the approximate “knee”
of the surface, the largest g that maximizes the available transmitting slack for a large number of
candidates

minimum possible that still enables wheel actuation, which was found to be h = 7 mm and r =

4.5 mm. The sum of this choice of h and r is well below the constraint to give the surgeon the most

flexibility in placement of the internal receiver and also take into consideration the curvature of the

surface of the skull, which adds between δ = 0.6 mm and 4.5 mm to the overall path length, with a

mean of 2.8 mm.

Based on the analysis, the 3D printed guide cylinder of the tool was made 14 mm long which

is the lower bound of the 95% confidence interval of ‖l − s‖ (rounded to the nearest whole number

for ease of verifying distances in the operating room) to work for the largest number of patients

possible. If the mean or upper bound is chosen, the surgeon may risk having too much of the tool

outside of the skull, without enough slack to insert the EA through the tool. To verify this choice,

Fig. 2.20 plots the estimated wire slack for a range of choices of guide cylinder lengths (g) to all

viable candidate guide cylinder spaces (‖l − s‖ + δ for each scan). The choice of g should be based

on maximizing wire slack while minimizing the amount of the EA in the polyimide tube when

possible to reduce friction. Guide cylinder space is plotted on the x-axis (range [9.4, 24.1] mm),

possible choices of g are plotted on the y-axis (range [5, 25] mm), and the resulting estimated
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Figure 2.21: Tool comparison showing the three versions of the roller tool

wire slack for all 78 viable candidates is plotted on the z-axis (range [-1.6, 20] mm). This plot

demonstrates that the 14 mm choice occurs at approximately the knee of the graph (plane drawn

at y = 14 mm), and was determined to be a good tradeoff between maximizing slack for a large

number of patients and minimizing friction. A comparison figure of the three tool versions can be

viewed in Fig. 2.21.

2.6.3 Phantom User Study

Results from the phantom user study are shown in Fig. 2.22. Force data was binned into 5◦ in-

crements. For standardization, an insertion was deemed complete after the force exceeded 34 mN,

the minimum highest force for any of the eight trials. Additionally, forces that corresponded to

0 ◦/s of movement were omitted from analysis because the stop and start of movement throughout

each insertion was not consistent between trials. Since data is binned to generate an average inser-

tion profile, this stationary force data would skew the data (e.g., lead to inappropriate weighting of

low forces if the EA was left in place while readjusting the microscope in one trial and not another).

Thick lines indicate the binned average of the roller tool insertions (dashed blue line) and forceps

insertions (solid red line), smoothed using a moving average over 5 points (i.e., over 25◦). Fig. 2.22
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Figure 2.22: Force vs. angular insertion depth in phantom user study. Individual trials are shown
as thin, dashed lines for the forceps (shades of red) and roller tool (shades of blue) trials. The
smoothed average curves are shown as solid lines for the forceps (red) and roller tool (blue). These
results demonstrate that the force profile of the insertion tool is similar to that of the traditional
forceps approach, but with more consistently deep insertions

shows similar insertion force magnitudes for both insertion techniques. Roller tool insertions ex-

hibited slightly higher forces but more consistently deep angular depths (note the forceps trial that

only reached about 180◦). More importantly, the roller tool did not introduce any unexpected large

force spikes (all roller insertions reached at least 310◦ before exceeding the 34 mN threshold).

2.6.4 Cadaver Experiments

Results from the cadaver study (N = 8 ears) demonstrated that the roller tool qualitatively

increased the ease of insertion as reported by the surgeon. Post-experiment EA pictures indicated

that the transmitting wires and individual electrode contact positions were qualitatively unchanged

by insertions through the roller tool. Tool sterilization, sizing, and removal were successful in all

cases. Quantitatively, insertions with the roller tool resulted in AIDs that were on average 15%

deeper than insertions using the traditional tool. Using a one-sided paired t-test analysis, this

percent increase was statistically significant for a significance of 10% (p-value = 0.07).

The average percent difference in angular insertion depth between when the tool was still in

place and when it was disassembled and removed around the EA was 5%. Using a two-sided
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paired t-test, this percent difference was not statistically significant for a significance of 10% (p-

value = 0.65), indicating that tool removal did not have a statistically-significant effect on final

EA position. In interpreting these results, it is noted that the sample size is relatively small, and

additional experiments would be useful to improve the robustness of these statistics in the future.

For both ears of head four, after testing with saline as an intracochlear fluid on each side,

soapy water was used as a lubricant to decrease friction further and ensure that the tool would not

restrict the EA from reaching full insertion for any reason. In the left ear, the resulting AIDs were

(551◦, 696◦, and 682◦) for the forceps, roller tool after insertion, and roller tool after tool removal,

respectively. In the right ear, the corresponding AIDs were (424◦, 536◦, and 545◦). These results

validated that the chosen tool dimensions did not obstruct the EA from achieving a full insertion

in a cadaveric cochlea with the subcutaneous receiver in place.

2.6.5 Clinical Implementation

After rigorous pre-clinical testing, this tool was used in an FDA investigational human feasibil-

ity trial of MICIS for EA insertion. After manufacturing of the microtable, it was verified that the

resulting error satisfied (2.8). The tool was sterilized per the sterilization protocol described earlier

and delivered to the operating room. After drilling was complete, steps (f) and (g) of Fig. 2.14

were performed and the roller tool enabled threading of a MED-EL FLEX28 EA down the drilled

tunnel, through the middle ear space, and into the cochlea after the internal receiver was placed.

The tool enabled a full insertion of the EA, with all 12 electrode contacts intracochlear in the ST

and a final AID—after disassembly and removal of the tool—of 557◦.

2.7 Discussion

Through design verification and validation, user and design requirements for the tool have

been demonstrated to be met. Requirements (i) and (ii) were verified with initial design and testing

presented in prior work. In [112], it was shown that the new manual tool design would enable

insertion of MED-EL Standard and FLEX series EAs, and in [42], this result was further validated

with cadaveric workflow, but without full tool disassembly or receiver placement. In this work, a
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Figure 2.23: (a) Clinical use of tool and (b) Resulting clinical case postoperative scan with preop-
erative plan overlaid

population parameter analysis was performed to determine whether a single manual 3D printed tool

could accommodate all viable candidates, and this analysis was used to specify tool dimensions to

accomplish requirement (iii). This population analysis indicated that one 3D printed tool could be

used with polyimide adjustments to make the tool patient-specific. In this analysis, approximately

1 in 5 CI candidates have anatomy that was not favorable for MICIS. The determined results of

the distances ‖t − a‖ and ‖t − s‖ are generalizable to any MICIS with a similar choice of insertion

vector (i.e., tangential to the basal turn). While other parameters may be more specific to the

Vanderbilt implementation of MICIS, this analysis shows that the middle ear (‖t − a‖) and facial

recess (‖a − l‖) depths have less variability than the lateral mastoid depth (‖l − s‖). Additionally,

the analysis highlighted that EAC proximity to the lateral drill path should be visually checked

on the surgical plan to ensure patient safety (15/19 omitted candidates were excluded based on

this visual check in this study). Automatic drill path variability investigation showed that, for a

given patient, path variation tended to be small. This is an important result given that drill path

determination is a probabilistic and not an analytic result. Small variation implies that results from

this study should be relatively replicable.

Next, for design requirement (iv), an external company validated a sterilization protocol for the

tool since the standard sterilization routines for the Dental SG resin from Formlabs could not be

guaranteed to be valid with the addition of the polyimide and superglue. A complete disassembly

52



method was developed that featured helically slit polyimide and resulted in very little change to the

final angular insertion depth (approximately 5%). Avoidance of EA damage (requirement (v)) was

qualitatively determined using high resolution pictures of the EA before insertion, after insertion

through the tool, and after insertion into a cadaveric cochlea. These pictures indicated that tool

use likely will not damage the transmitting wire or active end of the EA. Note that the interaction

between the helically cut polyimide and the silicone body of the EA is still quantitatively unknown

and depends on a variety of factors. This interaction should be investigated further in the future

to quantitatively ensure that regardless of situation, the cut edge of the tube does not cause any

functional change to the EA.

For each experimental evaluation, the roller tool was compared to surgical forceps for fulfill-

ment of design requirement (vi). Before introducing a new tool into the operating room, it is

important that both the device developers and the clinicians/surgeons are confident that the new

tool introduces a significant advantage over traditional tools to warrant its introduction. Experi-

mental evaluation included a comparison of the insertion force profiles where it was demonstrated

that the roller tool did not introduce any undesirable force spikes and demonstrated similar force

magnitudes to the surgical forceps. The described phantom model was successfully used for force

profile evaluation on a clinically representative MICIS model. Furthermore, this test setup could

be used as a general surgical trainer in the future for surgeons learning MICIS EA insertion, for

surgeons practicing for a particular MICIS candidate, or to compare different insertion approaches

on the same model as was done in this work. A similar model could be created using the details

described in Section 2.5.3 for a different MICIS candidate.

In cadaveric insertions, the roller tool yielded 15% higher insertion depths when compared with

forceps. Additionally, it was qualitatively demonstrated in both phantom and cadaver insertions

that the roller tool made it significantly easier to thread the EA into the cochlea opening (a non-

trivial task when using the forceps due to visualization and dexterity limitations, as well as the

prevalence of buckling of the EA in the middle ear space). All of these results indicated that the

roller tool introduced a sufficient enough advantage to move it to the operating room. Finally, it
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was verified that the chosen tool dimensions based on the population analysis did not obstruct the

EA from achieving a full insertion in a cadaveric cochlea with the subcutaneous receiver in place

(requirement (vii)). This finding is important because insertion depth has been correlated with

postoperative audiologic performance [70] and thus, should not be restricted whenever possible.

With the user and design requirements met, this tool was translated to the operating room for

the first time, and enabled a full ST insertion in a clinical case. No backup tools were needed,

although three were available. There are many important areas of future work for this tool. The

tool should be evaluated with different straight EA types (simply by modifying the inner diameter

and bottleneck diameter of the tool) to verify functionality across types. Additionally, future work

could investigate the addition of a stylet arrestor to enable insertion of precurved EAs with this

tool, although the buckling issue is much less prevalent with these stiffer EAs in MICIS. A third

area of future work should be expanding the number of clinical cases to include more patients and

achieve a statistically significant measure of clinical success. Another interesting study would be

evaluating whether this tool could be useful for traditional, mastoidectomy-based CI surgeries as

opposed to only the minimally invasive situation. A final area of future work would be determining

how beneficial this tool is to novice users (in MICIS and in traditional CI surgery) compared to its

usefulness to expert users in a similar setting.

2.8 Conclusion

The developed insertion tool outperforms traditional tools (i.e., surgical forceps) used for in-

sertion of EAs in MICIS qualitatively by ease of use and quantitatively by AID. In its current

design, this tool can only be used with straight, non-styleted EAs. Successful introduction into the

operating theater was performed for the first time.
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Chapter 3

Magnetically Steered Robotic Insertion of Cochlear-Implant Electrode Arrays: System

Integration and First-In-Cadaver Results

CI EAs must be inserted accurately and precisely to avoid damaging the delicate anatomical

structures of the inner ear. Reducing trauma during CI EA insertion can lead to better hearing

outcomes. A variety of robotic tools have been developed to decrease the likelihood that intra-

cochlear trauma will occur compared to manually inserting EAs. Additionally, researchers have

investigated steering the EA to further reduce trauma using a variety of methods including tendon

actuation, embedded shape-memory wires, or magnetic steering. Magnetic steering has the benefit

of enabling the steering of commercial straight EAs with just the addition of a small magnet on

the tip of the EA that is embedded in the same silicone as the EA body. Benchtop studies have

demonstrated reduced insertion forces (which are correlated with insertion trauma), but this force

reduction has not yet been shown to translate to a cadaveric model.

This chapter focuses on the development and testing of a system to magnetically steer and

robotically insert CI EAs. The work in this chapter presents several advancements toward the goal

of deploying magnetic steering of CI EAs in the operating room. Main contributions of this chapter

include integration of image guidance with developed patient-specific insertion plans, design and

incorporation of a new nonmagnetic insertion tool, and use of an electromagnetic source, which

provides programmable control over the generated field and whose magnetic field can be made

inert when not in use. System feasibility is demonstrated by magnetically steering EAs into a

cadaver cochlea for the first time. These experiments show that magnetic steering decreases aver-

age insertion forces in comparison to image-guided robotic insertions alone in both phantoms and

cadavers.

The work detailed in this chapter led to a first author conference publication in the International

Conference of Robotics and Automation and a journal publication in Robotics and Automation

Letters [86]. Much of this chapter consists of content from [86] (© 2020 IEEE) reprinted with
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permission. This work also led to a paper in Otology and Neurotology on the development of a

force sensing basilar membrane phantom model [137].

3.1 Introduction

CIs are among the most successful neuroprosthetic devices, restoring hearing to hundreds of

thousands of deaf or partially deaf people worldwide [116]. Traditionally, the CI EAs are inserted

manually into the ST chamber of the cochlea [138], with insertion technique varying between

surgeons (e.g., forces, speeds, angle of approach) [139]. Intracochlear trauma occurs frequently,

which can impair residual hearing, increase the stimulation currents required, and result in more

crosstalk between electrode contacts and nerve fibers, reducing implant performance [71], [140].

Reducing trauma has been shown to help preserve residual low-frequency hearing capability

and can lead to improved speech perception [45]. Preserving residual hearing is also increasingly

important for electroacoustic stimulation strategies, which combine a CI with an acoustic hearing

aid [141], [142]. Trauma reduction can also simplify cochlear revision procedures by reducing the

amount of intracochlear ossification and fibrosis [143], [144].

Robotic approaches to EA insertion have been an area of focus for some time, since robots offer

greater precision in insertion technique, which may lead to less traumatic insertions [50]. Zhang

et al. developed a direct kinematics calibration method using mechanics-based models [145], and

showed that variability can be decreased using robot-assisted insertion and optimized path plan-

ning, and that robots enable insertion speed and other desired parameter values to be more easily

reproduced [146]. Pile et al. developed a parallel robot with four DOF to insert precurved EAs

using the AOS technique [77] They showed that the robot could maintain insertion forces below

80 mN in a cochlea phantom throughout the insertion and confirmed many of the aforementioned

benefits of a robotic insertion approach. Pile et al. also provided workspace and parameter re-

quirements for robotic insertion. Image guidance approaches have been shown to decrease the

invasiveness of the surgical procedure and provide an optimal insertion vector for EA placement

[32], [40]. In particular, Caversaccio et al. clinically demonstrated a safe and effective robotic ap-
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Figure 3.1: System for magnetically steered robotic insertion of cochlear-implant EAs. The auto-
mated insertion tool and Omnimagnet are both optically tracked and secured on counterbalanced
positioning arms. The surgeon loads the EA into the tool and uses image guidance to align the
tool and Omnimagnet with the preoperatively planned poses, at which point the arms are locked in
place and the planned magnetically steered insertion trajectory is accomplished© 2020 IEEE.

proach for drilling a direct access tunnel to the cochlea [40]. These works demonstrate the benefits

of automation in CI surgery and motivate developing an automated tool that enables the surgeon to

automatically insert the EA along the optimally planned trajectory in a clinical setting.

Prior EA insertion tools have used a variety of innovative mechanisms of gripping and carrying

EAs along the desired path. These methods include: utilizing a blunt pin and linear motion through

a slotted tube [54], [107], using two titanium tube halves and manually inserting the EA [33], using

a gripper with two arms rotating around a pivot point to grasp the EA [123], [124], [147], and

utilizing a collet-style gripper and a parallel robot to guide EA insertion [77].

Going beyond robotic insertion, steering (i.e., bending of the EA body) has the potential to

further reduce intracochlear trauma by reducing forces between the EA and the ST walls and

avoiding tip impingement. Steering may also enable deeper insertions, which may enable the

patient to perceive lower-frequency sounds than would otherwise not be possible [70]. One EA

steering method utilizes a magnetic field source adjacent to the patient’s head to steer a magnet-

tipped EA inside of the ST and reduce insertion forces. This concept was first introduced in
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[68], where a benchtop system used a permanent magnet—which could be rotated with one DOF

to change the applied-field direction, and translated with one DOF to change the applied-field

strength—to steer a 3:1 scaled EA-like device in a 3:1 scaled ST phantom. A similar system was

later evaluated using commercially available EAs with a magnet embedded in the tip [148], inserted

into improved 1:1 scale ST phantoms [149], where a significant decrease in insertion forces was

reported compared to robotic insertion without magnetic steering.

In this chapter, a complete system (see Fig. 3.1) is presented that represents the culmination of

prior work on subsystems and algorithms [68], [108], [126], [148]–[152] for magnetically steered

robotic insertion of EAs. The goal of the current system is to bridge the gap between the benchtop

and practical animal and cadaver experiments. Specific new contributions in this work include: 1)

introducing the first fully nonmagnetic automated insertion tool, with a novel slotted-tube approach

to controllably release tapered flexible EAs after insertion, 2) incorporating silhouette-based image

guidance for practical, accurate insertion-tool and magnet alignment to a preoperative plan in the

operating room, 3) replacing the moving permanent-magnet field source with a safer, stationary

Omnimagnet [153] electromagnetic source, 4) introducing a stronger, cubic-core Omnimagnet,

and 5) the first demonstration of magnetically steering an EA in a cadaveric specimen, verifying

that force reductions shown previously in phantom models translate to the cadaver setting.

3.2 Methods

3.2.1 Image Guidance and Patient-Specific Paths

In this section, the preoperative steps for generating a magnetically steered insertion plan

are described. The state-of-the-art insertion trajectory algorithm is incorporated to generate the

planned patient-specific insertion vector, and then develop methodology to automatically generate

a full magnetic steering plan given only the patient-specific anatomy and insertion vector. Out-

puts of the automated plan are the aligned Omnimagnet and insertion tool position and orientation

(patient-specific), as well as the magnetic field vectors along the ST (using an average cochlea

model registered to the patient’s ST).
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Figure 3.2: Transform definitions used in preoperative planning for the magnetic steering system

3.2.2 Patient-Specific Insertion Planning

The image-guided workflow requires tracking or computing the transformation matrices shown

in Fig. 3.2. To begin this process, a preoperative CT scan was acquired of the cochlea model affixed

to the cochlea fixture with the fiducial markers attached (which are localized in the preoperative

plan). The inner-ear anatomy was segmented using the atlas-based approach of [126] and the

optimal insertion vector was computed as described in [108] (see Fig. 3.3). This vector defines the

alignment of the automated insertion tool. The atlas-based segmentation has been used to segment

in-vivo clinical CT scans with a mean surface error of 0.21 mm [127].

The steering method works by creating a magnetic field vector that is orthogonal to the insertion

path at the location of the magnetic tip of the EA, as depicted in the inset of Fig. 3.1(a). This is done

in order to create a torque on the embedded magnet, to cause bending in the continuum body of the

EA, and thus reduce the normal force on the ST wall. The path was generated using the equations
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Figure 3.3: Patient-specific segmentation of cochlear anatomy and automatically generated inser-
tion vector (yellow) [108], [126], [127]© 2020 IEEE.

in [149] that describe an average ST model based on anatomical data. The magnetic field path was

registered to the medial axis segmented from the patient’s ST. In order to compute the prescribed

magnetic field vectors, the initial CT scan was first used to compute T S T
FIX, the rigid transform

between the fixture and attached ST model. This transform is unchanged during experiments.

To find this transform, the segmented medial axis points and the fiducial markers were converted

from Left-Posterior-Superior (LPS) CT coordinates to the corresponding coordinate system of their

associated model. For the fixture, standard point registration [154] was used to find the transform

between the fiducial markers in the CT frame to the prescribed markers in the tool definition file

that will be optically tracked. This generates T FIX
LPS . For the medial axis, a standard cochlea frame

was fit as defined in [63] to the segmented axis to find T S T
LPS . Then, the transform between the

fixture and cochlea frames was computed as

T FIX
S T = T FIX

LPS T
S T
LPS
−1
. (3.1)

Next, the medial axis was interpolated and smoothed to ensure that the points were equally spaced

and numerical integration was performed along the path to determine the insertion depths at each

point. For these points, the normal vectors (pointing toward the helicotrema) were computed for
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magnetic field vector prescription. This computation assumes the tip-magnet of the EA has the

north-pole pointing forward (pointing along the ST toward the helicotrema). If the tip magnet of

the EA is magnetized with the south pole pointing forward, these normal vectors were flipped.

After normal vector computation, these normal vectors were transformed from the cochlea

frame to the Omnimagnet frame. Both the fixture and Omnimagnet were constrained to be planar

to the table. That is, they can only rotate about their ẑ axes (Fig. 3.1(b)). The translation of the ST

origin in the Omnimagnet frame was explicitly specified, p. The Omnimagnet frame and the fixture

frame x̂andŷ axes were also constrained to be aligned. These constraints enabled computation of

T MAGg
FIX and subsequent computation

T MAGg
S T = T MAGg

FIX T FIX
S T . (3.2)

This transformation matrix was then used to transform the normal vectors in the ST frame to the

Omnimagnet frame. Using the shape of the experimentally determined field magnitudes in [148],

the magnetic field magnitudes were prescribed to increase in a ramp-like manner (see Fig. 3.4).

The field is zero during the initial linear portion of insertion, when there is no need for bending.

Upon reaching the basal turn of the cochlea, the magnetic field turns on. As the EA is inserted

deeper, and the ST curvature increases, the field ramps up to apply a larger moment to the tip of

the EA. The field eventually saturates at the maximum power output of the electrical system.

Finally, the insertion tool orientation to be aligned with the prescribed insertion vector v was

computed. To do this, the insertion vector in CT space was first transformed to the ST frame as

vS T = T S T
LPSv

LPS . (3.3)

This vector becomes the ẑ-axis of the insertion tool coordinate system. The ŷ-axis of the coordinate

system was computed such that it lies along the curl axis of the EA. Finally, a cross product was

used to determine the x̂-axis. The translational component was found by assuming the insertion

frame origin is the first trajectory/medial axis point. This computation yields T S T
ITg.
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Figure 3.4: Preoperative plans for magnetic steering specify (top) the Omnimagnet coil currents
required to generate (bottom) the prescribed magnetic field magnitudes based on (a) turning on the
field after the initial straight insertion, then (b) ramping up the magnetic field magnitude as the ST
curvature increases, until (c) saturating at the maximum power© 2020 IEEE.

For image guidance purposes, the pose of the insertion tool and pose of the Omnimagnet rela-

tive to the fixture were needed. The transform T FIX
ITg was computed as

T FIX
ITg = T FIX

S T T S T
ITg, (3.4)

and

T FIX
MAGg = T FIX

S T T MAGg
S T

−1
. (3.5)

This preoperative planning specifies the goal transforms of the Omnimagnet and insertion tool

relative to the fixture and enables display of the goal poses in image guidance software for user

alignment.

3.2.3 Image Guidance

Using 3D Slicer, OpenIGTLink, and the Plus Server App [155], [156], a custom GUI extension

(see screenshot in Fig. 3.1(b)) was developed that connects to the NDI Polaris Spectra optical

tracker (Northern Digital Instruments, Ontario, Canada), which tracks and displays the movement

of the insertion tool, Omnimagnet, and cochlea fixture in real time. The program guides the user to

the correctly aligned tool pose determined in Sec. 3.2.2 by displaying the real-time position of the

object (shown in red in the screenshot on Fig. 3.1(b)) to the desired pose (shown in a green in the
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screenshot of Fig. 3.1(b)). The user then manually manipulates each device until the tracked pose

and desired pose are aligned, at which point the user locks the device in place. The angular error

between the aligned and goal positions can be computed by finding the following transformations

and computing the ẑ-axis angular error

T ITa
ITg = (T 0

ITa)−1T 0
FIX(T ITg

FIX)−1,

T MAGa
MAGg = (T 0

MAGa)−1T 0
FIX(T MAGg

FIX )−1.

(3.6)

3.2.4 System Hardware and Workflow

An overview of the robotic system is shown in Fig. 3.1. A basic overview of the workflow with

the proposed system is as follows. A patient-specific plan was first generated using the patient’s

preoperative CT scan. This preoperative plan includes 1) generating an optimal insertion vector

and corresponding insertion-tool pose (position and orientation), 2) calculating the Omnimagnet

pose that corresponds to the plan, and 3) registering the planned magnetic field vectors to the in-

dividual’s ST (and the corresponding Omnimagnet coil currents to produce these vectors). Using

this preoperatively generated plan, the surgeon will manually align the counterbalanced automated

insertion tool and the counterbalanced Omnimagnet, and lock them in place. Both devices are op-

tically tracked, enabling users to precisely align them using a custom image-guidance extension in

3D Slicer [155], [156]. The surgeon will then simply hold a button to run the prescribed trajectory

that synchronously coordinates insertion depth and magnetic field to produce a smooth, atraumatic

insertion. When insertion is complete, the Omnimagnet is powered off and the insertion tool is re-

moved. The Omnimagnet, insertion tool, and force sensor interface with one another using custom

Robot Operating System (ROS) nodes [157]. In the following sections, the system components are

described including the Omnimagnet and the new automated insertion tool for EA advancement

and deployment.
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3.2.5 Omnimagnet

Magnetically steering the EA through the spiral-shaped cochlea requires strong, controllable

magnetic fields. Prior work has exclusively considered a permanent magnet as the field source [68],

[148]. However, as noted in [151], it may be desirable to use an electromagnetic source for three

reasons: First, an electromagnet has a controllable magnetic dipole, meaning that it does not need

to be physically moved during EA insertion to vary the field strength at the cochlea, eliminating any

potential risk of collision with the patient or other objects. Second, an electromagnet can be turned

off and is inert when not in use, making handling, storage, and use of ferrous surgical equipment

safer. Third, the relatively short duration of a surgical EA insertion (less than 30 seconds) would

allow high levels of current to be sourced through the coils without reaching unsafe temperatures.

In the system presented in this work, the permanent-magnet source has been replaced with an

Omnimagnet electromagnetic source [153]. An Omnimagnet comprises three nested orthogonal

coils and a ferromagnetic core. Three control inputs (the current in each coil) provide control of

the magnetic dipole of this magnetic field source, which can be used to generate a desired magnetic

field vector B at an arbitrary location in space. In the original conception of the Omnimagnet [158],

and all prior embodiments, the ferromagnetic core was spherical. In this chapter, the Omnimagnet

was reoptimized for a cubic core, which has the effect of increasing the achievable dipole strength

by approximately 35% for a given overall package size and current density. The prototype cubic-

core Omnimagnet has overall cubic dimension of approximately 200 mm, with a ferromagnetic

cubic core of dimension 102 mm, with the dimensions of the individual coils (and their electrical

resistances) provided in Table 3.1. The Omnimagnet uses 16 AWG square-cross-section copper

magnet wire (MWS Precision Wire Industries, Westlake Village, CA). The final prototype is 22 kg,

which is passively supported by a lockable counterbalanced arm (Dectron, Wilsonville, OR).

As described in [153], the control equation for an Omnimagnet, assuming a basic dipole model,

is

I =
2π
µ0
‖p‖3 M−1(3p̂p̂T − 2I)B. (3.7)

where I (units A) is the 3× 1 array of coil currents, p (units m) is the vector from the center of the
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Omnimagnet to the desired point in space at which a desired magnetic field vector B (units T) is

to be generated, M is a linear transformation that maps the current array I to the Omnimagnet’s

dipole moment m (units A·m2), p̂ ≡ p/‖p‖, µ0 = 4π × 10−7 T ·m · A−1 is the permeability of free

space, and I is the 3 × 3 identity matrix.

To utilize the Omnimagnet, a high-voltage DC supply powers three servo drive amplifiers (AD-

VANCED Motion Controls, Camarillo, CA), which regulate the current through each coil. The

amount of current is set via analog inputs (±10 V). Custom control boards receive commands over

Ethernet from custom ROS nodes and generate the required analog voltage signals for each servo

drive. To determine the current scaling for each coil, a certified calibrated 3-axis magnetic field

sensor (3MTS, Senis, Zug, Switzerland) was used to experimentally measure the magnetic field

and compare to (3.7).

As an additional layer of safety, a dedicated microcontroller was implemented to monitor ther-

mocouples embedded throughout the Omnimagnet, which shuts off the amplifiers if predefined

temperature thresholds are exceeded. This microcontroller also monitors the temperature between

insertion trials, which enabled verification that the Omnimagnet had sufficiently cooled down be-

fore running another experiment.

It is important to address the safety of placing the Omnimagnet (or any strong magnetic source)

near the patient’s head. Strong magnetic fields are commonly used in medical diagnosis and

treatment, such as Magnetic Resonance Imaging (MRI) and Transcranial Magnetic Stimulation

(TMS), and a wide variety of magnetically driven medical devices have been developed [159],

[160]. Safety limits for magnetic fields are based on the nature of the magnetic field, which is typ-

ically classified as: static fields, time-varying gradient fields (100 to 1000 Hz), and radiofrequency

(RF) fields (10 to 100 MHz) [161]–[163]. According to the FDA’s Criteria for Significant Risk In-

vestigations of Magnetic Resonance Diagnostic Devices (2014), a static field producing less than

8 T is considered a nonsignificant risk in adults and children over the age of one month. Other

sources specify that static field exposure to the head should be limited to 2 T to ensure patient

comfort [161], [162]. Current research in magnetic steering of EAs utilizes quasistatic fields of
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Table 3.1: Properties of the Omnimagnet coils, including axial length (L), inner width (W), thick-
ness (T), and resistance (R)© 2020 IEEE

L (mm) W (mm) T (mm) R (Ω)

Inner Coil 117 105 11.2 3.5
Middle Coil 140 128 8.4 3.8

Outer Coil 154 152 6.9 4.0

less than 100 mT, which is well below the safety limits imposed by the FDA, or recommended by

other researchers. Therefore, it does not seem that the magnitude or rate of change of the magnetic

fields used in magnetic steering of EAs poses any significant risk to a patient.

3.2.6 A New Insertion Tool Compatible with Magnetic Steering

Deploying an EA in the presence of strong magnetic fields presents unique constraints not

encountered by previous designs of clinically-viable automated insertion tools: the insertion tool

must not contain ferromagnetic components, and to be used clinically the insertion tool has to hold,

push, and release the implant gently and controllably. To achieve both of these specifications, a

new insertion tool and a new grasping mechanism was designed to interface with the EA (Fig. 3.5).

The tool is constructed from a 3D printed plastic housing (Formlabs, Somerville, MA), two piezo-

electric linear actuators (SLC-1770-L-E-NM, SmarAct, Oldenburg, Germany), Nitinol tubes/rods,

and brass fasteners. Three spherical, retroreflective markers are attached to the body of the tool to

create a rigid body for optical tracking.

Details of the insertion tool assembly can be viewed in Fig. 3.5(a). Tube parameters were

chosen to accommodate the dimensions of the FLEX28 EA (MED-EL, Innsbruck, Austria), but

could be easily adapted for use with other EAs. The distal end of the tool consists of three nested

Nitinol tubes and rods, and an outer polyimide sheath. The innermost Nitinol rod assists with EA

detachment and is attached to a linear actuator. The middle Nitinol tube has an approximately

10-mm-long slot for grasping the EA, and is attached to another linear actuator. The outer Nitinol

tube has a slot spanning the length of the tube and serves as a guide for the EA during deployment.
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Figure 3.5: (a) Insertion tool assembly. The inner detachment rod and middle grasp tube are each
attached to an actuator. The outer guide tube is connected to a detachable tip piece so that if an EA
of a different diameter is to be used, it can simply be replaced with a tube of a different diameter.
(b) Diagram showing tube operation for EA deployment. Step I: Loading- Load EA into the grasp
tube slot and retract until the tip of the EA reaches the guide tube opening. Step II: Insertion-
Insert EA by advancing the grasp tube and detachment rod simultaneously. The polyimide sheath
constrains the tapered end of the EA during deployment. Step III: Detachment- Retract the grasp
tube over the stationary detachment rod, which gently releases the EA from the grasp tube© 2020
IEEE.

Finally, a polyimide sheath with a lengthwise slit surrounds the outermost Nitinol tube to constrain

the thinner, tapered region of the FLEX28 (which tapers to a tip diameter that is less than half

that of the proximal end) and to keep the much thinner tip of the flexible EA concentric with the

proximal end. The absolute insertion depth limit of the tool is 43 mm, enabling insertion of the

longest EAs currently available (the FLEXSOFT and Standard EAs by MED-EL are 31.5 mm long

[17]). EA insertion proceeds as described in Fig. 3.5(b).

3.3 Experimental Methods

3.3.1 Phantom Experiments

Proof-of-concept experiments were conducted in the phantom model developed in [149], which

is useful because it is transparent and enables one to view the motion of the EA during insertion.

Four insertions were performed using the robotic system and proposed workflow. To ensure that

magnetic steering provided unique benefits in terms of reaction forces beyond those derived from
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Table 3.2: Experimental Conditions for Testing Insertions with Magnetic Steering© 2020 IEEE

Method
Robotic
Insertion

Image-Guided
Alignment

Magnetic
Steering

Manual No No No
Robotic Yes Yes No
Robotic & Magnetic Steering Yes Yes Yes

(a) Without Magnetic Steering (b) With Magnetic Steering

Tip Contacts 
Lateral Wall

Tip is Rotated 
Away from 

Lateral Wall

Figure 3.6: Robotic insertion into a phantom (a) without and (b) with magnetic steering. The tip of
the EA is torqued away from the lateral wall in the magnetically steered case, lowering the contact
force of the EA with the wall© 2020 IEEE.

robotic insertion alone, experiments were performed as follows: 1) unaided manual insertions by

an experienced surgeon, 2) robotic insertions using the new insertion tool described in this chapter,

with image-guided pre-insertion alignment but no magnetic steering, and 3) robotic insertions with

image guidance and magnetic steering. Table 3.2 shows a summary of these cases.

A 3D-printed ST phantom with a 1.2 mm cochleostomy opening (Fig. 3.6, see [149] for details)

was secured into a fixture with cyanoacrylate. This fixture was then mounted to a Nano17 Titanium

force/torque transducer (ATI Industrial Automation, Apex, NC) attached to a frame with optical

fiducial markers. A CT scan of this assembly was then acquired. As described in Sec. 3.2.1, the

preoperative scan was used to generate the insertion plan.

The phantom model was filled with 0.9% saline solution before each insertion as in [148]. For

manual insertions, a surgeon performed four unaided insertions with a new, unmodified FLEX28

EA, using the standard forceps that are used clinically for inserting EAs (see Fig. 3.7). In cases
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of robotic insertion, both with and without magnetic steering, a magnet-tipped FLEX28 EA was

used. All magnet-tipped EAs were fabricated by MED-EL and included two cylindrical axially

magnetized magnets (each 0.25 mm in diameter by 0.41 mm in length) embedded in silicone at

the tip of the EA (see inset of Fig. 3.1(b)). The EA was loaded into the insertion tool, and the

Omnimagnet and insertion tool were aligned using image guidance according to the prescribed

preoperative plan, with a maximum angular alignment error of less than 1◦. The support arms

were locked in place and the final poses of the tool and magnet were recorded. The insertion tool

then deployed the EA at a constant velocity of 1.25 mm/s (this velocity was selected in view of a

0.025–7.5 mm/s range in the literature [145], [164]).

The final insertion method followed the same procedure as robotic insertion described above,

but also used magnetic steering during insertion. The magnetic field of the Omnimagnet was up-

dated at a rate of 80 Hz. Four insertions with a robotic approach and four insertions with a robotic

approach and magnetic steering were completed using the same magnet-tipped EA, alternating be-

tween using magnetic steering and robotic insertion alone. For all insertions, force measurements

were acquired at a rate of 50 Hz. Since the EA tip could be visualized through the transparent

phantom in these experiments, forces could be mapped to angular insertion depths using video

collected during insertion at 60 fps.

3.3.2 Cadaver Experiments

The same three experimental methods used in the phantom experiments (see Table 3.2) were

also conducted with a formalin-fixed cadaver cochlea. The cochlea was secured in a fixture using

paraffin wax and hot-melt adhesive. A patient-specific insertion plan was generated in the same

manner previously described. Unaided manual insertions were performed by an experienced sur-

geon with a new, unmodified FLEX28 EA (see Fig. 3.7). For image-guided robotic insertions, the

automated insertion tool was aligned with a maximum angular alignment error of less than 2◦. A

second magnet-tipped FLEX28 EA was used to perform robotic insertion experiments, alternating

between robotic insertion alone and robotic insertion combined with magnetic steering (a first-
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Figure 3.7: A surgeon performing a traditional EA insertion, shown here with the cadaveric cochlea
© 2020 IEEE.

of-its-kind experiment). Workflow proceeded identically to the phantom experiments, with three

insertions performed using each method. A force threshold of 125 mN was enforced during robotic

insertions. After insertion, the EA was released from the insertion tool as described in Sec. 3.2.6

and a postoperative CT scan was acquired.

3.4 Results

A comparison of the first contact point with the lateral wall of the ST with and without magnetic

steering is shown in Fig. 3.6; this result is qualitatively consistent with the results of [148]. Mean

insertion force magnitudes, ‖F ‖ =
√

F2
x + F2

y + F2
z , and the difference, ∆ ‖F ‖, in insertion forces

for both phantom and cadaver experiments are shown in Fig. 3.8, where the shaded region around

each curve indicates one standard deviation from the mean. In each case, force samples were

grouped into bins and then averaged. A bin of 3◦ was used for phantom experiments and a bin

of 0.125 mm was used for cadaver experiments (since there was no direct visualization of angular

depths during insertion). Diamonds mark the final depths of each individual insertion. For robotic

methods this was defined as when the force increased 35 mN or more over 1 mm of actuator travel

(indicative of EA buckling); for manual insertions it was at the surgeon’s discretion. A one-tailed
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Figure 3.8: (Top) Mean insertion forces with respect to angular insertion depth for phantom ex-
periments and linear insertion depth for cadaver experiments, illustrating that magnetic steering
achieves forces that are typically lower than for robotic insertion alone. Shaded regions indicates
±1 standard deviation from the mean. Diamonds mark the final depth of each individual insertion.
(Bottom) Difference in force, ∆F, between robotic insertion and magnetically steered robotic inser-
tion. Magenta rings indicate a statistically significant decrease in force between the two methods
© 2020 IEEE.

t-test analysis (as detailed in [148]) was performed, and the depths where the null hypothesis can

be rejected with 95% confidence (i.e., statistically significant force reduction) are indicated with

rings. All force reductions observed after the magnetic field was turned on (approximately 140◦

for phantom insertions, 8.0 mm for cadaver insertions) were statistically significant. Compared to

robotic insertion alone, magnetic steering reduced forces by an average of 53.8% during phantom

insertions and 48.8% during cadaver insertions.

The forces recorded during manual insertions in the cadaver are shown in Fig. 3.9. Note that

the force data for the manual cadaver insertions is plotted vs. time since the surgeon is inserting

into opaque bone, and there are no actuators to give position information in real-time.

Fig. 3.10 shows the average final AIDs for each type of phantom and cadaver insertion. For

phantom experiments, the inclusion of magnetic steering resulted in deeper insertions on average

compared to robotic-only or manual insertions. The average angular insertion depth for the manual

insertions in cadavers was slightly higher than that of the other methods. Note that a force threshold

cutoff was not enforced in these manual insertions.

The maximum temperature rise observed for the inner, middle, and outer Omnimagnet coils
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was 1.6 ◦C, 10 ◦C, and 34 ◦C, respectively. These values are all within the Omnimagnet’s operating

range. It is also important to note that the Omnimagnet is never in direct contact with the patient,

and is moved away after EA insertion is complete.

In summary, in both phantom and cadaver experiments, robotic insertions were smoother (with

fewer force spikes) than the manual insertions, and magnetic steering significantly reduced forces

with respect to robotic insertion alone.

3.5 Toward Clinical Deployment

The system described in the chapter was designed to be used in experiments with live guinea

pigs, and will have to be scaled up (approximately 30%) to be used as a clinical system with living

humans. This is due to the increased distance between the cochlea and the applied dipole. In

[151], the optimal placement and size of a spherical NdFeB permanent magnet was found (i.e., an
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ideal dipole-field source), based upon the magnetic field values suggested in [148] for the same

embedded EA tip magnets used here. This result can be used to design an equivalent-strength

(measured at the location of the cochlea) Omnimagnet. Alternatively or in addition, since the

Omnimagnet can be rotated such that only two coils are required, simply removing the outermost

coil and enlarging the other two would enable an increase in strength that is independent of any

increase in overall size.

Additionally, note that the volume of the embedded magnet in the tip of the EA scales cubically

with its length. Since this volume is proportional to the strength of the permanent magnet, substan-

tial increases in torque can be achieved with even modest increases in the size of the embedded

magnet. This increase is possible since the magnets used in this work took up less than 40% of the

cross-sectional area of the EA’s tip. Such an increase may preclude the need for any size increase

of the Omnimagnet.

A conservative sensitivity analysis was performed of registration errors of the dipole-field

source (i.e., the Omnimagnet) with respect to the cochlea. A worst-case 3.2% error in field mag-

nitude is expected and 1.7◦ error in field direction due to a 1 mm error in Omnimagnet position. A

worst-case 1.3% error in field magnitude and 2.0◦ error in field direction due to a 1◦ error in the

Omnimagnet dipole m is expected. These values should be insensitive to changes in the size of

the field source.

However, it was also found that the dipole model used in (3.7) has non-negligible error in

the region of interest. In the future, a calibrated model that includes the first three terms of the

magnetic-field expansion (the dipole term being the first) could be used to reduce the modeling

error to less than 1% [165]. Measuring the EA position in real-time is challenging because many

of the traditional sensing methods used in robotics (e.g., electromagnetic/optical tracking) either

require line of sight, lack the necessary accuracy, or are too large to integrate. Future work could

incorporate novel sensing methods to enable closed-loop control.

If closed-loop control methods are implemented in the future that include force feedback, the

full force vector should be utilized in control to provide directionality knowledge, as opposed to
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the force norm which was used as a comparison tool in this work.

3.6 Conclusion

A new robotic system to improve CI EA insertion has been presented. The primary goal of this

system was to build upon prior benchtop proof-of-concept magnetic steering systems and transi-

tion toward a more clinically-focused design. A workflow for utilizing preoperative imaging to

compute patient-specific insertion vectors and a magnetic guidance plan was developed. Patient

safety was improved by replacing an actuated permanent magnet with a static electromagnet. The

first nonmagnetic automated insertion tool was also introduced, which is capable of deploying and

releasing clinical EAs with a new set of tubes that accommodates tapered EAs and gently releases

the EA after deployment. Accurate pre-insertion alignment of the insertion tool was achieved by

incorporating image-guidance software paired with an optical tracking system. The system was

experimentally validated by performing magnetically steered robotic insertions in a ST phantom

and a first-of-its-kind magnetically steered robotic insertion into a cadaveric cochlea, demonstrat-

ing in both cases that magnetic steering lowers forces by approximately 50% compared to robotic

insertion alone.
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Chapter 4

Real-Time Impedance Sensing During Cochlear-Implant Electrode Array Insertion to

Inform Insertion Progress and Final Positioning

Traditional insertion of CI EAs is done manually in a semi-blind manner. The surgeon relies

on limited tactile feedback and the view of the EA entering the cochlea to control the insertion

process. EA impedance sensing is a standard clinical tool used after insertion is complete in the

operating room to assess EA integrity and ensure there are no short or open circuits.

Recently, researchers have investigated the merit of using impedance sensing during the in-

sertion. The CI electrode-electrolyte interaction has been modeled as an equivalent circuit which

enables the calculation of physically relevant impedance components such as electrode contact

properties (polarization resistance and polarization capacitance) and electrolyte properties (access

resistance). The total impedance values and these impedance components have both been shown

to correlate with the space between the EA contacts and the modiolus (E-M proximity). This work

has shown promise toward providing a tool that could determine EA placement without exposing a

patient to radiation, and that could provide a surgeon or automated tool with valuable information

to modulate the insertion and improve final EA placement.

Past work on evaluating the relationship between impedance and E-M proximity has been lim-

ited to only a few EA types and should be expanded to include more EA types and expanded to

further evaluate the reliability of using this technique to inform EA positioning. Additionally, the

relationship of the equivalent circuit bipolar impedance components to E-M proximity has not yet

been correlated and should be assessed. The possibility of using impedance values to determine

a straight EA’s shape should also be explored to assess whether these values can be used to in-

form a surgeon or robotic tool of the EA shape in real-time such that insertion adjustment could

be made if necessary to improve final placement and/or reduce intracochlear trauma. This explo-

ration should include characterization of the behavior of dual-sided electrode contacts in relation
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to modiolar proximity because these types of contacts are fairly common, but the relationship has

not been evaluated. In cadavers, the real-time relationship between impedance and E-M proximity

has never been quantified due to difficulties in gaining real-time E-M proximity information in the

opaque cochlea. This quantification is an important step to verify that the phantom models used

in experiments are providing clinically meaningful information that directly translates to human

models. Finally, incorporation of impedance into the control of a robotic insertion tool could be

beneficial to improve final EA placement. Excellent past work has demonstrated closed-loop con-

trol of stylet actuation guided by impedance feedback. Building on this work, impedance feedback

could be used to inform the ‘pull-back’ technique (a technique where a surgeon purposely pulls

back a precurved EA after insertion to enable closer modiolar-hugging). This pull-back technique

is already blindly used clinically with limited tactile feedback. It would be valuable to give the

surgeon a tool to guide the pull-back process such that they know when to stop the insertion before

reducing AID.

In this work, the aforementioned next steps were performed. First, a kinematic model was

developed for straight EA shape estimation, and then open-loop testing was performed to test

reliability of the sensing method with two different straight EAs of the same type and to enable

model validation. The relationship between E-M proximity and dual-sided EA contact impedance

measures was explored and quantified for the first time. The first demonstration of the real-time

relationship between impedance and E-M proximity in a cadaveric model was also performed.

Finally, building on past work [78], impedance feedback was used to guide the pull-back technique

in real-time. This feedback enabled the robotic insertion tool to know when to stop (once the EA

had achieved close modiolar-positioning) and thus could translate to better final EA positioning

with a precurved EA and thus lead to better audiologic outcomes.

The contributions in this chapter have led to one journal paper in press and two journal papers

currently under development. The first paper demonstrated initial development of the research

sensing system that is agnostic to the EA manufacturer, initial phantom experiments demonstrating

functionality of this system, and the equivalent circuit impedance relationship with the E-M areas.
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This paper has been accepted as a journal article in Transactions on Biomedical Engineering. The

second journal paper will focus on the straight EA kinematics, straight EA phantom experiments,

and experimental validation of the kinematic model. Finally, the last journal paper will focus

on implementation of impedance sensing to guide precurved EA insertion for improved modiolar

hugging.

4.1 Introduction

CIs successfully restore hearing to hundreds of thousands of people worldwide [116]; however,

the ultimate success of these implants—hearing quality—is highly correlated with insertion qual-

ity. Deeper angular insertion depths, smaller distance between electrode contacts and the neural

endings they are attempting to stimulate, and minimal trauma have been shown to lead to better

audiologic outcomes [29], [30]. Unfortunately, in a typical insertion, surgeons insert the EA with

little visual feedback (i.e., watching the EA enter the entrance of the cochlea) and limited tactile

feedback [166]. Many efforts have been made to try to give surgeons improved intraoperative

feedback during this challenging step of the procedure.

Traditional feedback mechanisms commonly used in medical devices and surgical robotics are

unfortunately not applicable to CI EA insertion due to lack of line of sight (omitting optical track-

ing) and space constraints/accuracy requirements (omitting magnetic tracking and endoscopy).

Imaging feedback tools for analysis of CI placement include preoperative CT scans with cus-

tomized insertion plans [167], postoperative CT [89], preoperative Magnetic Resonance Imaging

to determine candidacy [168], and real-time fluoroscopy during surgery [90], but these techniques

are burdened by cost, patient radiation exposure, and/or lack of true real-time visualization [102].

Custom EAs have also been designed that incorporate strain gauges [169] or scanning electro-

chemical microscopy [170] for position sensing, but integrating sensors into commercial EAs is

not currently feasible.

All of these limitations have led to the search for another source of intraoperative position feed-

back, ideally one that does not impede workflow, add radiation, add cost, or involve design of a
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new EA. In this paragraph examples of possible tools that could be adapted to detect spatial EA in-

formation are presented that are already used by audiologists in the operating room post-insertion.

These tools include electrically-evoked compound action potentials, electrocochleography, and

impedance sensing. First, electrically-evoked compound action potentials involve stimulating an

EA contact and recording the auditory nerve response. In some studies, this measure has been

shown to correlate with EA position [94] and speech outcomes [92]; however, results are variable

and other studies have not found such correlation [93], [95], [171]. Electrocochleography involves

the use of an external sound stimulus to generate and measure hair cell responses to ensure residual

hearing is maintained. This technique has been shown to potentially help preserve residual hearing

[96], [98], [99], and some studies have even shown correlation to large changes in scalar location

[101]; however, interpretation is complex due to dependency on neural responses [101] and detec-

tion of small scalar shift has not been demonstrated. Perhaps most importantly, the response time

is not ideal as hair cell damage can occur before perception is possible [103], although there are

current efforts underway to improve interpretation of this feedback [172].

Electrical impedance (hereafter referred to simply as impedance) sensing involves sending a

biphasic, charge-balanced current pulse to an electrode contact and measuring either its response

(contact impedance), the response of all of the non-stimulated contacts (electric field imaging), the

response of one or more (but not necessarily all) non-stimulated contact(s) to a ground (monopolar

stimulation), or the response between two or more contacts (bipolar/multipolar). It has been shown

that the impedance values resulting from the electrode-electrolyte interaction can be modeled as

an equivalent circuit to gain more specific information from the single measurement [88], [105],

[106], [111], [166], [173]–[176]. CI impedance values have been shown to change over time

and correlate with EA and/or intracochlear changes in post-implanted clinical cases [105], [174],

[177]. These values have also been shown to be able to predict extracochlear electrode contacts in

cadaveric models after EA insertion [102].

Using a custom EA, Watanabe was one of the first to show the correlation between electrochem-

ical measures and ST wall proximity [103]. After this work, total impedance both experimentally
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([83], [104]) and simulated ([178]) as well as the resulting equivalent circuit components [88] were

shown to correlate with the space between the EA body and the modiolar wall (E-M proximity)

[83], [88], [104]. In particular, Pile et al. demonstrated the correlation between the manufacturer-

provided real-time bipolar (1.5 s for 21 pairs) impedance values and the E-M area in phantom and

cadaver models using a 4 DOF robotic platform for insertion [104]. They showed that impedance

values for the precurved EA could be used to distinguish between insertion techniques. Giardina et

al. analyzed the relationship between the equivalent circuit model components from [105] and the

E-M distance using monopolar stimulation in pseudo-real-time in a plastic phantom model with

a straight EA [88]. They fit a linear regression model to these measures and found a strong cor-

relation between the access resistance and the E-M distance. Aebischer et al. demonstrated that

impedance values could be used after insertion to predict the overall insertion depth of a straight

EA without CT scanning [111]. Dong et al. showed that retrospective analysis of the access re-

sistance component of the postoperative impedance could be used to detect translocation without

imaging [179]. Additionally, recent work by Klabbers et al. demonstrated that viewing a heatmap

of the transimpedance matrix can be more reliable than fluoroscopy imaging to accurately detect

tip fold-over after insertion [180]. Finally, Lee et al. have shown that impedance differences can

detect when the pull-back technique (i.e., pulling a precurved EA back after the insertion has been

deemed complete to decrease E-M distance) has been used as opposed to a typical insertion [181].

This work builds on the work of the aforementioned groups, most notably, the recent results

from [104] and [88]. The reliability of using impedance sensing for E-M proximity detection

should be further investigated, and the use of this modality for different EA types should be ex-

plored. Additionally, the current state-of-the-art has not demonstrated the relationship between the

equivalent circuit components and E-M proximity for bipolar impedance sensing as they did in

[88] for monopolar stimulation. This use of the equivalent circuit components could decrease stan-

dard deviation and increase model correlation. Shortening the current path (i.e., such that it is not

traveling through heterogeneous tissue and is just traveling between EA contacts in the perilymph)

will likely be more reliable than monopolar stimulation [104]. Furthermore, no study has used
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impedance feedback to help predict the EA shape during an insertion. It is common for straight

EAs to feature fully-banded or dual-banded contacts. To perform this shape estimation, the rela-

tionship between impedance and E-M proximity needs to be explored for dual-sided contacts for

the first time. The real-time relationship between impedance and E-M proximity has not yet been

quantified in a cadaveric model due to difficulties in imaging the insertion progress through the

opaque cochlea. This is an important next step to verify that the phantom model results are provid-

ing clinically meaningful information that directly translates to human models. Finally, a feedback

mechanism could prove useful for manual or robotic tool control in CI EA insertion. The only

robotic CI insertion tool that has been operated in closed-loop was developed by Pile et al. and

used force feedback to detect and react to EA tip fold-over [182]. They then modified the control

scheme to use sensed impedance values to adjust precurved EA stylet actuation [78]. This was an

exciting step toward using impedance feedback for improved EA placement.

In this work, the aforementioned challenges were addressed with the following contributions:

1) development of a kinematic model for EA tip and shape estimation using impedance sensing and

open-loop evaluation of the impedance profiles (including characterization of dual-sided EA con-

tact behavior) in phantom models of varying complexity. Next, 2) real-time impedance feedback

was used to guide the pull-back technique and improve insertion of a precurved EA. Finally, 3)

quantification of real-time impedance to E-M space metrics in a cadaveric model was performed.

The results of these contributions will move the state-of-the-art closer toward using impedance

sensing in the operating room for improving EA placement.

4.2 Review of Bipolar Impedance Model

The following section details estimation of E-M proximity given bipolar impedance measure-

ments. One electrode contact serves as the source (stimulating EA contact) and one serves as

the sink (recording EA contact) in bipolar stimulation. First, an equivalent circuit model of the

electrode-electrolyte interface is presented and this model is used to predict the electrical response

to clinical electrical current pulses. Relation of this response to modiolar proximity is then de-
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scribed.

4.2.1 Equivalent Circuit

Here, it is assumed that the contribution of each electrode contact to electrolyte interface i can

be modeled as a resistor and capacitor in parallel (Rpi and Cpi) in series with a resistor (Rai). The

parallel resistor Rpi represents the electrode contact reaction resistance (also termed the charge

transfer resistance or polarization resistance) and describes the electrical resistance experienced

as electrons on the polarized electrode surface are transferred into charged ions in the electrolytic

solution (in this case, the perilymph). The parallel capacitor Cpi represents the ordinary double

layer capacitance of the electrode contact surface, also termed the polarization capacitance, created

by the thin insulating space between the charged electrode surface and the nearby ions. Finally,

the series resistance Rai represents the electrolyte access resistance of the conductive perilymph,

which has been shown to have high correlation with E-M proximity [88].

First, the total impedance for one contact that includes Rai, Rpi, and Cpi is defined as Zi. Next,

the electrode contact properties Rpi and Cpi are assumed to be equivalent for each contact in a

pair (i.e., in Fig. 4.1(a), Rp1 = Rp2 and Cp1 = Cp2). The access resistances Ra1 and Ra2 are also

assumed to be equivalent. These assumptions of equivalence are reasonable provided that the

exposed surface area, size, manufacturing method, and material of the two contacts are the same.

Differences in surface area should be accounted for if this relationship does not hold true [177].

Given all of these assumptions, Fig. 4.1(a) then becomes two equivalent impedances Z1 and Z2 in

series, and so the simple equivalent circuit model between two electrode contacts is assumed as

shown in Fig. 4.1(b), where Ra = 2Ra1, Cp = 2Cp1, and Rp = 2Rp1 [106], [173], [174].

4.2.2 Impedance Measurement

Electrical impedance Z is the ratio of voltage to current in a circuit, Z = V/I. Therefore, to

compute Z, a known current or known voltage must be applied to the electrode contact of interest

and then the response of the opposing electrode contact in the pair needs to be measured. In the

case of commercial CIs, a controlled current pulse is emitted and the voltage response is recorded
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Figure 4.1: (a) Equivalent circuit for electrode/electrolyte interaction shown for bipolar impedance
sensing where current is sent from electrode contact 1 and the response is recorded at contact 2.
(b) Equivalent circuit model with the assumption that Z1 = Z2, and thus Ztotal = 2Z1.

to determine the corresponding impedance. Thus, a charge-balanced biphasic pulse is applied such

as that illustrated in 4.2(a). The measured voltage response (see Fig. 4.2(b)) begins with a sharp

rise due to the double-layer capacitances initially behaving as short circuits. This means that the

only impedance component seen at that first instance is the access resistance of the perilymph.

Thus, the access resistance Ra can be computed using the measured initial voltage Va as Ra = Va/I,

where I is the maximum current value of the initial positive current input. The access resistance

and current are constant over the positive current pulse time (in Fig. 4.2 t = 100 us), and so Va is

constant as well and simply biases any additional voltage created by other circuit elements.

As the current continues through the end of the positive phase, the charge across the capacitive

element increases, causing the voltage to increase as well. This can be seen in Fig. 4.2(b-c). The

parallel resistance and capacitance cause the measured voltage at time t, Vt(t), to follow a standard

first-order response (blue curve on Fig. 4.2(b-c)) of

Vt(t) = Va + Vp

[
1 − exp

(
−t

RpCp

)]
, (4.1)

where Vp is the peak voltage. Since Rp and Cp are related to the electrode contact geometry (i.e.,

exposed surface area) and contact material properties, they can be assumed to remain constant for a
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given pair of electrode contacts. The total impedance at time t is Vt(t)/I(t) and assuming a constant

current I during the positive pulse, the measured Zt is

Zt(t) =

Va + Vp

[
1 − exp

(
−t

RpCp

)]
I

. (4.2)

The derivative of (4.2) is taken and a first-order response is fit by computing the least-squares

solution (with form: y = mx + b) of the linearized model (see Fig. 4.2(d)) to generate

Żt(t) =
1

Cp
exp

(
−t

RpCp

)
. (4.3)

Taking the natural logarithm of each side and assuming Rp, Cp and t are positive yields

ln Żt(t) =
−1

RpCp
t + − ln Cp. (4.4)

The slope, mZ, and intercept, bZ, of the best-fit line to (4.4) yield the desired parameter estimates:

bZ = − ln Cp =⇒ Cp = e−bZ (4.5)

mZ =
−1

RpCp
=⇒ Rp =

−1
mZCp

. (4.6)

Substituting these values into (4.2) enables computation of Ra.

4.2.3 Modiolar Proximity

Pile et al. [104] experimentally demonstrated an inverse relationship between the volume of

fluid (approximated as a planar trapezoid between EA contact pairs) and bipolar impedance values.

They also showed that this relationship could be approximated by a calibrated power-law equation.

Bipolar impedance measurements have an important advantage over monopolar measures in that

they are less dependent on biological influences since the signal does not need to travel through

tissue to reach an external ground. Here, the goal is to approximate the E-M proximity relationship
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Figure 4.2: (a) Typical charge-balanced biphasic current pulse that is sent to the stimulating con-
tact. (b) Measured voltage response from the positive current pulse. The region of the response
curve where the capacitor initially behaves as an open circuit is shown in green, and the voltage
response Va can be used to compute the access resistance Ra. The blue region of the curve shows
the voltage response when the capacitive elements start to charge and the response can be approx-
imated as a first order system response. The peak voltage Vp is the highest voltage reached at the
end of the positive current pulse. (c) Impedance values with the total Zt shown in blue, the first
order fit shown in green, and the measured values shown in red. (d) The linearized impedance fit
shown in green based on measurements shown in red.
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for the access resistance Ra as opposed to the entire impedance Zt. Beginning with a power law

function of the form

Ra(α) = c1α
c2 + c3, (4.7)

where Ra is the access resistance (i.e., resistance of the trapped volume of perilymph), α is the area

between the pair of contacts of interest and their corresponding closest points on the modiolus, and

the coefficients for model fitting are c1, c2, and c3.

First, these coefficients are solved for so that the area can be calculated for a given access

resistance. Since there is an inverse relationship between Ra and α, the exponent c2 must be

negative. This means c3 represents the horizontal asymptote of the function, which corresponds to

the access resistance in an open channel, i.e.,

c3 = lim
α→∞

Ra(α). (4.8)

Subtracting c3 from each side of (4.7) and taking the natural logarithm of each side yields a linear

equation

ln
(
Ra(α) − c3

)
= c2 lnα + ln c1, (4.9)

where it is again arranged in slope-intercept form of y = mx + b and

y = ln
(
Ra(α) − c3

)
, (4.10)

x = lnα, (4.11)

bA = ln c1, (4.12)

mA = c2. (4.13)

After having found the coefficients for the power function, it can be rearranged (4.7) to obtain

α(Ra) =

(Ra − c3

c1

)−c2

, (4.14)
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Figure 4.3: Parameter definitions of c, `0, b, and contact numbering scheme: side view of EA with
the apical end on the left, beginning with contact 1 to contact 12 on the basal end on the right.

the final model for estimating the area as a function of the access resistance between a pair of

electrode contacts. The methodology toward the contributions of this chapter will be described

next.

4.3 Methods

In this section, development of a kinematic model for straight EA shape estimation and tip

localization will first be detailed. Next, the phantom model experimental testing protocol will

be described for reliability testing, dual-sided contact behavior exploration, and model valida-

tion. Precurved EA testing methodology will then be detailed, including robotic insertions with

impedance advised pull-back. Finally, the experimental setup and protocol for cadaver model test-

ing will be described. For every experiment in this work, the measured impedance was the access

resistance component of the equivalent circuit model.

4.3.1 Kinematic Model

In this section, a two-dimensional model for EA tip position and overall EA shape estimation

is derived using patient cochlea morphology, linear insertion depth, and sensed access resistance

data. For n electrode contacts, the electrode contact positions are estimated by modeling the in-

tracochlear portion of the straight EA as a series of rigid links connected by revolute joints. It

is assumed that these contacts are connected by continuous splines to form the EA shape. The

following section assumes there are n electrode contacts and thus n − 1 pairs of contacts. For each

pair of contacts i and i + 1, the associated access resistance is termed Ri.
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First, EA parameters are defined as shown in Fig. 4.3. Given these definitions, the total consid-

ered length of the EA a is

a = (n − 1)`0 + c. (4.15)

Preoperatively, a matrix is created containing the series of lateral-wall points (radially offset by

a small distance to account for the EA body) to obtain the free-fitting matrix of points D and

compute the gradient to obtain the tangent vectors T at each point on D. The points in D define

the predicted final position of the EA body, that is, where it would naturally lie after a completed

“normal” insertion. Given D, numerical integration is performed along the path length to generate

d, a vector of the cumulative summed distances at each point. Then, for a given insertion depth q1,

this vector d is used to determine the corresponding closest point in D. This closest point gives

the initial tip localization e0 as the closest point in D that corresponds to q1. This initial guess only

requires knowledge of q1 and an assumption of conformation to the lateral wall.

Fig. 4.4 shows the parameter definitions that will be used to estimate the EA shape. Given the

initial tip estimation, the tip tangent t0 is found from T by finding the closest point on D. The first

(most apical) electrode contact location e1 can then be computed as

e1 = e0 − ct0. (4.16)

A check is performed to ensure that e1 lies within the boundaries of the ST. If it does not, e1 is

recomputed by returning to e0 and integrating along D for a distance c and then adjusting the

position of e1 to lie at this point. Next, since straight EAs are actuated by contact with the lateral

wall, the subsequent ST tangent angles can be used to estimate the remaining contact locations.

The rotation matrix associated with contact i, Ri, is computed as

Ri =


| | 0

ti ni 0

| | 1

 (4.17)
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Figure 4.4: Kinematic model parameter definitions for straight EA insertion

where ti is the tangent vector of the closest point on D and ni is the normal vector at the same

location, and planar rotation is assumed. The midpoint fi between contacts is computed as

fi = ei −Ri


`0/2

0

0

 = ei −
`0

2
ti (4.18)

A check for boundary containment of fi is again performed and its location is adjusted if necessary,

using `0/2 instead of c for integration. Subtraction from the midpoint is repeated by finding the

89



Table 4.1: Specification of Kinematic Domains

Domain EA Behavior Resistance Indication to Move to Next Domain

1 Moving straight based on angle of approach Switch 1: Sharp drop in resistance of pair 1

2 Contacting lateral wall and bending Switch 2: Smooth drop in resistance pairs 1 and 2

3 EA starts to fully relax into the wall Switch 3: Most apical dual-sided contact resistance rise

4 Conformation to lateral wall N/A

closest ST tangent ti at fi and subtracting it from the midpoint location

ei+1 = fi −
`0

2
ti. (4.19)

Again, a check is performed to ensure containment within the boundary and the point is recom-

puted if necessary. This process is continued until all n electrode contact locations are estimated.

The EA shape is assumed to be comprised of continuous splines. Using theory described in

[183], the mathematical spline is a piecewise polynomial with degree K and continuity at common

joints of derivatives of order K − 1. In this work, cubic splines s(p) are used as described by the

equation

s(p) = B1 + B2 p + B3 p2 + B4 p3 0 ≤ p ≤ p2, (4.20)

where the constant coefficients B1, B2, B3, and B4 are specified by the boundary conditions:

s(0) = s1 s′(0) = s′1 (4.21)

s(p2) = s2 s′(p2) = s′2. (4.22)

The two points of interest s1 and s2 are specified, as well as the start and end tangency, s′1 and s′2,

respectively. Applying the boundary conditions to (4.20), the equation of a single spline segment

is:

s(p) = s1 + s′1 p +

(
3 (s2 − s1)

p2
2

−
2s′1
p2
−
s′2
p2

)
p2 +

(
2 (s1 − s2)

p3
2

−
s′1
p2

2

−
s′2
p2

2

)
p3. (4.23)

All of these calculations are independent of any knowledge of sensed impedance values and they
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Figure 4.5: Four determined kinematic domains in a “normal” insertion.

are under the assumption that the EA will conform perfectly to the predicted free-fitting shape D.

In other words, at any point of the insertion, the EA is restricted to lie along the lateral wall. This

is not always the case, particularly at the beginning of an insertion when the EA is moving straight

prior to contacting the lateral wall for the first time. Next, access resistance information will be

used to improve the accuracy of the model will be described.

4.3.1.1 Incorporation of Access Resistance into Kinematics

As previously stated, the actuation method for bending this type of EA is contact with the walls

of the cochlea. Because the cochlea is such a small, enclosed structure and because of the limited

actuation potential of this EA, an additional set of preoperatively determined shape domains can

be incorporated into the originally determined free-fitting shape D to predict the overall EA shape

and improve model accuracy. Access resistance knowledge is used to determine the switching
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locations between shape domains.

To incorporate resistance values, first, four different domains were determined based on pre-

liminary observation of “normal” insertions in a plastic ST model with a cochleostomy. Then,

the switch points between domains were determined using the resistance values. These points and

their associated domains are detailed in Table 4.1 and a picture of each of the domains for one trial

is shown in Fig. 4.5. In the first domain, the EA simply moves straight along its insertion vector,

in the second, the EA contacts the lateral wall and the tip begins to relax, in the third the EA is

gradually conforming more and more of itself to the wall, and in the fourth, full conformation to

the wall is assumed. One of the most important insights from preliminary testing was that the

real-time resistance values (and their derivatives) can particularly indicate when the shape of the

EA changes and give valuable information as to insertion progress such as the point at which the

EA tip contacts the lateral wall. The access resistance values were analyzed for each insertion trial

(4 trials were performed) to determine domain switching points and predict the EA positioning at

each step. See Fig. 4.6 for visualization of these points for one of the trials (other trials removed

for clarity) both on (a) the derivative plot and on (b) the resistance graph. This plot shows the three

determined switch points (marked as a black star, diamond, and triangle), and the corresponding

insertion depth at which this switch happens. Threshold values used to find the switch points are

shown in Fig. 4.6 as black horizontal lines of different line styles. Resistance derivative threshold

values are denoted with δi where i is the switch point number (between 1 and 3) that the threshold

value is used to determine. On the resistance plot, an entrance threshold K = 4000 Ω was used to

determine if a contact had entered the model. Next, more detail on switch point determination will

be provided.

Switch point 1 was defined by first finding the point that R2 < K (meaning the second pair is

inside the ST) to shorten the search interval. Then, the first sharp drop in R1 was found in this

interval, when dR1 < δ1. This is when the tip of the EA reaches the basal turn. Then, the point of

contact with the lateral wall was determined as when the resistance of pair 1 is no longer changing

significantly, i.e., dR1 < δ2 for 1% of the number of sample points. This indicates the point at
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which the resistance of pair 1 has dropped sharply when passing the basal turn, but is no longer

changing significantly as the EA tip has reached the lateral wall. Next, switch point 2 was defined

as when the EA tip resistances (pairs 1 and 2) are no longer changing significantly and the tip

relaxes into the wall fully. This point was computed by finding when

dR(t)tip + dR(t − 1)tip + ... + dR(t − n)tip < δ3. (4.24)

In (4.24), t is the current sample, n is the nearest integer to 1% of the number of sample points, and

dR(t)tip =

√
dR(t)2

1 + dR(t)2
2. Finally, the point at which full conformation to the lateral wall was

assumed was defined as when both pairs that feature the most apical dual-sided contact (contact

6) resistances rise significantly. This behavior indicates that contact 6 has relaxed into the wall

and essentially the remainder of the insertion just follows the lateral wall. Pair 5 features one

single-sided contact and one dual-sided contact, while pair 6 features both dual-sided contacts. As

such, this point was computed by finding the maximum location of dR(t)5 + dR(t)6. This switch

point will most likely change depending on EA contact spacing and overall length, but could be

calibrated for a particular EA as was done here for the FLEX28. The resulting comparison of the

predicted shape with impedance incorporation to the experimental insertions is detailed in Sec. 4.5

after discussing the experimental methods.

4.4 Experiments

To investigate real-time bipolar access resistance insertion profiles, four different experiments

were performed with a straight EA and two experiments were performed with a precurved EA. In

the phantom model experiments, each experiment included a modular testing platform, a robotic

insertion tool [86], a digital camera for proximity determination, a custom printed circuit board

(PCB) for impedance sensing, and either a straight (FLEX28, MED-EL, Innsbruck, AT) or pre-

curved (CI532, Cochlear Limited, Sydney, AU) EA. The general phantom setup can be seen in

Fig. 4.7. One cadveric experiment was also performed with a straight EA (FLEX28) to assess

clinical viability of this sensing method. Each experiment provides a unique contribution toward
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Figure 4.6: (a) Graph of the numerical derivative of the resistance in trial 1 of pairs 1, 2, 5, and 6.
These values were used to determine the points at which the domains should switch, along with
knowledge gained from Experiments 1-3. (b) Corresponding graph showing the resistance in trial
1 with annotations of switch points and other important points of the insertion. On both plots, a
black horizontal line indicates a threshold value that was used in switch point determination.
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Table 4.2: Experimental Conditions for Impedance Experiments

Exp. EA Model
# Recorded

Impedance Pairs Speed (mm/s) Contribution

1 Straight (FLEX28) Phantom 1 11 0.5
Real-time detection of

intracochlear electrode contacts

2 Straight (FLEX28) Phantom 2 4 0.5
Characterization of

dual-contact behavior

3 Straight (FLEX28) Phantom 3 11 0.2
Real-time insertion impedance profile

evaluation and kinematic model validation

4 Precurved (CI532) Phantom 3 11 0.4
Real-time insertion impedance

profile evaluation of CI532

5 Precurved (CI532) Phantom 3 4 0.4
Demonstration of use of impedance feedback

to adjust the pull-back technique

6 Straight (FLEX28) Cadaver 4 0.2 Evaluation of translatability

understanding the utility of access resistance sensing in EA localization. A summary of each ex-

periment can be viewed in Table 4.2, and each of the experiments will be described in detail next.

4.4.1 Experiments 1-3: Straight EA Phantom Model Testing

This section will describe the methodology for the first three experiments. Namely, the inves-

tigation of the access resistance profiles of a straight, FLEX28 EA in plastic phantom models of

varying complexity (phantom models 1, 2, and 3 in Fig. 4.7 (a-c)). All models were printed in

WaterShed XC material at Protolabs (Maple Plain, MN, USA). For a given trial of any of these

three experiments, the straight EA was first inspected to ensure it was straight and undamaged. If

needed, the EA was straightened or replaced. The phantom model was filled with artificial peri-

lymph (saline) before each trial. Next, with the hinged phantom model swung out of the way, the

EA was loaded into the tool as in [86]. The hinged phantom model was then locked in place with

the pin after the EA was loaded. Access resistance, video, and actuator data were simultaneously

recorded. Robotic EA insertion proceeded at the speed detailed in Table 4.2 for each experiment

until insertion was complete or until further insertion would cause EA damage. For impedance

measurements, a pulse width of 55 µs at a pulse magnitude of 100 µA was used, and the microcon-
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(b) Exp 2 Configuration (c) Exp 3 Configuration(a) Exp 1 Configuration
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Figure 4.7: Experimental setup for phantom model insertions: (a) tapered phantom model 1 exper-
iments, (b) rectangular constant cross-section phantom model 2 experiments, and (c) to-scale ST
model phantom model 3 experiments.

troller obtained a voltage measurement every 8.5 µs during the positive half of the biphasic pulse.

To improve effective resolution, if measuring the impedance of 4 pairs of contacts, voltage samples

during 20 consecutive pulses were recorded and individually averaged together for an effective fre-

quency of 60 Hz. When measuring 11 pairs of contacts, only 14 consecutive pulses were averaged

together for an effective frequency of 30 Hz.

After Effects (Adobe Inc., San Jose, CA, USA) was used to segment the spatial information of

the EA components from video. Video and access resistance values were synchronized in MAT-

LAB (Natick, MA, USA) if needed. Data was collected for four trials in each phantom with two

different EAs (for a total of eight trials per experiment). The two different EAs will be termed EA1

and EA2 for the remainder of this chapter. To decrease data processing time, a small dot of paint

was added at each contact location on the silicone (i.e., the exposed surface area of the contact was

unchanged), and hair dye was used to dye the EA body.

4.4.1.1 Experiment 1

The first experiment utilized phantom model 1 - a tapered model (Fig. 4.7(a) inset) that was

designed to resemble an ‘unrolled’ ST, with a slot opening equal to the maximum length and width

of a cross section reported in [149], and opposite end with the minimum reported length and width.
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A lofted cut connects these two cross sections, such that the cross-sectional area of the model

monotonically decreases with increasing insertion depth. For this model, the EA was inserted from

0 mm (all electrode contacts outside the model) to 25 mm and retracted back to zero to investigate

the reliability of the access resistance sensing measurement in contact entry detection, as well as

a repeatability comparison of the access resistance profile for insertion compared with retraction.

All 11 bipolar access resistance measurements were recorded at 30 Hz, and video was recorded at

30 fps.

4.4.1.2 Experiment 2

The second experiment used phantom model 2 (Fig. 4.7(b) inset) which is a constant cross

section, rectangular model with a width corresponding to the maximum width in [149], and a height

chosen to be slightly larger than the basal end of the EA. For this model, a linear actuator was fixed

with its travel perpendicular to the phantom model channel (see Fig. 4.7(b)). The EA was swept

from side-to-side (±1.8 mm). The purpose of this experiment was to characterize the dual-sided

EA contact access resistance to E-M proximity relationship. As such, 4 pairs of electrode contacts

were recorded for this experiment, one single-sided contact pair (contacts 4-5), a single and dual-

sided contact pair (contacts 5-6), and two dual-sided contact pairs (contacts 6-7 and contacts 7-8).

See Fig. 4.3 for visualization of these contact locations. The 4 access resistance pairs were recorded

at 60 Hz and video was recorded at 60 fps.

4.4.1.3 Experiment 3

Finally, the third experiment used phantom model 3 (Fig. 4.7(c) inset), a plastic to-scale ST

model [149]. For this model, the EA was inserted from 0 mm (corresponding to the tip of the EA

just inside the model) all the way until the basal end of the EA buckled. All 11 access resistance

pairs were recorded for this experiment at 30 Hz and video was recorded at 30 fps. Data from these

experiments were used to inform and validate the kinematic model. Additionally, the buckling

portion of the insertion was used to evaluate whether the characterization determined in Experiment

2 for dual-sided contacts could be used to reliably predict a buckling occurrence.
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Table 4.3: Experimental Conditions for Experiment 5

Trial Type Insertion Depth Percent Cutoff

(i) 12 mm 40%

(ii) 12 mm 60%

(iii) 13 mm 40%

(iv) 13 mm 60%

4.4.2 Experiments 4 & 5: Precurved EA Phantom Model Testing

Using the same phantom model 3 as was used in Experiment 3, Experiments 4 and 5 were

performed using a precurved CI532 EA in conjunction with the experimental setup shown in

Fig. 4.8(a). A gripper was designed (Fig. 4.8(b)) to be able to actuate the stylet and EA sepa-

rately in these insertions. This EA has 22 electrode contacts, all single-sided.

4.4.2.1 Experiment 4

In Experiment 4, the open-loop behavior of all of the available pairs of electrode contacts

along the 22-contact precurved EA was evaluated. This evaluation was done in two stages (since

the custom impedance sensing PCB is limited to measuring a maximum of 11 pairs in its current

configuration), and the purpose of the evaluation was to assess the general insertion access resis-

tance profile of this EA. First, five insertion and retraction trials of the most apical 11 pairs were

performed and access resistance and video were recorded (30 Hz and 30 fps). Next, five insertion

and retraction trials were performed for the most basal 11 pairs. In each trial, the EA was inserted

from 0 mm to 11 mm, held for 10 seconds, and then retracted back to 0 mm. In this experiment,

the 0 mm datum was defined as when the EA and external stylet were inserted to the point where

the external stylet stopper was at the cochleostomy entrance.
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Figure 4.8: (a) Experimental setup for phantom model insertions with the CI532 precurved EA (b)
Closeup of gripping mechanism

4.4.2.2 Experiment 5

After Experiment 4 was complete, preliminary experiments with the pull-back technique were

used to select the electrode contacts with the most dramatic response to the pull-back for use in

Experiment 5. The goal of this experiment was to use the access resistance values to advise when

to stop retracting the EA (i.e., to inform when modiolar hugging had been achieved, and when

any further pulling would result in reduced AID). A ROS architecture was used to stream access

resistance data to the linear actuators inside the automated insertion tool. The same experimental

protocol as Experiment 5 was repeated, except that during the resting portion of the insertion, the

resistance of each of the 4 recorded pairs was recorded and logged. Then, after the ten second hold,

retraction began and the actuators were stopped once all four pairs rose at least a certain percentage

of their resting state value. This experiment was repeated for two different over-insertion lengths,

12 mm and 13 mm, as well as two different percent cutoff values, 40% and 60%. Three trials were

completed for each configuration, leading to a total of 12 trials. A summary of these settings is
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Figure 4.9: Cadaver Experimental Setup: View of insertion tool mounted at an angle that enables
insertion through the round window into the dissected cochlea, (Inset) Dissected ST close-up view
with EA inside. Note, the EA cannot be seen well through the basilar membrane without dying the
EA. Fluroescent green paint is also used to mark the individual contact locations and a UV light is
utilized to be able to see them through the membrane.

shown in Table. 4.3.

4.4.3 Experiment 6: Cadaver Testing

Experiment 6 involved using a “deroofed” cadaveric cochlea (see Fig. 4.9), to perform the first

ever correlation between real-time access resistance and E-M proximity in a cadaveric model. This

result is extremely important to help remark on the translation potential of impedance sensing as a

positioning feedback mechanism. Workflow proceeded as detailed in Sec. 4.4.1, but the automated

insertion tool was mounted on a separate arm for alignment with the cadaver ST. Additionally,

the EA was jogged back and forth to sweep a sufficient range of scalar positions. Because of the

only semi-translucent nature of the membrane (and in particular the osseous spiral lamina), electric
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Figure 4.10: Raw access resistance vs. time for the four trials of experiment 1 with EA1

green silicone paint (Pyscho Paint™, Smooth-On Inc. Macungie, Pennsylvania, USA) was painted

on the silicone, 90◦ from the exposed contact surface area to be able to track the contact locations.

A UV light was shone on the surface of the model as (see Fig. 4.9 inset). The bipolar access

resistance of the most apical 4 pairs of electrode contacts were recorded for these insertions at

60 Hz and video was simultaneously recorded at 60 fps. Four insertions into one cadaveric cochlea

were performed and video and resistance data were processed and synchronized as in Sec. 4.4.1.

4.5 Results

In this section, experimental results from each of the six experiments are detailed. First, the

straight EA phantom model experimental results are discussed (phantom models 1-3 with two

different FLEX28 EAs). Then, the precurved EA (CI532) experiments in phantom model 3 are

discussed, and finally, results from the cadaveric insertions with a FLEX28 are presented.
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4.5.1 Experiments 1-3: Straight EA Phantom Experiments

4.5.1.1 Experiment 1

For the phantom model 1 experiment, the resulting access resistance vs. time plot is shown

in Fig. 4.10 for EA1 and Fig. 4.11 for EA2. These plots show a few important properties of

impedance sensing for localization with CI EAs. First, it can be seen that the resistances of the pairs

as they travel through the model increased steadily with time, which is what would be expected

with a monotonically decreasing cross section and the assumption that smaller conductive volume

between two contacts leads to higher resistance. Of note, both the single-sided pairs and dual-

sided pairs resistances increased with increasing insertion depth. Second, this plot shows that

the individual measurements are related since they are all within the same conductive medium

and all are along the same EA body (with wires running next to one another). This can be seen

by the stair-step behavior that occurs for pairs 2-11. When one electrode contact of a pair first

enters the conductive fluid, the resistance of that pair reduces to a lower plateau value, but is still

quite noisy. Then, once both electrode contacts have entered the fluid, the signal drops sharply

and is much cleaner. These experiments showed that this behavior occurs with both insertion and

retraction. Interestingly, the magnitude of the initial drop in resistance was very consistent with

each additional electrode contact that enters the model. Since the EA by design has evenly spaced

contacts, it seems there may be a relationship between length of the EA inside the saline and

resistance drop. Further investigation of this phenomenon is presented in Sec. 4.6.

It should be noted that EA2 had a slightly kinked tip upon opening its package (see Fig. 4.12)

and this kink might have contributed to the noisier signal of the most apical pair. Regardless, all

of the raw resistance data from trials with this EA are included in this section for completeness.

For EA1, trial 1, the first pair’s resistance does not reach quite as high of resistance magnitude as

the other trials for the same insertion depth. This difference is due to the sensitivity of the measure

to small fluctuations in proximity in that region (when the cross section is extremely narrow), and

differences in the positioning of the EA in the channel due to its flexibility.

Another way of viewing these results is by looking at the resistance vs. linear insertion distance
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Figure 4.11: Raw access resistance vs. time for the four trials of experiment 1 with EA2

Figure 4.12: Photo of EA2 showing the tip portion of the EA for reference.
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Figure 4.13: Raw access resistance vs. linear insertion distance for the four trials of experiment 1
with EA1

in Fig. 4.13 for EA1 and Fig. 4.14 for EA2. Because each experiment involved insertion from

0 mm to 25 mm and retraction back to zero, the horizontal distance between the vertical lines on

these plots shows the difference in the insertion and retraction resistance-detected entering and

exiting of each pair. Note that saline build-up tended to occur as the EA was being inserted, and

so some of the difference in the detected enter and exit can be attributed to more or less saline

being at the phantom model opening. In sum, Figs. 4.10, 4.11, 4.13, 4.14 support that this sensing

method is extremely repeatable in this model and that it has good potential for real-time detection

of intracochlear electrodes as was done in [102] after insertion was complete.

4.5.1.2 Experiment 2

Next, the goal of Experiment 2 was to assess whether the access resistance of the dual-sided

contacts follow a predictable profile with proximity change to a wall. Recall that in this experiment,

the access resistance between contacts 4 and 5 (single-sided), 5 and 6 (single and dual-sided), 6
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Figure 4.14: Raw access resistance vs. linear insertion distance for the four trials of experiment 1
with EA2

and 7 (dual-sided), and 7 and 8 (dual-sided) were sensed. Note that the ‘home’ position of the EA

before each trial is slightly different since the actuator with the gripper attached was re-zeroed each

time with slight adjustments to investigate the sensitivity of the measure to the starting position.

Additionally, the EA is of course not rigid, and so the actual sweep reaction of the EA body is not

consistent between trials. For each of the eight trials (4 trials with EA1 and 4 trials with EA2),

the five electrode contacts of interest and their corresponding closest point on each wall were

computed. Using this information, the area between a pair of contacts and their closest modiolar

points was computed and smoothed with a moving average over 10 points. Access resistance data

and the computed areas were synchronized for each trial, and a frame from the synchronized video

and resistances from trial 1 with EA1 is shown in Fig. 4.15. The bottom wall in Fig. 4.7(2) will be

referred to as ‘Wall 1’ and the top wall as ‘Wall 2’ as shown.

The grouped access resistance vs. the areas to Wall 1 can be viewed in Fig. 4.16 and vs. areas

to Wall 2 in Fig. 4.17. Trial 2 of EA1 was omitted from this grouping because of a large air
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bubble that significantly altered the resistance measures. These plots show the consistency of the

relationship across multiple trials and multiple EAs as well as the model fit for each pair. For each

pair, the relationship between access resistance and area to Wall 2 is essentially a reflection about

the y-axis of the resistance relationship with the area to Wall 1. The single-sided pair exhibits a

power-law relationship with Wall 1 (the wall the contacts are facing) as expected and a non-linear

least squares fit was used to determine the coefficients in c1xc2 + c3 that best fit the data. For

Wall 2, the resistance values exhibit the opposite power-law relationship with area, that is, as the

proximity to Wall 2 decreases, the resistance also decreases. Both resulting model fits are plotted

in Figs. 4.16(a) and 4.17(a).

For the dual-sided pairs, the relationship between resistance and areas seems to essentially

follow two opposite power-law relationships that are symmetric about the center of the channel.

The lowest resistance is in the center of the channel, when the area relative to both walls is close

to equal. A non-linear least squares fit was used to find the coefficients in c1xc2 + c3xc4 + c5 that

would best fit these data. These model fits are plotted in Figs. 4.16(c-d) and 4.17(c-d). Overall,

these pairs do indeed exhibit a significant access resistance change when E-M proximity changes,

and the change follows a consistent relationship. The sensitivity of this measure in the middle

area regions is quite low however, and these values will most likely primarily be useful for contact

detection as opposed to detecting more granular scalar position changes. Finally, Pair 5-6 has both

a single-sided and dual-sided electrode contact. This relationship is a bit unclear, but seems to be

able to be modeled as a combination of two power-law relationships that are not symmetric about

the center of the channel, and as such, the same equation as the dual-sided pair c1xc2 + c3xc4 + c5

was fit and is plot in Figs. 4.16(b) and 4.17(b).

4.5.1.3 Experiment 3

The access resistance vs. linear insertion distance from Experiment 3 can be viewed in Figs. 4.18

for EA1 and 4.19 for EA2. The entry behavior of each electrode pair follows a similar stair-step

pattern as was seen in Experiment 2. Of note, near about 10 mm, the EA skips across the plastic
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Figure 4.15: Synchronized trial 1 EA1 Experiment 2: (Top) Trial video with segmented polygons
overlaid for pair 4 , 5 , 6 , and 7 , (Left) Resistance vs. Time for pair 4 (dotted blue line with
diamond marker), pair 5 (dash-dot red line with square marker), pair 6 (dashed green line with
circle marker), and pair 7 (solid black line with ‘x’ marker) (Right) Resistance vs. segmented area
for each of the pairs 4 - 7 , with the single-sided pair 4 results shown in the top left plot, single
and dual-sided pair shown in the top-right plot 5 , and the bottom plots displaying the dual-sided
contact pair behavior 6 and 7 .
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Figure 4.16: Grouped results for 7 trials (3 with EA1 and 4 with EA2) of (a) the single-sided pair,
(b) the single and dual-sided pair, and (c-d) dual-sided pairs over 4 trials for EA1 with area on the
horizontal axis indicating area between each contact and its corresponding closest point on wall 1.

Figure 4.17: Grouped results for 7 trials (3 with EA1 and 4 with EA2) of (a) the single-sided
pair, (b) the single and dual-sided pair, and (c-d) dual-sided pairs with area on the horizontal axis
indicating area between each contact and its corresponding closest point on wall 2. Note each plot
is just a reflection of its analog in Fig. 4.16
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(a side effect of the prototyping method for the phantom model). This skipping can be seen in the

access resistance profile at this insertion distance by the rapid jump of pair 1-2 and pair 2-3. This

skipping occurred repeatedly at this point in each trial and the access resistance insertion profiles

followed a similar profile in each trial. Although this skipping is an artifact of the plastic model, it

demonstrates the real-time detection capability of an anomaly using this technique. As mentioned

in Sec. 4.4.1, the EA was purposely inserted until buckling at the basal end of the EA. The goal of

this purposeful buckling was to see if buckling of the EA in the dual-sided EA contacts could be

detected by the access resistance change and using knowledge gained about the resistance/prox-

imity relationship from Experiment 2. In these plots, the change is very small, since the buckling

that was induced was not severe enough to drastically change the area (to maintain EA integrity

between trials), so the resistance values were likely traveling along the flat portion of the curve

shown in Fig. 4.16. It is likely that if the EA got much closer to the wall, there would be a sharper

rise.

The primary purposes of this experiment were to generally assess the real-time insertion access

resistance profile of this EA, but also to inform and validate the kinematic model. As mentioned,

EA2 had a slightly bent tip, and as such, the curvature of the EA during insertion into the ST model

and available final depth were limited. Additionally, as can be seen in Fig. 4.19, because of the

bend, the pair 1 resistance values have an unreasonable amount of noise and variation in every trial.

As a result, only the trials from EA1 are used for model validation. The resistance profile was used

to assess how the access resistance data could be incorporated into the kinematic model to improve

accuracy. Validation of the model with and without resistance knowledge will be described next.

4.5.1.4 Model Validation

An image of the final simulated shape using the kinematic model can be viewed in Fig. 4.20.

The kinematic model simulation was validated in two ways. First, the AID vs. linear insertion

depth profiles were compared for each trial. The AID was defined as the angle between the zero

vector (vector from round window to center) and the most apical electrode contact. Next, the
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Figure 4.18: Raw access resistance vs. linear insertion distance for the four trials of experiment 3
with EA1

Figure 4.19: Raw access resistance vs. linear insertion distance for the four trials of experiment 3
with EA2
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Figure 4.20: Final shape result from simulation using the developed kinematic model

centerline shape of the EA body in simulation was compared to the segmented EA medial axis

from experimental trials.

The predicted AID vs. linear insertion of the kinematic model (dashed lines) with and without

domains and the actual AID from experimental trials (solid lines) are shown in Fig. 4.21. This

plot shows that by using resistance values to determine at which domain the EA is in at a given

linear insertion depth, the kinematic model predicts some of the more dynamic behavior of the

actual EA movement, particularly for insertion depths less than 15 mm. Notice that the magenta

dashed line that simply assumes lateral wall conformation essentially predicts a straight line for

AID vs. linear insertion depth. The experimental access resistance vs. insertion depth profiles

displayed consistent behavior for each of the four trials, and thus the determined switch points

locations were similar between trials. Despite this consistency, the model still captures some of the
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Linear Insertion Depth (mm)

Figure 4.21: Angular insertion depth comparison for the simulation and experimental results of
Experiment 3 demonstrating the utility of the domain incorporation in prediction of the non-linear
angular insertion depth change at low insertion depths.

differences between trials (see Fig. 4.21 inset), such as different lateral-wall contact linear insertion

depths.

The maximum-minimum distance between splines was computed for each simulation step and

is shown in Fig. 4.22. Note that because the basal end of the EA was not simulated, only those

components of the two shapes that were at least 4 mm inside the ST were compared. There is

a clear increase in shape agreement between simulation and experiment when using the domains

for each trial. Additionally, the maximum variation in the spline shapes increases with increasing

insertion depth. This is a result of the higher sensitivity of the model to the ST shape at higher

curvatures. Small errors in predicted ST shape in this region map to higher errors in AID. In this

case, the 3D-printed ST model was printed vertically, and so the helix is slightly compressed near

300◦ (X ∼ 2 mm in Fig. 4.20), so the actual free-fitting shape naturally does not agree with the
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Figure 4.22: Boxplot showing range of closest point distances between splines at each simulation
step for each trial with and without the incorporation of domains. Note the error reduction in the
first half of the insertion when using domain switching.

theoretical shape well in this region and this is reflected in the model error.

4.5.2 Experiment 4 & 5: Precurved EA Phantom Experiments

4.5.2.1 Experiment 4

For Experiment 4, the access resistance vs. time plots for the most apical 11 pairs can be

viewed in Fig. 4.23 and for the most basal 11 pairs in Fig. 4.24. It is important to note that this EA

features an external stylet. This has unique implications when using impedance sensing, because it

essentially negates the use of the sensing method when the EA contacts in a sensed pair are inside

the stylet since the EA body and its contacts are enclosed. Additional complication is introduced

in this region due to the slotted openings in the polyimide which introduce large fluctuations. As a

result, as previously described in Sec. 4.4.2.1, the zero point of these experiments was defined as
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Figure 4.23: Open-loop experiments evaluating the insertion access resistance profile during a
normal insertion of the most apical 11 pairs of contacts. Exit behavior from the polyimide is clear
for each of the 11 pairs with each subsequent sharp drop in impedance starting from pair 1 (blue)
to pair 11 (teal).
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Figure 4.24: Open-loop experiments evaluating the insertion access resistance profile during a
normal insertion of the most basal 11 pairs of contacts. Exit behavior from the polyimide stylet
is again clear, although all of the pairs do not exit the polyimide and thus do not exhibit the sharp
drop in resistance.
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when the stylet was completely inserted into the model (about 5 mm), and the EA tip was at the

opening of the stylet. These plots show that the access resistance insertion profile for this setup

was very repeatable. The exit of the EA contacts from the stylet could be very reliably detected

based on the sharp drop in resistance upon exit.

4.5.2.2 Experiment 5

Using results from preliminary testing with the same setup as in Experiment 4, but inserting to

12 or 13 mm instead of 11 mm, 4 contact pairs with sharp responses to the pull-back were selected

for use in Experiment 5. Assuming the same numbering scheme as in the straight EA case (see

Fig. 4.3) where the most apical electrode contact is referred to as ‘1’, pairs 10-11, 11-12, 12-13,

and 13-14 were selected to advise the actuators when to stop the insertion in Experiment 5. A

total of 12 trials were performed, and a summary of these trial types is shown in Table. 4.3. The

access resistance vs. time data for all trials is shown in Fig. 4.25. Using an image taken during the

‘at-rest’ portion of the insertion (once the specified insertion depth had been achieved) and the final

retracted position, the average of the distances between the control contacts to their closest points

on the modiolus (termed m for the remainder of this chapter), and the overall AID were determined.

These values were then recomputed with the ‘post-pull-back’ image. These computations enabled

a comparison showing the difference in EA positioning before and after the pull-back portion of

a trial. An overview of these results is shown in Fig. 4.26 where the reduction in AID is shown

on the horizontal axis and the reduction in modiolar distance on the vertical axis. These results

demonstrate that for most types of insertion with the specified feedback, the pull-back portion

successfully increased modiolar hugging and did not substantially affect AID. The 60% rise would

clearly not work for a 12 mm insertion since the m before the pull-back is already quite small, and

so the tracked electrodes have to essentially be inside the stylet for the access resistance to rise

high enough to meet the cutoff criterion.
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Figure 4.25: Raw access resistance vs. time with the 4 trials overlaid for Experiment 5 trials of
types (i - iv) showing the resistance profile before the linear actuator stop.

4.5.3 Experiment 6: Straight EA Cadaver Experiments

Finally, the results for Experiment 6 will now be detailed. The goal of this experiment was

to assess if the previously determined power-law relationship between the resistance of single-

sided pairs and E-M proximity holds in a human cochlea. Accurate segmentation of the medial

axis of the opaque cochlea near the round window in the images introduced unnecessary error

since there are 4 tracked pairs available for assessment. Near the basal turn, the modiolus extents

are much more clearly defined in the video. As such, the most distal three electrode contacts

were segmented and the areas between their closest point on the modiolus and the EA body were

computed for each video frame and then smoothed with a moving average over 10 points. These

areas were then synchronized with the measured access resistance values and plotted. A plot of

the synchronized video, access resistance vs. time, and access resistances vs. areas can be viewed

in Fig. 4.27. The overall grouped access resistance vs. areas for the four trials can be viewed

in Fig. 4.28. This figure demonstrates that the pairs follow a power-law relationship as in the
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Figure 4.26: Overview of reduction in modiolar distance vs. AID reduction for all trials types
(i) - (iv) of Experiment 5. On the y-axis, the reduction in average elecrode contact-to-modiolus
distance (m) after pull-back is shown. Note the desired outcome is for the m to be reduced after
pull-back. Positive results on the y-axis indicate that upon pull-back, the electrode contacts got
further from the modiolus. A grey dashed line is shown at this 0 mm for ease of viewing those
trials that exhibited an increase in m. On the x-axis, the reduction in angular insertion depth after
pull-back is shown. Note that the desired outcome is for the AID to remain unchanged after pull-
back (i.e., a reduction of 0◦). A green dashed line is shown at this 0◦ location for ease of viewing
those trials that had non-zero reductions. These results show that with access resistance feedback
and this experimental protocol, most trial types exhibited very little change in AID, but a decrease
in the distance to the modiolus as desired.
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Figure 4.27: Synchronized trial 1 of Experiment 6: (Left) Trial video with segmented polygons
overlaid on cadaveric ST for pair 1 and pair 2 (Top-Right) Resistance vs. Time for pair 1
(dotted blue line with circle marker) and pair 2 (solid red line with ‘x’ marker), and (Bottom-
Right) Resistance vs. segmented area for each of the tracked pairs 1 and 2 .

plastic model—implying that benchtop results will likely translate in some capacity to a human

model. Additionally, there is no additional smoothing or outlier removal of the resistance data in

this grouped plot, so this plot demonstrates that the noise level is not significantly increased when

inserting into a human cochlea. A limitation of this interpretation is that saline is still being used as

a surrogate for human perilymph in this model. One other interesting result from this experiment

was that when the actuators were not moving, there was a low amplitude, low frequency (∼1 Hz)

sinuosoidal variation in the access resistance data. Upon further investigation, it was discovered

that this sinusoidal variation was due to mechanical movement of the EA due to the resonant

frequency of the room where experiments were performed on the tenth story of a building.

4.6 Discussion & Conclusion

Results from this work imply that real-time access resistance sensing could prove useful as

a feedback tool during clinical CI EA insertion. Main limitations from the results include pixel

resolution limitations for computing areas and the 2D assumption in the correlation between access
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Figure 4.28: Grouped access resistance vs. area results for the four cadaver trials (a) pair 1-2 and
(b) pair 2-3

resistance and proximity. Experiment 1 showed that the real-time access resistance measure can be

used to reliably predict the entry and exit behavior of individual electrode contacts for two different

EAs. It was also shown that the entry of each contact exhibited a stair-step response as described in

Sec. 4.5.1.1. This overall stair-step effect is most likely a result of using the more apical contact in

a pair as the source such that the charged contact enters the saline first. If that is the cause, the stair-

step behavior could be a result of the parasitic capacitance of the other grounded EA contact/wires.

To test this theory, Experiment 1 was repeated with EA1, but with the source and sink of each pair

flipped. Results from this investigation are shown in Fig. 4.29 and demonstrate that the stair-step

behavior was drastically reduced. However, despite this result, the setup in the initial trials actually

provides a bit more information, because it can be clearly seen when one of the contacts in a pair

enters the conductive medium, and so depending on the application, the original setup may be

advantageous.

Experiment 2 demonstrated that the dual-sided contacts have potential to add useful informa-

tion during insertion and exhibit predictable behavior. As expected, their access resistance response

is less sensitive to proximity changes (compared to single-sided contacts) due to their dependence

on the proximity to both walls. Additionally, simply knowing the resistance value of a pair is not
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Figure 4.29: Raw access resistance vs. time for the four trials of the redo of Experiment 1 trial
with EA1 with the canode and anode of each pair flipped
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enough information to know which wall the contact is closer to, and future work could investigate

different techniques to parse this information.

In Experiment 3, it was discovered that the real-time insertion profile of an insertion in a to-

scale ST phantom model is very repeatable and that critical points of an insertion, such as initial

lateral-wall contact, can be identified by the access resistance profile. It was demonstrated that

the access resistance values and their derivatives can be used to improve prediction of overall EA

shape. Future work could investigate the use of impedance to detect anomalies like tip fold-over

and more severe buckling with this technique. The most useful method for presenting this shape

information to surgeons during insertion should also be investigated.

Experiment 4 demonstrated that the same sensing setup could be used with a precurved EA,

and the real-time access resistance insertion profile for this EA was evaluated for the first time. It

was evident from this experiment that the external stylet complicates the use of sensing in regions

where the electrode contacts of interest are inside the stylet.

The sensed resistance values of the precurved EA were successfully used in Experiment 5

to detect at what point optimal EA positioning had been achieved. This is important because

traditionally, surgeons rely only on haptic feedback to know when modiolar hugging has been

achieved. From Fig. 4.26, it is evident that for most insertion types (see Table 4.3 all but type (ii)),

the AID was relatively unchanged (as desired) when using access resistance feedback to know

when to stop, and the distance to the modiolus was reduced as desired. The type (ii) insertion

was not hypothesized to work well, but was performed to show a case of what could happen if the

pull-back technique were performed poorly due to limited feedback.

Experiment 6 demonstrated that the previously determined power-law relationship holds in a

cadaveric model, implying it is likely that benchtop results may translate to clinical insertions. Fu-

ture work should investigate the effect of different morphologies on the relative utility of impedance

sensing and create a more statistically significant measure of the translatability of this relationship.

In summary, these data demonstrate that bipolar impedance sensing, specifically the access

resistance component of the impedance, has high potential for informing EA positioning and im-
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proving insertions in the future. This modality could provide reliable real-time EA position in-

formation without adding extra cost to a procedure or impeding hospital workflow. Results from

benchtop cadaver experiments in this work proved promising; however, before clinical translation,

an important next step will be to perform a sensitivity analysis to see how variations in different

factors that were not present in these benchtop experiments could affect position feedback efficacy

in humans (e.g., sensitivity to perilymph properties, decay law properties, etc).
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Chapter 5

Future Work and Conclusions

5.1 Future Work

5.1.1 Chapter 2: Clinical Translation of a Manual Insertion Tool for Minimally Invasive

Cochlear Implant Surgery

Chapter 2 focused on the development of an insertion tool for MICIS. The developed manual

insertion tool helped solve the critical last step of the procedure by enabling a surgeon to insert an

EA easily down the narrow tunnel of spiculated bone and into the ST with minimal buckling.

There are many interesting areas of future work for this tool. The tool should be evaluated with

different straight EA types (simply by modifying the inner diameter and bottleneck diameter of the

tool) to verify functionality across types. Additionally, future work could investigate the addition

of a stylet arrestor to enable insertion of precurved EAs with this tool, although the buckling

issue is much less prevalent with these stiffer EAs in MICIS. A third area of future work will be

expanding the number of clinical cases to include more patients and achieve a more statistically

significant measure of clinical success. Another interesting study would be evaluating whether

this tool could be useful for traditional, mastoidectomy-based CI surgeries as opposed to only the

minimally invasive situation. A final area of future work would be determining how beneficial this

tool is to novice users (in MICIS and in traditional CI surgery) compared to its usefulness to expert

users in a similar setting.

5.1.2 Chapter 3: System Development for Magnetically Steered Robotic Cochlear-Implant

Electrode Array Insertion

Chapter 3 focused on the development of a robotic system that includes image guidance, a

nonmagnetic automated insertion tool, and magnetic steering using a novel electromagnet (the

Omnimagnet) to enable atraumatic CI EA insertion. Image guidance and preoperative planning

were shown to help align the robotic tool and electromagnet with a preoperatively determined
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trajectory and magnetic steering demonstrated reduced insertion forces (and implied decreased

trauma) in phantom models and for the first time, in cadaveric specimens.

Future work of this system will investigate its efficacy in a live guinea pig model to experi-

mentally verify the implication that reduced insertion trauma yields improved hearing outcomes.

Additional necessary future work will be developing a cooling system to prevent overheating and

increase the available safe duration of use for the Omnimagnet. Another important area of future

investigation will be determining a safe way to remove the tip magnet from the EA. If this cannot

be done, either a patient will not be able to have MRI done, or it must be conclusively shown that

the forces and torques induced on the small tip magnet when entering the MRI are not dangerous.

Finally, the magnetic field source magnitude should be increased to provide more torque on the

magnet-tipped EA by scaling up the external magnet, the magnet on the tip of the EA, or both.

This increase in magnitude would allow the magnet to be in the optimal position as described by

[151].

5.1.3 Chapter 4: Using Real-Time Electrode Array Insertion Impedance Feedback to In-

form Array Positioning and Modulate Insertions

Chapter 4 focused on the utility of impedance sensing in CI EA insertions. In particular, the

real-time relationship between impedance and E-M proximity was evaluated in a cadaveric cochlea

for the first time, showing that the benchtop relationship translates to human models. In phantom

models, the relationship between impedance and E-M proximity for dual-sided EA contacts was

demonstrated for the first time. Insertions into a uniformly tapered model provided further evidence

of the utility of impedance sensing for detecting in real-time when individual contacts have entered

the cochlea. By performing both insertion and retraction, this experiment also helped demonstrate

the repeatability of this detection. Insertions into a plastic ST model were also performed to in-

form and validate kinematic model development that incorporates impedance sensing knowledge.

Finally, work in this chapter further demonstrated the utility of using impedance sensing as a

feedback mechanism in control with precurved EAs by using impedance feedback in real-time to
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inform when to stop the pull-back technique.

In the future, further investigation should be done to evaluate and characterize the effects of

morphology on the relationship between impedance to E-M proximity. Additionally, morphology’s

influence on the relative utility of using impedance sensing could be evaluated. In other words,

do certain morphologic characteristics mean a patient would benefit more from a surgeon using

impedance sensing to augment the insertion? This morphology investigation could be done in

cadaveric models so that a more statistically relevant relationship between access resistance and

proximity in cadaveric models could be developed. Future work could investigate the utility of

adding more domains to the developed kinematic model to capture a wider spread of possible

insertion effects (such as anomalies like tip fold-over) and/or explore the benefits of using a more

sophisticated model for shape prediction. It should be clarified in the future how this progress

and shape information should be presented to surgeons who would use this type of feedback while

manually inserting the EA. This feedback could take different forms including a displayed GUI

or an overlay on the microscope, and the optimal display method should be evaluated for intuitive

and effective use. There are many areas of interesting future work for optimizing the impedance

sensing method since only access resistance was explored in this work with a single stimulation

setting. In this future, a parameter sweep within the range of safe values for the pulse magnitude,

pulse width, and timing could be explored and ideally would be correlated with the desired number

of measured pairs. Different stimulation schemes (such as tripolar) could also be investigated. The

relationship between the equivalent circuit impedance elements and force should be explored to

see if impedance values could be used as a surrogate for trauma detection since force measurement

in a real-time surgical setting is challenging.

5.2 Conclusion

Chapter 2 detailed the design, development, and clinical translation of a manual insertion tool

for MICIS. Initial design feasibility was first demonstrated in phantom and cadaver models. Next,

all of the steps needed to clinically translate the device were taken. Namely, a population analysis
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of potential MICIS candidates was performed, and this analysis enabled the design and fabrication

of a clinically realistic testing/training phantom model for tool evaluation. Analysis results also

led to translatable device dimension specifications. The insertion force profile was evaluated in

this clinically realistic model and cadaver testing was performed for tool evaluation for clinical

viability. Both experiments demonstrated that the new tool enables more consistently deep inser-

tions than traditional tools (e.g., surgical forceps). Finally, the tool was clinically translated and

achieved a full insertion in its first clinical case where the EA was fully inserted entirely within the

ST of the cochlea.

Chapter 3 described the development of a system for improved CI EA insertion using magnetic

steering combined with image guidance and an automated insertion tool. System development

involved creating a method for preoperatively planning the tool pose and magnet pose that cor-

respond to the planned Omnimagnet magnetic field vectors (created with programmed currents)

and automated insertion tool linear insertion depths. An automated insertion tool was developed

that is nonmagnetic and features a new gripping mechanism for tapered clinical EA advancement

and detachment. Using the new system, reduced forces (and thus reduced implied trauma) were

demonstrated in phantom models when using magnetic steering compared to a solely robotic or a

manual insertion. Additionally, the usefulness of magnetic steering when inserting an EA into a

cadaveric cochlea was demonstrated for the first time by showing force reduction with magnetic

steering compared to a solely robotic insertion.

Chapter 4 focused on the insertion impedance profile and its potential utility in CI EA insertion.

The impedance insertion profile of a straight EA was evaluated in a series of phantom models of

increasing complexity, including a to-scale ST phantom. These experiments demonstrated that the

dual-sided contact impedances exhibit predictable and repeatable behavior relative to changes in

E-M proximity. A kinematic model was developed for predicting EA shape and using results from

the to-scale ST experiments, the model was validated. The viability of using this sensing method

in cadaveric models was demonstrated for the first time by directly relating bipolar impedance

values to E-M proximity. Finally, impedance feedback was used to inform the pull-back of an
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over-inserted precurved EA by advising the actuators when to stop the insertion as soon as close

modiolar positioning had been achieved so that the AID was not decreased as a result of this

retraction.
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Appendix A

Localization Error Investigation

1.1 Abstract

In image-guided surgery involving fiducials such as the surgery described in Chapter 2, sur-

gical success hinges on accurate fiducial localization. A commonly used localization algorithm

to compute the top of a Waypoint™ Anchor (FHC Inc., Bowdoin, Maine) has an incorrect offset

from the localized centroid in the image to the extrapolated top of the anchor. In this work, this

error was quantified to give users the ability to correct it if desired. For 0.3 mm isotropic voxel

reconstructions, the error is between 0.15 mm and 0.17 mm. For 0.4 mm isotropic reconstructions,

the error is between 0.14 mm and 0.17 mm, both with 95% confidence and assuming a Student’s t-

distribution. When it is important to know the location of the top of the anchor with high accuracy,

the offset should be increased by 0.16 mm.

1.2 Methods

When bone anchors are present in image-guided surgeries, it is crucial to know the location

of these bone anchors accurately in CT image space. Fitzpatrick developed an algorithm that

automatically localizes a Waypoint Anchor in CT space ([184]). The algorithm works by first

finding the anchor centroid am and anchor axis û and then applying an offset term σ along the

anchor axis to compute the anchor top at:

at = am + σû, (A.1)

Qualitative observation of past clinical algorithm implementations have indicated that the offset

term σ used to compute the anchor top is incorrect. The goal of this study was to quantify the offset

error ε and apply this correction to compute the corrected position of the top of the anchor ac as
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Figure 1.1: (a) Illustration of offset error variables and (b) Nominal extender length `nom = 0.7 ±
0.001 in

(a) (b) (c)

Figure 1.2: Acrylic block testing model

ac = am + (σ + ε)û, (A.2)

(see Fig. 1.1(a) for visualization of parameter definitions).

In this work, an established point registration algorithm was leveraged ([154]) to compute the

offset error in the current localization algorithm. Workflow began by localizing the anchors in

image space with no extenders attached (Fig. 1.2(a)). Then, using the same anchors with extenders

attached (see Fig. 1.2(b-c)), physical measurements of the extender sphere centers were taken using

a coordinate measuring machine, named the "FARO® Gage Plus Arm" (FARO Technologies, Lake
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Mary, FL), which will be referred to simply as the FARO for the remainder of this discussion

(Fig. 1.3(a)). These two sets of measurements enabled rigid registration of the physically measured

sphere centers to the image predicted sphere centers and offset correction determination.

To perform this study, an acrylic block (3 in x 3 in x 0.5 in) was fabricated with four fiducial

anchors of interest (4 mm Waypoint FHC anchors) screwed into its body with the bottom of each

anchor seat flush with the block face. Two anchors were screwed onto each 9 in2 face at asymmetric

locations (see Fig. 1.2(a)). The screws were then epoxied in place.

As mentioned, the goal of this study was to measure the anchor top locations in image space

and the sphere locations with the extenders attached in physical space and compare the two to find

the offset correction ε. First, the phantom model in Fig. 1.2(a) was used to localize the anchor

positions in CT space using the clinical CT scanner in Fig. 1.3(b) - the Xoran® XCAT™ (Xoran®

Technologies LLC., Ann Arbor MI). Fifteen images were acquired with the phantom model in

various orientations and locations within the scanner’s workspace. All fifteen images were recon-

structed at isotropic voxel sizes of 0.3 mm and 0.4 mm. Next, the spherical extender shown in

Fig. 1.1(b) (nominal length `nom = 0.7 ± 0.001 in) was attached to each anchor (Fig. 1.2(b-c)). The

phantom model was rigidly fixed to the measuring table and the FARO was used to measure the

position of the four sphere centers. Each sphere center was measured with the FARO three times.

1.2.1 Training Set

The acquired fifteen CT scans were partitioned into a training set (N = 10) and a test set (N

= 5). In the training set, for each CT scan, the position of the top and the central axis vector of

each anchor in image space were computed using the automatic algorithm. The predicted sphere

positions in image space were then computed as

sci = at + `nomû. (A.3)

Next, these image space sphere positions were rigidly registered to the physically measured

sphere positions. For each scan, this registration was done three times (once for each set of FARO
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data). The function ‘fminsearch’ in MATLAB® (The MathWorks, Inc., Natick, MA) was used to

find the extender length that minimized the FRE of the rigid point registration. In other words:

arg min
`

(FRE). (A.4)

The offset correction ε was then computed as the difference in `nom and the average fit length ` for

each reconstruction set. Manufacturer variability in extender length was neglected here (approxi-

mately 0.03 mm).

1.2.2 Test Set

After computing the offset correction ε, this offset correction was then added in the source code

for the automatic algorithm. The same steps were repeated for this test set of scans (N = 5) to test

resulting accuracy with the new correction factor.

1.3 Results

Results of one of the point registrations between image space and physical space can be viewed

in Fig. 1.4. Note that this registration was done three times for each scan (once for each set of

FARO data). For a given CT scan, the FRE after registering to a set of FARO measurements had

a standard deviation of approximately 0.005 mm among the three registrations. This variability

was assumed to be negligible to the overall result for the remainder of the study. Fig. 1.6(a) and

(b) show the clustered results for each of the three fits for a given scan number. For each scan,

the average offset value was determined. For each reconstruction size in the training and test set, a

t-test analysis was performed to determine whether the hypothesis that the offset values determined

for that reconstruction came from a distribution with a mean of 0 and unknown variance could be

rejected. The average offset error and p-value are reported below. H = 1 indicates that the null

hypothesis can be rejected.
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(a) (b)

Figure 1.3: (a) FARO® Gage Plus Arm and (b) Xoran® XCAT CT Scanner

Y (mm) X (mm)

Z 
(m

m
)

Fiducials in Image Space
Fiducials in Physical Space
Registered Image Fiducials

Figure 1.4: Example plot showing the result of one point registration
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1.3.1 Training Set

The average offset error in the training set (N = 10) of the 0.3 mm reconstruction scans was

0.165 mm (H = 1, p-value = 3.6e-11) and of the 0.4 mm reconstruction was 0.155 mm (H = 1,

p-value = 5.5e-10). Histograms of the residuals relative to the mean are shown in Fig. 1.5(a)).

Although the sample size is limited, the residuals seem to be t-distributed. An overview of the

training set data is shown in Fig. 1.6(a). Note that the residuals are randomly distributed about the

average fit, supporting the hypothesis that this mean error is not just noise. These analyses resulted

in an offset correction ε of 0.16 mm to be added into the source code to evaluate the scans in the

test set of data.

Results for the test set of this reconstruction were created by modifying the source code of the

localization algorithm to correct for the error found in the training set. In other words, ε was added

to the offset term as in (A.2).

1.3.2 Test Set

Results of the the test set can be viewed in Fig. 1.5(b) and Fig. 1.6(b). Most importantly, in

Fig. 1.6(b), it can be seen that for both the 0.3 mm and 0.4 mm reconstructions, the new average

fit lines are within 0.03 mm of the nominal extender length, indicating that the correction factor

was effective. The average offset error of the 0.3 mm reconstruction scans was -0.01 mm (H = 1,

p-value = 0.04) and of the 0.4 mm reconstruction scans was -0.03 mm (H = 1, p-value = 0.001).

Although the hypothesis that the offset error came from a distribution with a mean of zero is still

rejected in this case, the p-value increased dramatically from the training set. This result can be

partially explained by the decrease in N for the test set, and of course emphasizes that further

refinement of the offset error is possible.

1.4 Discussion & Conclusion

In this study, the offset error inherent to a Waypoint localization algorithm was quantified.

Limitations of this study include that only the Xoran CT scanner and 0.3 mm and 0.4 mm isotropic

reconstructions were used. Future work should investigate whether different reconstruction sizes,
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Figure 1.5: (a) Histogram of residuals in training set and (b) Histogram of residuals in testing set
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Figure 1.6: (a) Overview of training set results and (b) Overview of testing set results
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anisotropic reconstructions, and different CT scanners would change the result. Furthermore, fu-

ture studies could investigate whether anchor length influences the result. In this work the use of

a model of the bone anchor whose screw portion is 4 mm long was exclusively investigated, but

studies could also investigate error in localization of an alternative version 5 mm long screw.

Knowledge of this offset correction could prove crucial in the future if accuracy is extremely

important. Furthermore, given the simplicity of the correction, the ease with which it can be

corrected, and the lack of any know negative effects, it would be difficult to justify not correcting

the error in any system that utilizes this localization algorithm. Although the magnitude of the

error found in this study may have been inconsequential in the past, intervention has in recent

years trended steadily toward smaller targets and encroached steadily closer to critical structures.
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