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ABSTRACT

Cochlear implants must be inserted carefully to avoid damaging the delicate anatomical structures of the inner
ear. This has motivated several approaches to improve the safety and efficacy of electrode array insertion by
automating the process with specialized robotic or manual insertion tools. When such tools are used, they must
be positioned at the entry point to the cochlea and aligned with the desired entry vector. This paper presents an
image guidance system capable of accurately positioning a cochlear implant insertion tool. An optical tracking
system localizes the insertion tool in physical space while a graphical user interface incorporates this with patient-
specific anatomical data to provide error information to the surgeon in real-time. Guided by this interface, novice
users successfully aligned the tool with an mean accuracy of 0.31 mm.

Keywords: Image-Guided Surgery, Cochlear Implant Surgery, Registration

1. INTRODUCTION

Cochlear implant (CI) surgery can restore hearing to those with severe or complete hearing loss. As of 2012 over
300,000 people worldwide have received cochlear implants.1 Insertion of the electrode array calls for accurate
alignment and steady hands to ensure proper placement while avoiding intra-cochlear trauma. Forces as low as
42 mN can rupture the delicate membranes separating the scala tympani from the scala vestibule, resulting in
the loss of any residual hearing.2 This is very near the minimal force perceptible by humans,3 leading to the
inadvertent loss of hearing in 25-33% of patients.4,5 For this reason, many potential candidates are excluded
from consideration for a cochlear implant. These risks must be mitigated in order to improve outcomes in the
current patient population, as well as extend eligibility to those with greater residual hearing.

The surgical procedure to implant a cochlear implant electrode array begins with a mastoidectomy, i.e.
removing a portion of the temporal bone behind the ear. A cochleostomy is then performed to gain access to
the cochlea in preparation for insertion of the electrode array into the scala tympani. Insertion is conventionally
performed manually using specialized forceps. With an aim to reduce cochlear trauma, several automated
insertion tools (AIT) for cochlear implants have been developed. Zhang et al.6 used a 2 Degree-of-Freedom
(DoF) device that could translate and actuate a custom electrode with an embedded actuation thread. Another
design consisted of a 6-DoF parallel-robot with a focus on clinical use.7 Pile et al. analyzed cadaveric temporal
bones to drive the design of a 3-DoF parallel robot.8 A 1-DoF tool designed to deploy an electrode through a
narrow guide tube was presented by Hussong et al.9 and Shurzig et al.10 expanded on this design to incorporate
integrated force sensing (Figure 1a). They demonstrated that the 5 mN resolution of this AIT was sufficient for
detecting intra-cochlear forces.

Yet even if forces are monitored in real time (which can be used to halt the insertion before a major membrane
tear), the AIT needs to be positioned and aligned correctly before insertion begins for the electrode array insertion
to be successfully completed. Manual positioning is desirable, since it keeps control in the hands of the surgeon
and is less expensive compared to a robotic system. Yet higher accuracy is also desirable to ensure that the
cochlear implant is on a path with low probability of intracochlear trauma from the beginning. In this paper we
present a system to aid the surgeon with accurate positioning and alignment of an AIT before insertion begins.
Our approach to positioning and orienting the AIT is to provide an image guidance interface that combines
optical tracking with an intuitive graphical user interface (GUI) to guide accurate placement.
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Figure 1: The tip of the automated CI insertion tool (a) must be positioned at the cochleostomy and along the
vector corresponding to the preplanned patient-specific trajectory (b).

2. METHODS

2.1 System Design

A Polaris Spectra optical tracker (Northern Digital Inc., Ontario, Canada) was used for three-dimensional position
and orientation detection. Stereo cameras track the position of retroreflective spheres (RRSs), which serve as
fiducial markers. These are rigidly mounted to the tool that is to be tracked. The AIT in Figure 1a was modified
to incorporate four RRSs for localization. The relationship between fiducial localization error (FLE), fiducial
geometry, and TRE was found by Fitzpatrick and West.11 Since this relationship can be non-intuitive, West
and Maurer provide guidelines for designing tracked surgical tools.12 The layout of the markers was designed to
minimize the target registration error (TRE) at the cochlea while still remaining unobtrusive to the user. With
an RMS FLE of 0.3 mm, the RMS TRE of the chosen configuration was calculated to be 0.41 mm.

The AIT is attached to a support arm (Dectron USA, Wilsonville, Oregon) consisting of two planar joints and
a counter-balanced segment for gross positioning. A Noga articulated holder (Noga Engineering Ltd., Shlomi,
Israel) provides orientation control. Together, they allow full 6D positioning of the AIT within the surgical
workspace. Locks on every joint ensure the AIT remains stationary once placed.

We developed custom software to guide users through the patient registration and AIT alignment process.
The main window of the program (shown in Figure 2) is divided into four panes. A standard third-angle
projection shows the top, front, and right views. Inset views present a close-up of the target point to aid in
fine positioning. The fourth pane is user configurable. A semi-transparent red CAD model of the AIT marks
the optimal location. The real-time position of the AIT is shown in green. The information panel on the left
displays the current tool position and distance from the target. An error bar provides a visual indication of the
distance from the cochlea entry axis (ρ). Once the error is under a specified threshold (0.5 mm was chosen for
this study), the red X icon changes to a green check mark, signaling the user to lock the joints of the passive
arm to hold the current position. Below, a similar error bar indicates the angular error from the entry axis (θ),
with the threshold set to 2 degrees.

2.2 Image-Guided Workflow

The imaged-guided cochlear implantation procedure begins with a preoperative computed tomography (CT)
scan. Planning software then segments the inner ear structures13,14 and identifies an optimal trajectory to the
cochlea.15 In order to determine optimal position of the AIT, the skull must be registered to the preoperative
scan. This can be accomplished by placing three self-tapping spherical anchors in the patient’s skull to serve as
fiducials, similar to the procedure described in [16]. An intra-operative CT scan is aquired of the patient’s head.
This scan is registered to the pre-operative CT and the anchors are segmented. Now the preplanned desired



Figure 2: An intuitive graphical user interface guides the placement of the AIT. The main program window
shows the real-time position in green and the target position in red. Inset view display a close-up of the virtual
target (i.e. electrode array deployment point). An info panel provides the current alignment errors.

trajectory is known relative to the bone anchors. A mastoidectomy is performed in order to gain access to the
cochlea. The patient’s head is then secured to prevent movement.

Next, the optical tracker’s coordinate frame must be registered to the patient. A custom-built tracked probe
with three RRSs is used to determine the location of the three bone-attached anchors. These can be seen on the
skull in Figure 3a. Two hundred samples are averaged for each marker. Once all markers have been sampled,
patient data is registered to the tracker frame using a standard point registration algorithm and the total RMS
fiducial registration error (FRE) is calculated and displayed. If the total FRE is over a specified tolerance (0.4
mm was used here), the user is instructed to re-localize the markers. This is done based only on the possibility
that something may be incorrect (e.g. probe came off a marker during collection), since there is no guarantee
that TRE is high simply because FRE is high.17

After successful registration, the trajectory relative to the tracker’s frame is computed and applied to the
semi-transparent CAD model of the AIT. Now that the user has a reference for the proper AIT position and
orientation, the alignment process can begin. Once the desired accuracy is achieved, the joints are locked, and
the device is now ready to deploy the electrode array. Continual monitoring ensures there is no relative movement
between the patient and the AIT during insertion.

3. EXPERIMENTS

A user study was conducted to evaluate the performance of our proposed image guidance system. The exper-
imental setup is shown in Figure 4. Each participant was first briefed on the operation of the system. With
the graphical display turned off, they were allowed to gain familiarity with the operation of the positioning
arm. Once comfortable, the AIT was placed in a starting position at the edge of the workspace with all joints
unlocked. The display was then turned on and an arbitrary AIT configuration was chosen as the target. Users
were instructed guide the AIT into position and lock the joints once they felt they had reached the best accuracy
they could achieve in a timely manner. We recorded the currect 6D pose of the AIT upon each update from
the optical tracker. The total positioning time was defined from the first movement of the AIT until the user
removed their hands.
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Figure 3: (a) A close-up of a skull with bone-implanted fiducial markers. (b) Coordinate system used for error
measurement. The entry point of the cochlea is used as the origin.

Figure 4: Overview of the image-guided AIT positioning system. The AIT is held by a lockable, counter-
balanced support arm. Four RRSs are localized via an optical tracker. Custom software provides real-time 3D
visualization.



Six participants performed a total of 41 trials. The results are shown in Table 1. On average, participants
required 106 seconds to position the insertion tool to within a mean of 0.31 mm of the virtual cochlea entry axis.
Both the polar, θ, and azimuth, φ, errors were less than two degrees. The mean axial error, z, was 0.78 mm. It
should be noted that this offset is not critical since the AIT starts from a fully retracted position. Thus, we can
simply adjust the electrode insertion plan to ensure it stops at the desired depth.

The results of this pilot study demonstrate the feasibility of a manual approach to aligning AITs for CI
surgery. However, there are also some caveats that need to be considered. Unlike a robotic positioning system,
there was no pre-defined end point beyond the recommended alignment thresholds of 0.5 mm and 2 degrees. Some
users took more time in an effort to improve their accuracy beyond these thresholds. This likely contributed
to the relatively large standard deviations, along with varying abilities and a slight learning curve. Training
and practice could likely decrease this variability and also lower the total time required while still maintaining
accuracy.

Table 1: Results of User Study

Minimum Maximum Mean Standard Deviation

Total Time 26 s 311 s 90.8 s 67.9 s

Radial (r) 0.08 mm 0.54 mm 0.31 mm 0.12 mm

Axial (z) 0.01 mm 2.80 mm 0.78 mm 0.73 mm

Polar (θ) 0.18◦ 2.60◦ 1.06◦ 0.65◦

Azimuth (φ) 0.06◦ 11.68◦ 1.90◦ 2.15◦

4. CONCLUSIONS AND FUTURE WORK

We have developed and tested an image-guided system for manual positioning of surgical tools during cochlear
implant procedures. Better electrode array positioning has the potential to reduce complication rates, including
membrane ruptures within the cochlea. Improved placement can also improve sound quality perceived by the
patient and reduce battery consumption by placing electrodes in closer proximity to the nerves they stimulate.
Manual alignment also ensures the surgeon is in full control and is less costly compared a robotic approach.

We provide an intuitive graphical user interface that integrates into the existing surgical workflow. Our
counter-balanced support arms are designed to be operated with minimal effort. They provide full position and
orientation control of the AIT within the workspace and lock securely to ensure no movement occurs during
electrode array insertion. A pilot study demonstrated that submillimetric accuracy is achievable without adding
significant time to the existing procedure.

The next step is to verify that the system achieves the clinical accuracy required by performing electrode
insertions after using our image-guided approach for AIT alignment. Further research is also needed to better
quantify the acceptable error tolerances and how those relate to clinical outcomes. Once this is known, we will
be able to better characterize the tradeoff between alignment accuracy and time.
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Donald, S., Cavallé, L., Helbig, S., Garćıa Valdecasas, J., Anderson, I., and Adunka, O. F., “Electric acoustic
stimulation of the auditory system: results of a multi-centre investigation,” Acta Oto-Laryngologica 128,
968–975 (jan 2008).

[5] Fraysse, B., Macias, A. R., Sterkers, O., Burdo, S., Ramsden, R., Deguine, O., Klenzner, T., Lenarz, T.,
Rodriguez, M. M., Von Wallenberg, E., and James, C., “Residual Hearing Conservation and Electroacoustic
Stimulation with the Nucleus 24 Contour Advance Cochlear Implant,” Otology & Neurotology 27, 624–633
(aug 2006).

[6] Zhang, J., Xu, K., Simaan, N., and Manolidis, S., “A Pilot Study of Robot-Assisted Cochlear Implant
Surgery Using Steerable Electrode Arrays,” MICCAI: International Conference on Medical Image Comput-
ing and Computer-Assisted Intervention 9(Pt 1), 33–40 (2006).

[7] Zhang, J., Wei, W., Ding, J., Roland, J. T., Manolidis, S., and Simaan, N., “Inroads Toward Robot-Assisted
Cochlear Implant Surgery Using Steerable Electrode Arrays,” Otology & Neurotology 31, 1199–1206 (oct
2010).

[8] Pile, J. and Simaan, N., “Modeling, Design, and Evaluation of a Parallel Robot for Cochlear Implant
Surgery,” IEEE/ASME Transactions on Mechatronics 19, 1746–1755 (dec 2014).

[9] Hussong, A., Rau, T. S., Ortmaier, T., Heimann, B., Lenarz, T., and Majdani, O., “An automated insertion
tool for cochlear implants: another step towards atraumatic cochlear implant surgery,” International Journal
of Computer Assisted Radiology and Surgery 5, 163–171 (mar 2010).

[10] Schurzig, D., Labadie, R. F., Hussong, A., Rau, T. S., and Webster, III, R. J., “Design of a Tool Inte-
grating Force Sensing With Automated Insertion in Cochlear Implantation,” IEEE/ASME Transactions on
Mechatronics 17, 381–389 (apr 2012).

[11] Fitzpatrick, J. and West, J., “The distribution of target registration error in rigid-body point-based regis-
tration,” IEEE Transactions on Medical Imaging 20, 917–927 (sep 2001).

[12] West, J. B. and Maurer, C. R., “Designing optically tracked instruments for image-guided surgery.,” IEEE
transactions on medical imaging 23, 533–45 (may 2004).

[13] Noble, J. H., Warren, F. M., Labadie, R. F., and Dawant, B. M., “Automatic segmentation of the facial
nerve and chorda tympani in CT images using spatially dependent feature values,” Medical Physics 35(12),
5375 (2008).

[14] Noble, J. H., Dawant, B. M., Warren, F. M., and Labadie, R. F., “Automatic identification and 3D rendering
of temporal bone anatomy.,” Otology & Neurotology : official publication of the American Otological Society,
American Neurotology Society and European Academy of Otology and Neurotology 30, 436–42 (jun 2009).

[15] Noble, J. H., Warren, F. M., Labadie, R. F., Dawant, B., and Fitzpatrick, J. M., “Determination of drill
paths for percutaneous cochlear access accounting for target positioning error,” in [SPIE Medical Imaging ],
Cleary, K. R. and Miga, M. I., eds., 31, 650925 (mar 2007).

[16] Labadie, R. F., Balachandran, R., Mitchell, J. E., Noble, J. H., Majdani, O., Haynes, D. S., Bennett, M. L.,
Dawant, B. M., and Fitzpatrick, J. M., “Clinical Validation Study of Percutaneous Cochlear Access Using
Patient-Customized Microstereotactic Frames,” Otology & Neurotology 31, 94–99 (jan 2010).

[17] Fitzpatrick, J. M., “Fiducial registration error and target registration error are uncorrelated,” in [Proceedings
of SPIE ], Miga, M. I. and Wong, K. H., eds., 7261, 726102 (feb 2009).


	Introduction
	Methods
	System Design
	Image-Guided Workflow

	Experiments
	Conclusions and Future Work

