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PREFACE

My involvement in medical research started two decades ago when | was involved with laser surgery experiments
combined with histological evaluations at the Boston University School of Medicine. This work was presented to the

University of Pecs Medical School in 1990 as my Medical Doctoral Thesis.*®® It received a grade of 5/5.

My continued work involved both preclinical and clinical surgical research related to minimally invasive surgery for
new concepts of instrumentation and techniques | had the opportunity to coin as “Minimally Invasive Direct Access
Surgical Techniques” (MIDAST™). The preclinical work for MIDAST™ started at the Moritz Kaposi Medical
Center followed by: The University of Pecs Faculty of Medicine, Semmelweis Medical University, The University
of Debrecen Medical Faculty, and The Medical University of Szeged hospitals in Hungary. The Medicor hand
Instrument Company of Debrecen manufactured the instruments for MIDAST™ surgery in which | played a
significant role in design development. Pre-clinical and clinical work was also performed in the United States at the
Minimally Invasive Surgical Research Laboratories of Harvard and Boston University affiliated hospitals: Brigham
and Woman’s hospital, Beth Israel Hospital, The Massachusetts General Hospital, and The Lahey Clinic. The
development involved general surgery and ten other subspecialties from urology to cardiac surgery. This research
resulted in several publications and presentations, as well as seven scientific exhibitions at the annual meetings of

the American College of Surgeons and other notable medical congresses listed in the personal publications list.

In the last decade, a new horizon opened in the advancement of minimally invasive surgery known as “Stereotactic
Computer-Assisted Surgical Navigation.” | was fortunate to be one of the original participants in its development as
a member of the surgical research team at Visualization Technology, Inc (VTI). Shortly after, the Healthcare
segment of the General Electric Company, a Fortune 10 Company, acquired VTI. My research continued, and |
worked with physicists, engineers, and numerous leading clinicians in the United States, Germany, and Hungary.
Five years ago, | was appointed clinical research leader of GE Healthcare’s surgical development efforts providing
direction for the progress of minimally invasive navigation and organizing research at prestigious academic centers
in the U.S. and abroad. Data evaluation was performed in our corporate science laboratories in cooperation with

physicists and engineers working at my direction.
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This Thesis presents my own individual research efforts with my colleague team members. It covers work and
results relating to paranasal sinus surgery, spine surgery, and femoral bone surgery. For the paranasal sinus
investigation, we used ten human cadaveric heads. We used 47 human cadavers for research in the spine and five
human cadavers for experiments in femoral bones. All these clinical applications involve computer tomography
(CT) scanning with specially formatted data sets. This exposes the patient to excess ionizing radiation when
compared with simple radiographs. Since CT scans are taken in advance of surgical procedures and not at the time
of surgery, the physician cannot update the surgical progress of altered anatomical landmarks and structures during
dissection or drilling. Therefore, | instituted a research effort to address this issue by applying intraoperative C-arm
fluoroscopy for real-time image updates. This potentially reduces radiation exposure in comparison to CT. Parallel
to this, instrumentation was improved to accomplish this goal. | designed and built over a dozen custom instruments
for spine surgery that were submitted for patents by the General Electric Corporation. Some of these research aims,
performance limitations, and results are also included in this Thesis. Because these procedures require further

refinements, the future needs are also mentioned.

My original interest and work with laser surgery also prompted me to investigate new approaches to enhance the
already clinically recognized techniques of percutaneous laser discectomy. | combined it with navigation to improve
technique accuracy and minimize x-ray exposure. This preclinical research was performed at a Hungarian laboratory
where all CT/MR/X-ray resources and specific equipment needs were available in one central location. This laser-
Nav project was coauthored by von Jako and Cselik and supported by Professors G. Weber and E. Roth. It was
published in the Journal of Lasers in Medicine and Surgery with an impact-factor of 2.771 and is presented here in
more detail. A second collaboration was performed with Professor G. Weber and the Experimental Surgery
Department to investigate minimal access approaches to the spine. This research was accepted for publication in the

Journal of Neurolmage with an impact-factor of 5.5 and presented in the Thesis.

In the interest of medical progress it is expected that the field of surgical navigation will expand to new areas,

including the field of vascular surgery. Further collaborative investigations with institutions in Pecs and Hungry

would be welcome in these future preclinical and clinical research efforts.
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CHAPTER 1. General Introduction

The use of modern stereotactic surgical guidance technologies has been an exciting and growing field in the past 20
years. Its successful combination with axial computed tomography (CT), magnetic resonance (MR) imaging, and
intraoperative C-arm fluoroscopy, which provide direct and detailed radiological views of orthopedic and
neuroanatomy, prompted an expansion in the use of stereotaxis. This technical field of computer-assisted surgery
(CAS) for anatomical navigation, also known as image-guided surgery (IGS) and surgical navigation (SN), lets a
surgeon track the position of instruments and implants relative to the patient’s anatomy in a quasi virtual-reality
mode displayed on a color monitor. The aim is to guide the device safely and precisely to its target in two or three
dimensions and to reduce the invasiveness of procedures. For instance, navigated otorhinolaryngologic surgery
makes it easier to perform complicated sinus and temporal bone surgeries. Navigation in orthopedic spine and hip
surgery ensures that hand instruments and implants are precisely positioned and in the field of cranial neurosurgery,
that a biopsy can be accurately targeted with instruments while circumventing critical and sensitive neurovascular
structures. Its enhanced use with new electromagnetic (EM) tracking technology in surgical subspecialties is being

evaluated and is the focus of this research.

1.1 History Of Stereotactic Surgical Navigation

Surgeons continuously strive to improve the safety and effectiveness of their interventions throughout every
operation. A surgeon must maintain a precise sense of complex three-dimensional (3D) anatomical relationships. To
accomplish this, a surgeon needs to be able to visually track or navigate the actions of instruments relative to the
surrounding anatomy. The term “navigate” as defined by Webster’s dictionary means, “to steer or direct the course
of a ship or aircraft.” The earliest forms of navigation utilized sailing along coastal lines with visual landmarks to
move from one place to another. Through the centuries, early navigators created charts, compasses, and instruments
like the sextant and an accurate marine clock to measure the altitude of stars and planets for positional localizations.

In medicine, over a century ago, surgeons began to discover new techniques for localizing anatomy, starting in the



mapping of the brain and based off of René Descartes’ mathematical coordinate system for determining a point in

142,190

3D space.

The earliest instruments for brain localization were designed to reference the surface of the skull and its relationship
with the brain. Deeper brain structures were explored accurately when a precise coordinate reference system was
established and a true stereotactic instrument was designed. The term “stereotactic” comes from “stereo,” the Greek
word for 3D and “taxic” Greek for system or arrangement and the Latin verb “tactus,” which means to touch.®® In
medicine, “stereotactic” navigation involves the use of an external framework attached to the patient (Figure 1.1.) to

allow for the correlation of geometrically determined vectors to internal points of anatomical interest.

Courtesy of Integra NeuroSciences-Radionics

Figure 1.1 Stereotactic Brown-Roberts-Wells frame for cranial surgery circa 1980.

The first use of modern image guidance or navigation came only eight days after Roentgen’s announcement of the

135 An emergency suite surgeon in Birmingham, England named J.H. Clayton in 1896 used a

discovery of X-rays.
radiograph to surgically remove a needle buried in a woman’s hand. The image guidance helped determine the
trauma, the shape and size of the surgical target, and the location of the needle relative to other anatomical structures
in the patient. Still, because the simple radiograph compressed the 3D spatial relationships into a 2D image, a degree
of positional uncertainty existed in regard to the thickness of the patient’s hand.?'® The radiograph also showed only
the bony landmarks clearly, so the surgeon still needed to rely on his understanding of general anatomy for the

location of tendons, vessels, and other structures to minimize unnecessary harm. Even today, surgeons must operate

with this principle among their guiding tenets.



1.2 Technical Background Of Surgical Navigation

In 1908, twelve years after Clayton’s surgery, Horsley and Clarke® described a device that allowed the placement of
electrodes into precise positions within an experimental animal’s brain when the device was fixed to anatomical
landmarks. In this paper, Horsley and Clarke coined the term “stereotactic” and described techniques for
establishing a positional brain atlas to aid in the exact placement of electrodes. Their device was predicated on the
assumption that by affixing the frame relative to certain external anatomical landmarks such as the orbital rims and
the external auditory canals, the internal target points of the skull could be consistently and reproducibly localized
for electrode or needle placement. In experimental animals, the device performed well by applying rectilinear
topography to the animal brain and using a stereotaxic instrument to pass needles to desired points in the brain,
although placement was confirmed by sacrifice of the animal at the end of the experiment. Horsley and Clarke’s
frame principles are what later enabled various head and extremity fixation devices to work in the evolving field of
surgical navigation. The next major step was the development of computer science, which was pioneered by
Hungarian scientists John von Neumann and John Kemeny at Princeton University.**® Later, Edward Teller

developed initiatives for military aerospace navigation.?®2%

1.2.1 Framed-Based Stereotaxis

Following the works of Horsely and Clarke, methods continued to evolve in the space of stereotactic neurosurgical
techniques using instruments and procedures to target the brain. In the 1940s, Spiegel and Wycis™® first used
stereotactic methods in humans for neurosurgical ablation procedures. Some of these evolving stereotactic
techniques included what is known as a frame-based stereotaxis, combining radiography and anatomic atlases. After
Spiegel and Wycis, in 1949, Leksell included an arc system attached to a patient’s head; this was ultimately
developed into a well-known frame named after him. Talairach and team also followed with a different version, as
did Todd and Wells; from this, the Kelly-Goerss frame was later derived. This target-centered frame became known
as the COMPASS system. 2129137205 Roherts and Brown developed a frame-based system called the Brown-
Roberts-Wells (BRW system) for CT in the late 1970s and later modified it for use with MRI1.>"* Wells and Cosman
created a less complex version of the BRW in the 1980s by developing an arc guidance frame similar to the Leksell
frame that became known as the Cosman-Roberts-Wells (CRW) system. This system directs a probe isocentrically

around a planned target without the need of a fixed entry point. It was later used with optical infrared navigation



systems such as the Radionics OTS frameless image guidance system, providing the target and trajectory
calculations (personal communication, Chris von Jako, Integra Neurosciences—Radionics). Other known frames
included the Zamorano-Dujovny multipurpose head frame and the Patil frame, which allows a surgeon to measure
coordinates directly from a scanner screen and allows the surgeon user to acquire intraoperative images to confirm
procedural accuracy.'*>?* In practical use, these frames involve a rigid housing and multiple skull pins used with
local anesthesia. The frames create a bond between a patient’s skull and fiducial markers to localize intracranial
targets with precision trajectories for spatial accuracy, speed, and reliability of stereotactic instrumentation used for
functional and stereotactic radiosurgery.® The frames are also used in multiple procedures that involve the need for
both diagnostic and therapeutic goals. Biopsy is one of the most common uses for indirect image-guided stereotactic
methods and prior to the development of frames and radiography, targeted access to the head required free-hand

approaches to craniotomy procedures to guide various instruments such as needles for aspiration.

1.2.2 Frameless Stereotaxis

With the introductions of advanced CT and MR imaging over the past decades, stereotactic-assisted craniotomies for
tumor, vascular, and other deep lesions became available, and work by Kelly and others'**** helped to evolve
frameless systems by converting volumetric information from CT scans into stereotactic space.**'**" The
frameless systems differ in that they do not require a fixture to the head; in this way they eliminate the drawbacks of
a bulky apparatus that requires local anesthetics to control discomfort prior to patient attachment. Frameless systems
eliminate field obstructions that later enabled spinal navigation procedures.””?**#> Furthermore, many of the frame-
based systems limit surgeons to a straight trajectory line and do not offer real-time feedback. Roberts and Friets®"*"®
used frameless stereotactic systems in the 1980s to define points in a radiographic image and also in the patient to
map the two to each other. In this correlation process, the pre- or intraoperative radiographic image of the anatomic

structure of interest is shown in one frame of reference. The instruments are visible in a second frame of reference

that is established by a localizing device whose position and orientation are known (to the computer) in 3D space.

Frameless units are used for different reasons than the frame-based systems. They are also mechanically designed to
hold instruments for a planned tumor target. The frameless system cannot provide a mechanical containment of

surgical instruments to target a lesion or other tissue. The frameless navigation system uses different localization



methods to indicate its position in space for tracking on CT/MR fused cranial procedures or CT data sets in the spine

(FIG 1.2).

Figure 1.2 (A) CT/MR registration of the head and brain; (B) CT paired-point registration of the spine.

The development of frameless stereotactic systems enabled the integration of stereotactic devices into spinal
surgery, which had been inhibited because an external frame of reference (i.e., stereotactic frame) could not be
applied easily to the spine and the skin encompassing the torso was too mobile for the application of reliable
external surface markers. These problems were overcome by the development of the frameless systems, which use
two common methods for registration of the external markers with the internal points. The first uses a surface-based
registration to fit a set of points from the outlines of one image to a surface-rendering outline of a patient’s anatomy
or other images. The second method is a point-based registration technique that requires the user to select
corresponding points in different images and on the patient’s anatomy using fiducial markers and the

instruments. 8162211224 These points could be anatomical landmarks or artificial and mobile markers. The mobile
markers can be glued, clamped, or driven into the bone for a temporary and rigid fixation (Figure 1.3). The mobile
markers (described later) are what we used in our experiments with what is called manual and automatic
registration.’® Then, the coordinates from each set of points are defined and a geometric transformation is calculated

between them.
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Figure 1.3 llustrations showing bone clamp (left), transmitter generating the EM field (middle), and Caspar-style
bone reference pin (right).

Kalfas, Murphy and colleagues first applied frameless stereotactic navigation to spinal surgery in the early
1990s'°¢ ysing CT data sets that later expanded to intraoperatively updateable and automatically registered C-arm
fluoroscopic images. This eliminated some of the earlier challenges of accuracy, ease of use, and historic data sets.
Welch et al.?*° reported their results using an articulated arm mounted directly to the head clamp (1SG Technologies,
Elekta Instruments Inc., Atlanta, GA) for procedures of the craniocervical junction. These earlier methods helped the
transition from cranial stereotaxis to spinal use.®® Our navigation experiments utilize only a frameless tracking

technology.

Surgical navigation systems show a surgeon, in real time, the precise position and orientation of the tip of the
operating instrument(s) relative to the patient’s anatomy on a display of the patient’s imaged anatomy. To
accomplish this, the patient’s CT, MRI, or fluoroscopic images are combined with an instrument-tracking
technology. The tracking technology must be able to accurately determine both the position and orientation of a

freely moveable object located within the surgical volume with respect to a fixed reference.

Trackers currently used for surgical navigation platforms employ technologies based on mechanical arms with
optical, sonic, and electromagnetic sensing. Each of these technologies has particular advantages and disadvantages,

but all perform with acceptable accuracy and credibility as navigation devices within the surgical environment.



1.2.3 Optical Tracking Technology

Since the early 1990s, various image-guided systems entailing various software and hardware capabilities have
surfaced to address various anatomical conditions; however, a typical system relies on preoperative CT imaging,
specialized surgical instruments, a dynamic reference array (DRA), an electro-optical camera array, and a computer
workstation (primary system interface). Light-emitting diodes (LEDSs), also known as “active arrays,” or reflective
spheres, otherwise known as “passive arrays,” are attached to the surgical instruments as well as the DRA and are
monitored or tracked by the electro-optical camera array. The optical tracking digitizer measures the 3D locations of
the arrays and the information is transferred to the computer workstation to produce a spatial orientation between the

surgical and image anatomy (Figure 1.4).

Courtesy of Integra NeuroSciences - Radionics

Figure 1.4 (A) lllustration showing optical camera and infrared LEDs communicating; (B) photograph showing
optical spheres attached to a surgical tool.

1.2.4 Electromagnetic Tracking Technology

Electromagnetic six degrees-of-freedom (df) trackers, like optical infrared systems, provide three parameters of
position (X, y, and z) using any convenient Cartesian coordinate system and three parameters of orientation
(azimuth, elevation, roll angles) that completely describe the location and attitude of the moveable object. Most

simply put, position parameters describe where the moveable object is in space, and orientation parameters describe



which way it is pointing with respect to the fixed reference. The moveable object portion is referred to as a sensor

and the fixed reference as a source.

Electromagnetic six-df tracking technology was invented and developed in the mid 1970s primarily for military use
as a helmet-mounted sight or display in fighter aircraft. Both optical and electromagnetic technologies are applied
for guidance of a pilot.?®*®* Optical systems employ infrared emitters on the helmet (or cockpit) and infrared
detectors in the cockpit (or helmet) to measure the pilot's head position (Figure 1.5), but are limited by restricted
fields of view and sensitivity to sunlight or other heat sources, which have correlations in a surgical environment:
the ergonomic issues with the line-of-sight and optical infrared camera positioning.*>*** Electromagnetic (EM)
sensing designs use coils (in the helmet) placed in an alternating field (generated in the cockpit) to produce
alternating electrical voltages based on the movement of the helmet in multiple axes. This technique requires precise
magnetic mapping of the cockpit to account for ferrous and conductive materials in the seat, cockpit sills, and
canopy to reduce angular errors in the measurement.>** Similarly, in the surgical environment, the positioning of
an electromagnetic reference sensor on the patient and in the surgeon’s hand instrument while maintaining surgical
fields free of ferromagnetic distorters require distortion mapping to adjust the maximum performance of the EM
technology to the surgical environment. One example is the distortion mapping of a C-arm fluoroscope for common
intraoperative uses. We explored in previous experiments listed in the publications section and referenced in the
Aims section the optimal surgical accuracy of tracker units, the environment with operating tables, and various

surgical instruments for these situations.



Courtesy of M. Gunther, Vision Systems International, San Jose CA

Figure 1.5. Stock photograph showing a fighter pilot wearing a helmet that is tracked with an optical or
electromagnetic system.

1.2.5 Electromagnetic Tracking Benefit

Kelly and Groes are credited in the early 1990s with the invention of electromagnetic stereotaxis.'® Shortly after,
electromagnetic tracking technology was modified for routine surgical use starting in ear, nose, and throat surgery
(ENT) surgical navigation, primarily for endoscopic sinus surgery. Our previous company, Visualization
Technology Inc, introduced the first electromagnetic commercial system for endoscopic sinus surgery. In the past,
many medical researchers rejected EM tracker technology because it presented the problem of metallic sensitivity
that could render EM trackers inaccurate when operating in severe metallic environments. However, EM technology

provided a number of significant benefits necessary for successful operation within a surgical environment.

These benefits include the following:

e Frameless operation—that is, sensor measurements are made with respect to a fixed source attached to the
patient’s anatomy

e Nonshadowing—that is, absolute line of sight between the sensor and source is not required

e  Six- degrees of freedom (df) outputs

e Speed

e Resolution

e Inherent accuracy



e  Simple input/output (1/0) data communication
o Simplicity of calibration and use

e Simplicity of setup

e Safety

e Unique source and sensor architecture

e Ruggedness of the sensor and source hardware

1.2.6 Electromagnetic Tracking Disadvantages

The disadvantages of EM technology for use in surgical navigation include the following:
o Field distortion in severe metallic environments
e Deviations in the source and sensor field shapes

e Mathematically and computationally intensive

These issues of the magnetic field distortions in specific applications can be addressed in the development and
engineering process by tuning the EM system to its environment and creating instruments that are compatible with
this type of tracking technology. This provides a surgically accurate EM tracker system, which is used for
endoscopic sinus surgery. The refined EM technology developed to address these disadvantages has allowed
increased clinical usage of fluoroscopy-based electromagnetic tracking in many surgical fields including spine and
orthopedic surgery. Current research for the future includes a micro-sensor and wireless electromagnetic tracking to

improve the ergonomics of the system by providing increasingly user-friendly technology.

1.3 Detailed Description Of The EM System, Its Function, And Components
Electromagnetic systems use electromagnetic fields (EMFs) to determine the position and orientation of a remote
object. The technology is based on generating low-frequency (10 to 20 kHz), near-field (quasi-static) magnetic field
vectors from a single assembly of three stationary magnetic-dipole antennae (coil array) called a source or

transmitter. The magnetic field vectors are detected with a single assembly of three remote sensing magnetic-dipole
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antennae (coil array) called a sensor or a receiver (Figure 1.6A). Each transmitter coil induces a voltage in each of

the three sensor coils resulting in nine mutual inductances that are measured. (Figure 1.6B)

Figure 1.6(A) Electromagnetic transmitter; (B) electromagnetic receiver.

From these nine mutual inductances, the position and orientation of the sensor (receiving) antenna with respect to
the source (transmitting) antenna are calculated. The calculated results are formatted into X, y, and z Cartesian
coordinates for position (Figure 1.7) and v, 6, and ¢ (azimuth, elevation, and roll). Euler angles for orientation are
sent to the host computer (Figure 1.8). The mathematical algorithm that computes the sensor position and orientati

also simultaneously accounts for deviations from dipole field shapes or any nonconcentricity in the coil arrays and

on

also corrects for errors due to the presence of field distorters that are fixed with respect to both the receiver and the

transmitter.

Figure 1.7 Transmitter attached to spine communicates with Receiver Surgical Instrument.
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Figure 1.8 Illustration showing hand receiver with attached hand instrument communicating with the navigation
workstation (left) and ENT sinus surgery transmitter attached to forehead via a headframe (right).

For spine and ENT, the electromagnetic navigation components are housed in a sterilizable tray that requires
ethylene oxide (ETO) gas sterilization. The instrument components are stored in an autoclavable tray, and they
consist of awls, probes, and taps, implant drivers, and a bone pin and clamp to secure the transmitter to the anatomy.
The ENT sinus instruments, consisting mostly of aspirators, are singly packed, sterile instruments (Figure 1.9).
With the ENT application, a single-use head reference frame is applied to the patient during preoperative CT
scanning. After sedation or anesthesia for surgery, the headframe is placed back on the patient and the transmitter is
then attached to the headframe. The surgeon uses one of the sterilely packed aspirators, which is calibrated to the
receiver sensor, to register the patient's anatomy with the attached transmitter and headframe to the preoperative CT

images, which are then displayed on the navigation screen (Figure 1.10).
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Spine ENT

Figure 1.9 Photographs showing electromagnetic instruments for spinal and ENT applications.

13



Figure 1.10 Illustration of registration of patient CT data sets and calibration of the instruments and preparation of
sinus surgery instruments.

In the spinal application, a bone pin or a clamp is rigidly attached to the spinous process and a pin transmitter is then
securely attached to the bone pin or clamp. The surgeon uses a C-arm fluoroscope with an image intensifier
attached to a calibration grid to take the necessary AP/lateral or oblique views and saves them to the navigation
workstation. At this stage, the surgeon will use either a manual or autocalibration method for measuring and setting
the instrument tip-off sets. In manual calibration, the surgeon uses a pointer, for example, to manually calibrate the
transmitter. For autocalibration of instruments, the surgeon selects the appropriate instrument and its corresponding

screen icon, and factory calibration is used (Figure 1.11).
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Figure 1.11 Illustration showing spine transmitter set-up and autocalibration screen.

1.3.1 Fundamental Physics

As touched upon earlier and at its most basic level, the system consists of two primary components: a source and a
sensor. The source, or transmitter as it is commonly called, typically consists of three perpendicularly wound coils
around a common core. Because of the perpendicularity of the three coils, the transmitter is also described as a
three-axis source. Alternating electrical currents flowing through the coils produce a set of periodically time-varying
magnetic fields (10 to 20 kHz). Varying the magnetic fields at these frequencies ensures that measurable voltages
will be induced in the sensor coils over the working range of the tracker. It also ensures that the wavelengths of the
fields are much greater than the distances separating source and sensor, thus simplifying the mathematics describing

the behavior of the fields.

The generated magnetic fields also vary spatially with respect to the source coils. Along any straight line emanating

radially from a source coil, the magnitude of the magnetic field falls off as the inverse cube of the distance (1/p°%)
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from the coil. Thus, the fields are strongest nearest to the transmitter and fall off rapidly with increasing range
(Figure 1.12). Additionally, the strength and direction of the magnetic field also varies tangentially at fixed distances
from the source. It is this property of a mathematically computable spatial variation in magnetic field strength that is

the underlying physical foundation of electromagnetic tracking systems.

>45.7cm
(>18in)
(Too far)

Figure 1.12 Illustration showing the range of the EMF strength from source to maximum distance of >50 cm.

The sensor also consists of three perpendicularly wound coils around a single bobbin. The sensor’s three-axis coil
geometry is precisely characterized after construction. The time-varying magnetic fields created by the source coils
induce voltages in the sensor coils in accordance with Faraday’s law of induction. The voltages are filtered and
undergo digital signal processing to create a set of signals for each sensor—transmitter coil pair. The filtering and
signal processing of the raw received signals reduces the effects of any interfering magnetic fields and noise.

Ultimately, these signals are converted into the nine mutual inductances described previously.
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There are three signal measurements for each transmitter coil (one measurement from each sensor coil). These three
signals constitute a signal vector. At any sensor location in space, the values of the individual components of the

signal vector depend on the alignment of the sensor relative to the transmitter.

Once the position of the sensor is known, computation of orientation is accomplished by determining the rotation
matrix required to generate the measured signals. The base set for the rotation matrix is typically one of many Euler
angle sequences or may be equally well described by quaternions. Regardless of the choice of basis, the orientation

parameters are directly estimated from the rotation matrix.

1.3.2 System Configuration

In our development for a working tracking system, the implementation of the electromagnetic tracking system
consists of an electronics unit powered by 50/60 Hz alternating-current mains supporting a single source
(transmitter) and dual receivers (each receiver consisting of two sensors). The electronics unit returns each sensor’s
position and orientation information on demand to the tracker system’s host computer over an RS232 serial data link
at a rate of up to and including 115 K baud. The mechanical design of the receivers varies as a function of the
surgical instruments to which they are attached. Similarly, transmitter mechanical configurations also vary as a
function of mounting requirements depending on the particular application for which the system is used ENT

cranial, axial-skeletal, and so forth.

1.3.3 Performance Characteristics

The unit’s electromagnetic tracking system exhibits the following accuracy, speed, latency, and range performance

characteristics:

e Position accuracy is 0.40-mm root mean square (RMS).
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e Orientation accuracy is 0.25 degrees RMS.

e  Speed is the maximum number of complete six-df updates per second and is a function of the number of sensors

employed. The tracking system uses two sensors, and each sensor can output at a maximum rate of 33 Hz.

Latency is defined by the American National Standards Institute/Institute of electrical and electronic engineers
(ANSI/IEEE) standard 100-1977 as the time elapsing between the application of a stimulus and the first indication
of a response. To achieve real-time operation, tracking system latency must be minimal. The tracking system’s data
acquisition and computational time (latency) is 30 msec/s. The range of the tracking system is 50 to 450 mm +

within a hemispherical field-of-regard (Figure 1.13).

Figure 1.13 Illustration showing the maximum range from the transmitter attached to a spine of >50 cm (18 inches).
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1.3.4 Safety

Medical instrumentation is subject to regulatory testing to verify compliance in the categories of emissions,
immunity, and safety. The electromagnetic tracking system is no exception. We have tested it and it complies with
the limits of EN60601-1 and EN60601-1-2 for electromagnetic radiation emissions and susceptibility, and the safety

requirements of EN60601-1 (including UL2601-1 and CSA C22.2 NO 601.1-M90) and EN60601-1-1.

Radiation or field intensity produced by electromagnetic transmitters is an additional safety issue. The
accompanying graph shows the calculated field intensity plotted over a 50-cm distance in both Teslas and Gauss.
From a safety perspective, two points on this chart are significant. First, under typical operating conditions for the
ENT application of the EM navigation (unit’s) instrument, the tracking system’s transmitter rests an average of 4 cm
from the surface of the patient’s skin, with slight variations occurring because of varying patient anatomy.
Therefore, reading from the graph, a distance of 4 cm represents a field intensity of 0.12 Gauss. This value is
approximately one third of the earth’s magnetic field (0.30 Gauss). Second, the field intensity for the tracking
system is more than a factor of three less than that specified in the Swedish MPR-2/SWEDAC and TCO-95
specifications. These specifications state that the magnetic field intensity for Band Il (2 to 400 kHz) must be <25
nano-Tesla (nT) at a distance of 50 cm. The tracking system’s calculated magnetic field intensity at 50 cm is 6.29
nT, which is only 25% of the allowable limit. Because the conversion factor between Tesla and Gauss is 10°, the

calculated magnetic field intensity at 50 cm is 6.29E-05 or 0.0629 milliGauss (Figure 1.14).

Figure 1.14 Calculated field intensity produced by electromagnetic transmitters.
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Measured values of field intensity are in all cases below calculated values because measurement coupling is not
ideal, thereby making the calculated values represent the worst-case condition. Because these values are well within
the limits of the international specifications (MPR-2/SWEDAC and TOC 95), patient and surgeon safety is never

compromised as a result of transmitter electromagnetic radiation.

1.4 Clinical Considerations

1.4.1 History

The electromagnetic tracking system has seen clinical usage since the introduction of the first commercial unit in
1996 for paranasal sinus surgery. We first used our surgical navigation platform containing the electromagnetic
tracking system for functional endoscopic sinus surgery in 1996 and prior to any navigation technology or clinical
group we know of. After roughly more than 200,000 navigation procedures to date, image guidance is fast
approaching the worldwide standard of care for sinus diseases requiring endoscopic and functional endoscopic
treatment. Our scientific and engineering development efforts resulted in other electromagnetic (EM) applications
now used in the axial-skeletal spine, and cranial surgical fields. The latest navigation platform supports all of these
applications using preoperative CT and MRI patient imaging data as well as intraoperative real-time C-arm

fluoroscopy providing updated surgical navigation information.

The latest surgical tracking applications combine intraoperative C-arm fluoroscopic imaging with EM tracking
technology. The fluoroscopic navigation application incorporates a calibration fixture containing calibration markers
attached to a C-arm (ii) image intensifier (Figure 1.15), which corrects for the distorted cone-shaped x-ray beam
created by C-arms and provides a means of tracking the position of the C-arm itself during image capture. Together,
these functions provide a means of achieving accurate and instantaneous registration of the image to the anatomy

(Figure 1.16).
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Figure 1.15 The calibration grid attached to the C-arm provides a mapping of the anatomy for the process of
registration.

Figure 1.16 The process of registration super aligns the anatomical x-ray images to the patient’s anatomy with
submillimeter accuracy. Image also demonstrates a navigated spine handle (left) and an EM transmitter (right).

1.4.2 Field Distortion In Clinical Environments

Electromagnetic tracking field distortion occurs when a metal object is inserted into the transmitter’s
electromagnetic field (EMF). With induced current, the metal object or distorter will create its own magnetic field
which interferes with or distorts the transmitter’s EMF. To maximize safety, the tracking system’s receivers using
mathematical algorithms detect field distortion due to metallic interference automatically. Our laboratory tests

investigated conditions and detection devices to optimize the working environment for EM navigation. If a field
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induced distortion (FID) is detected, the surgeon is immediately notified, and system usage should be suspended
until the source of the distortion is eliminated. We found that this is usually accomplished simply by relocating the

distorting metal object or by changing the position of the tracking receiver.

When the offending metal object is removed from the operative field or 300-stainless steel, plastic, or titanium is
used in the manufacture of retractors and surgical instruments, the issue is usually resolved. Positioning the patient
on a radiolucent table with minimal ferrous framework is also helpful, but several tests have demonstrated that
nearly all commercial operating tables are compatible with our navigation system or in worst case, the set-up can be

slightly modified for maximum performance by applying an extra table pad to elevate the patient.

1.4.3 Sensor Instruments

We substantially improved the early limitations of EM-tracking technology with consistent software, manufacture
and environmental verification and validations. Transmitters and receivers that are attached to the surgical anatomy
and instruments are large and can interfere with one another in the confines of some surgical exposures, designs and
workflows were modified to address this by organizing the cables within the operative field to a better ergonomic
design and use. The improved physical characteristic of these sensors minimizes now the potential for dislodging or
loosening of the transmitter from the anatomy, which may affect the accuracy of tracking. Recently working
prototypes have been developed with smaller EM wireless transmitters and receivers with coils nearly 0.50 mm in

diameter that we believe will eliminate the need of cables or wires connected to the surgical field in the future.
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CHAPTER 2. AIMS AND HYPOTHESIS

Electromagnetic (EM) tracking systems have been successfully used for surgical navigation in ENT, cranial, and
spine applications for several years. The EM system has also been used in surgical navigation applications. Our EM
system has the benefit of not requiring a line of sight between devices; this makes it possible for it to expand into
flexible instrument technology such as malleable needles, guidewires and catheters that can be navigated within the

body.

In earlier investigations we split our experiments into two bench tests (located in the Appendix, page 126) to
evaluate the technology for cadaver and human investigations. First, we evaluated various optical trackers in
comparison to ours to assess individual static and dynamic performance characteristics. Second, we bench-tested
the overall system accuracy in which the EM tracker performance was tested to ensure that the transmitter, receiver
and tracker components are operating within our specifications. When we were satisfied, we proceeded with a series

of different open and minimally invasive experimental investigations described in this Thesis.

In the first and second parts of our investigation, we built on our previously improved accuracy algorithm
and combined it preclinically and then clinically in a feasibility experiment with a new 3D intraoperative
fluoroscopic imaging method to enhance the real-time precision of endoscopic sinus surgery (ESS) and to
compare differences in x-dose exposure between 3D fluoroscopy and CT. At two multi-center, high-volume
tertiary care and academic hospitals, we applied and tested new software that allows the reconstruction of several 2D
fluoroscopic images into a reconstructed CT-like volume intraoperatively for near real-time imaging and instrument
navigation for the nasal cavity and paranasal sinuses. Our aim was to demonstrate that intraoperative updates of
altering sinus anatomy during surgical dissection could be updated using a real-time 3D rotational fluoroscopic C-
arm enhanced with improved software accuracy and that the image quality is sufficient to safely apply this method

as an alternative opportunity to preoperative CT scans.

In the third part of our experimental investigations, we focused on the key component of enhancing a new
surgical navigation technology using EM guidance for spinal applications by measuring and improving the

performance of a new beta software algorithm we developed in comparison to our current system’s available
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software. We used two fully intact human cadaver torsos with a simulated OR set-up. Our aim was to use a
fluoroscopically guided image platform with improved beta software called Platinum tracking to percutaneously
place Kirshner wires (K-wires) into a navigated biopsy needle designed by (RVJ) and through pedicles in the
regions of the thoracic and lumbar-sacral spine. We used the newer Platinum tracking software on one side of the
spine and the current Gold tracking software on the contralateral segment of the same vertebrae to assess tracking

accuracy and stability between these two different versions of tracking algorithms.

In our fourth preclinical investigation, we concentrated on spinal decompression and stabilization techniques
in open thoracic pedicle screw fusion using EM-based fluoroscopic navigation. Our previous results show that
the use of EMF image guidance for insertion of thoracic pedicle screws gives accuracy equal to that of conventional
techniques while significantly decreasing the fluoroscopic time. Our aim was to compare the accuracy of EMF
image-guided thoracic pedicle screw insertion to conventional techniques using anatomic landmarks and

fluoroscopy and secondarily to measure insertion time and C-arm x-ray times.

In the fifth part of our experiments, we moved from open pedicle screw placements to a percutaneous
approach to demonstrate the feasibility and safety of navigated bone biopsy needle designed by RVJ to place
K-wires through the thoracic and lumbar-sacral pedicles in comparison to the standard free-hand
fluoroscopy technique. Advances in technology have resulted in surgical techniques that can reduce surgical
approach related trauma and morbidity as compared with standard open surgery. As a result of these technologic
advances, minimally invasive and percutaneous procedures designed to treat various spinal conditions are rapidly
growing in popularity. We integrated computer-assisted image-guided surgery with minimally invasive procedures
to see whether we can provide an ideal environment for accurate and safe placement of a variety of future implants
for both fusion and correction of deformities. Our aim was to demonstrate the safe and accurate placement of K-
wires in a cadaver with a custom-navigated trocar to simulate the key initial operative steps of kyphoplasty in the
treatment of vertebral compression fractures, transcutaneous insertion of a guidewire for percutaneous pedicel screw

fusion and to measure the reduction of ionizing radiation to the operator.

24



In the sixth set of experiments, we continued with a minimally invasive approach built upon the previous
cadaver study findings to assess the safe placement of specific transcutaneous spinal instrumentation and
implants. Our aim was to build a prototype set of cannulated pedicle screw instruments and implants to evaluate
the feasibility, accuracy, and time efficiency of an EM Navigation system compared with a conventional freehand
and 2D fluoroscopic image-guided technique for percutaneous transpedicular instrument insertion. This
experimental approach compared navigation to freehand implant placements side by side at the same vertebral

segments with a standalone navigation platform and separate C-arm fluoroscope.

In our seventh experiment, we modified the previous percutaneous cadaver experiments by randomly
assigned the levels rather than alternating the technique from side to side using a different set of
instrumentation and measurement methods for ionizing radiation. A comparison by level in which one
technique is performed bilaterally was thought to reduce the potential bias for a reduction in time and improved
accuracy based on knowledge gained from placement of the first screw when placing the contralateral screw.
Comparison by level is also more consistent with the manner in which some surgery is performed with sequential
placement of screws bilaterally before moving to the next level. In addition, we tested different customized MIS
instruments to demonstrate that these different brand instruments can be used with this type of EM navigation
technology. We also measured ionizing radiation to the hands using special thermoluminescent dosimeter badges
and rings. The growing trend of percutaneous spinal fusion techniques for decompression and stabilization in
degenerative disc disease can be a challenging procedure with the loss of direct visualization of bony landmarks.
This therefore creates a larger dependency on the application of fluoroscopic imaging that consequently increases
the amount of ionizing radiation exposure to the patient and especially the cumulative exposure to x-rays to the
surgeon and operating room staff. Our aim was to evaluate an integrated fluoroscopic and navigation platform, to
measure the x-ray time and dose to the hands and thyroid between the navigation and freehand approaches of MIS
implants. This study used a random level approach to the lumbar segments vs. the previous side-by-side approach at
the same segmental levels and the only C-arm platform type of its class incorporated with navigation technology for

a smaller footprint and better ergonomics.
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The eighth investigation expanded the use of computer-assisted image guidance to a CT approach using 3D
images to target the complex anatomy of the intervertebral disc space. A percutaneous approach to the
intervertebral disc in the treatment of disease can be a challenging pathway to embark for the spinal surgeon in an
effort to circumvent sensitive neurovascular tissues using a spinal trocar. Endoscopic and x-ray C-arm fluoroscopy
provide visualization, but not in the transverse view. Our aim was to apply preoperative CT scans to provide axial
images of the lumbar segments to demonstrate precise targeting when navigating Kambin’s triangle with a tracked

trocar and laser fiber and minimizing the need for repetitive C-arm fluoroscopy.

The ninth investigation included the use of a nonisocentric C-arm with software we created to generate a CT-
like image of the spine with a series of 2D fluoroscopic images rotated around the vertebra to assess accuracy
of percutaneous pedicle screw placement compared with placement by 2D fluoroscopic navigation and
conventional non-navigated fluoroscopy. We used a human cadaver to place percutaneous pedicle screws first in
the lumbar spine with the aim to test feasibility of prototype MIS instruments and to check the accuracy and x-ray

times as compared with the conventional technique.

Our tenth final investigation transitioned to exploration of extremity-based fracture reduction in the field of
orthopedics focusing on percutaneous approaches to femoral and intertrochanteric fractures in the pelvic
region using EM surgical guidance. Approximately 300,000 hip fractures occur annually in the United States, the
vast majority requiring operative stabilization. The technique for operative stabilization depends on the fracture
pattern, but usually involves placement of one large compression hip screw (CHS) or three to four cannulated lag
screws (CLS). Both procedures require frequent use of intraoperative fluoroscopy and image intensifier for
placement of the guide wire, drilling and reaming, and insertion of the implant. Our aim was to evaluate the
feasibility to use image-guidance and computer navigation to determine if it would significantly decrease the

radiation exposure secondary to fluoroscopy use.
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CHAPTER 3. SINUS SURGERY EXPERIMENT 1: PHANTOM INVESTIGATIONS

3.1 Introduction

Approximately six million people live with the pain of chronic sinusitis in the U.S., and about 32 million adults were
diagnosed with some form of sinusitis in 2006 according to the Centers for Disease Control.>**#2 The region of the
paranasal sinuses is one of the most complex regions in the body and therefore a difficult area to treat surgically. A
thorough knowledge of all anatomical structures and their variations is key to performing proper sinus surgery and
to avoiding adverse events. Complications with this type of surgery are usually due to lack of familiarity of the
anatomical landmarks and the variations of anatomy in the paranasal sinuses during surgical dissection beyond the
safe anatomical limits of the sinus. Surgical treatment can involve making incisions in the face, but a minimally
invasive operation avoids this. In the past decades, there has been a major advance in the surgical treatment with a

minimally invasive technique called endoscopic sinus surgery (ESS).

The era of modern endoscopy is believed to have begun in 1805 with the Italian-German physician Philip Bozzini,
who developed a lighted tube known as a Lichtleiter to examine the urinary tract, rectum, and pharynx.” In 1853,
Antoine Jean Desormeaux of France first coined the phrase “endoscope” for an instrument he made to examine the
urinary tract and the bladder.*>"®'" In the following century, use of this technology evolved from the optical fiber in
the 1960s to the videoendoscope first used in gastric applications through the late 1970s. Endoscopic sinus surgery
evolved from the early developments of Messerklinger and Stammberger in Graz, Austria and Wigand of Erlangen,
Germany, which were reported at the Twelfth ORL World Congress in Budapest, Hungary, including those of

Kennedy and colleagues in Philadelphia 3114144199223

ESS involves the use of an optical lighted tube called an endoscope to guide the rhinologists through the twisting
sinus chambers. This 2D approach is limited by the need for the surgeon to mentally correlate a 3D anatomical CT
image for guidance showing the location of vital anatomical structures beyond the view of the monocular endoscope
and hand instruments, while trying to navigate by feel through the walnut-size paranasal cavities. The surgeon may
be maneuvering instruments above the eye, near the olfactory bulb, the optic nerves, cavernous sinuses and the
internal carotid arteries in close proximity to the sphenoid sinus where good visibility is a key safety factor.

Through the introduction of image-guided sinus surgery over a decade ago, the surgeon has a 3D view from a
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preacquired patient CT scan to view the delicate anatomical areas. The intention of the navigation system is to
provide greater exactness during surgery to better pinpoint the pathology and to treat it by restoring sinus function.
Common procedures with navigation include surgical treatment of chronic sinusitis, nasal polyps, failed sinus
surgery, chronic sinus headaches, congenital deformities and other sinus problems that require surgery or those at

the skull base such as pituitary adenomas.

3.2 Computer-Assisted Sinus Navigation

CT is considered the gold standard for imaging the paranasal sinuses and is the only imaging modality to provide
CT-reconstructed images for navigation using a specific CT scanning protocol for triplanar images and used for
computer-aided endoscopic sinus surgery (CAES). The major limitation of CAES with the current technology is the
inability of the surgeon to assess the surgically altered anatomy of the paranasal sinuses and skull base during
surgery. This limitation exists because the surgeon is confined to performing CAES using a historic CT image that
was acquired preoperatively. A second drawback of the use of CAES is the radiation dose experienced by the
patient, which most experts believe is best to minimize (ALARP (as low as reasonably practicable) principle). CT
scanning is an important and valuable technique in numerous situations to identify ailments in the head, chest, and
abdomen. It is, however, sometimes regarded as overused in the United States, with approximately 62 million scans
performed in 2006 up from 3 million in 1980. Medical exposure to radiation, mainly through CT scans, has replaced
environmental radon as the dominant source of radiation exposure for the U.S. population.* Maintaining awareness
of its potential overuse and effects may help to ensure caution is exercised in its application and may provide

opportunities for alternate new solutions such as the use of intraoperative navigation systems.?***

3.3 Aims

We investigated a new method for intraoperative 3D fluoroscopic imaging to enhance the precision of ESS. At our
GE laboratories and two Cornell University multi-center high-volume tertiary care and academic hospitals in New
York City, we applied new software that allowed the volumetric reconstruction of several 2D fluoroscopic images

into a reconstructed CT-like volume intraoperatively for near real-time imaging and instrument navigation for the
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nasal cavity and paranasal sinuses. Our general focus was to demonstrate that intraoperative updates of altering sinus

anatomy during surgical dissection could be updated using a real-time 3D rotational fluoroscopy method.

The application of preoperative CT scans used intraoperatively does not allow for intraoperative updates. Therefore
we used our 9800 OEC C-arm to simulate real-time updates in ESS on phantoms in the laboratory. As my team and
I had done several previous bench tests with human cadavers for simulated spine surgeries, we already had
experience in the set-up and the feasibility of updating images with this method and acceptable image qualities in
the spinal region. Now we wanted to measure the degrees of spin on a nonisocentric C-arm as well as the number of
images and time necessary to reconstruct a CT-like image view of the paranasal sinuses. We also wanted to record
the x-ray dose exposures from this system in comparison with those from a true CT scanner before using it in the

human sinuses.

The radiation exposure using a C-arm fluoroscope in the head had not been measured previously in our experiments.
Our larger aim was to measure and determine the radiation exposure using a C-arm fluoroscopic scan method to
collect x-ray images for our electromagnetic navigation system and to compare these results with the x-ray radiation

exposure during a CT scan for a stereotactic computer-assisted navigation procedure.

3.4 Materials And Methods

In our Boston laboratory, we conducted the following experimental tests to compare the x-ray dosage difference
between a CT scan and a 3D rotational scan with a standard nonisocentric OEC/GE C-arm using a head phantom. A
clean radiation badge was placed on the head phantom (Saw Bones, Inc., Seattle, WA), and five C-arm rotational
scans were acquired with our OEC 9-inch fluoroscope (Figure 3.1). The TLD badge (Landauer, Inc., Glenwood, IL)
was sent for reading. The total radiation was divided by 5 to get an average reading per C-arm rotational scan. A
second clean radiation badge was placed on the head phantom and a CT scan was acquired with the protocol that is

used for image-guided surgery.
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The second sets of experiments were performed with the team in New York at the Cornell Presbyterian hospital
where a radiation-measuring instrument was utilized to help determine the levels of ionizing radiation absorptions.
The tools used included a Radiation Monitor (Radcal Corp., Monrovia, CA, Model 9010), a Signal Converter
(Radcal Corp., Model 9060), a compact 6 cc ionization chamber (Radcal Corp., Model 10X5-6), which was check
for proper calibration, and a 3.2 cc CT ion chamber (Radcal Corp., Model 10X5-10.3). These were used together
with a headrest and clamp system (IntegraNeurosciences, Cincinnati, OH). The center reference line of the head
phantom was aligned with that of the C-arm’s arc rotation from left to the contralateral end point. This is important
to maintain the center of the head phantom in the quasi-isocentric plane of the fluoroscopic beam. Since this
fluoroscope is a nonisocentric model, it required that it be set up in a special mode. The C-arm was positioned at the
head of the table and parallel to the floor. From our previous experiments in our Boston laboratory, we learned that
the best way to mimic isocentricity with the goal of maintaining the x-ray beam on the centered target is to rotate the
arc to a lateral view and parallel to the floor. From this position it could be driven into the target field (in this case,
from the head of the table). In a clinical situation, this would require the anesthesia station to be moved to the side or

to the foot of the table with extended air hoses.

From our original experiments; we also learned that the rotation of the C-arm could be bulky. In our first
applications in Boston, we used an earlier C-arm model 9600 unit that was motorized. Here, a 9800 nonmotorized
model was applied. Manual rotation of the C-arm from lateral to contralateral position is done under low-pulse
continuous imaging mode. This was accomplished in two fashions: the first included the foot pedal and the second
the manual button on the mainframe while a technician wearing a lead collar, apron, and glasses spun the C-arm.
From these orbital actions, we started at a 0-degree marker and ended between 180 and 195 degrees. We learned that
with these particular C-arm models, when approaching the 90-degree point of the rotation, a disturbance | termed a
“sweep bump” would occur just before and after the 90-degree point. This action required that the user slow the C-
arm rotation just before the midpoint and again as the midpoint was being exited. This slowing down to finesse
through the sweep bump cost time in the overall spin cycle. We gauged the time to be between 30 and 35 seconds to
complete a 190-degree spin. This sweep bump also caused concern initially for the image quality. We captured an
image roughly every degree of a turn. The vibration from the bump caused the fluoroscopic reconstruction software

to smear some images and diminished the image quality. Our solution was to create and place a metal and plastic
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buffer ring between the C-arm arc and the moment arm of the superstructure. This prevented the loose joint in the
design of the C-arms from flexing into a sweep bump. We noticed in the second experiments in New York that the
image quality and spin time improved. The centering of the head phantom in the radiation field with both lateral and
anteroposterior (AP) fluoroscopic scout images was also essential. All fluoroscopic imaging used the C-arm’s

largest field of view, 9-inches (23 cm), with no additional manual collimation.

The head phantom for these radiation dose measurements (Nuclear Associates, Carle Place, NY, Model 76-414) is a
standardized cylinder of polymethyl methacrylate (PMMA) with several tubular holes wide enough to accepta CT
ion chamber. The central hole lies along the central line of the cylinder, and the four surface holes are centered 1cm
from the surface of the cylinder and on opposite sides. It contains two electrodes, which enclose an air space, and the
interaction of ionizing radiation with the air molecules causes the ejection of negatively charged electrons, leaving
behind positively charged ions. During the radiation measurements, all holes other than the one containing the CT
ion chamber were filled with acrylic plastic rods to ensure a consistent density of the cylinder. When a change of
several hundred volts connected to the chamber’s electrodes caused the electrons and ions to flow towards the
positive and negative electrodes, it created a small electric current. This current is a measurement of the intensity of

the radiation.
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Figure 3.1 GE fluoroscopic C-arm with the head phantom in place.

Three fluoroscopic modes were used to measure the cumulative x-ray exposures: continuous fluoroscopy,
continuous high-level fluoroscopy, and digital ciné at 15 pulses per second (pps). Data were recorded for a minimum
of two scans in each mode, and all measurements were recorded with the CT ion chamber in the central and surface
hole of the head phantom. The orbital spine of the C-arm started at just above the horizontal cross table line of the
phantom and moved through a 190-degree spin in less time then previous experiments. The time was recorded at 21
seconds. For the recording in the surface hole of the head phantom, the CT ion chamber was placed in the most
inferior hole because of the irradiation geometry, which makes this region the area of maximum surface exposure.
After each scan, the user can enter the recoded data in the workstation to play back the digital fluoro-video. In this
window, the user can scroll through the spin, frame by frame, to check for artifacts and areas of motion or sweep
bumps. The software detects the poor images and ejects them in an effort to salvage image quality. It also counts the

number of images captured and deleted.

To compare the exposure measurements with the radiation exposure from a CT scan, the data were converted from

Roentgen to units of absorbed dose in milliGray (mGy) by multiplying by the conversion factor of 8.73.1%
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The acquired CT scans used for the electromagnetic navigation system were acquired on a GE Lightspeed® Plus CT
scanner using a specific protocol. The typical scanning protocol for the Lightspeed requires a zero gantry angle, with
a reconstruction matrix of 512 at an axial plane with a helical scan mode. The slice thickness is 1-1.25 mm, and the
table interval mm/sec is 1.25 mm with a 0.9375 pitch. The field of view (FOV) is 25 cm. This test employed 120
kVp and 240 mA to produce approximately 60 adjacent 2.5-mm cuts in 40 seconds. The CT diagnostic imaging
volume, which is a federally mandated measure of CT dose, is displayed directly on the control panel of the GE

Lightspeed® Plus CT scanner and is measured in mGy.

3.5 Results

The preliminary experiments in our Boston laboratory demonstrated that, for each of the badges, the three reported
radiation readings deep dose equivalent whole body, low dose equivalent, eye, and standard dose equivalent (DDE,

LDE, SDE) were averaged into a single reading that is listed in the table below.

Image Mode Average Dose x 5 (MREM) Average Dose
(MREM)

3D C-armx 5 849 170

CT N/A 7118

The ratio of the right-most columns in the above table is approximately 42, which indicates the factor of radiation
difference between our 3D C-arm rotation and software method and CT. These results indicate that a CT scan of a
phantom results in roughly 42 times higher radiation (as measured by a badge on the phantom) than with a

conventional mobile C-arm rotational CT-like scan.

The New York Cornell raw and converted measurements of the maximum surface and central radiation exposure in

the head phantom showed improvements over our preliminary sweep times and measured at 21 secs for an
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equivalent 190-degree nonisocentric C-arm sweep using identical fluoroscopic models. The scans are summarized in
Table 3.1. The mean () standard deviation exposures ranged from a maximum central exposure of 0.895 + 0.001

mGy in the continuous fluro mode to a maximum surface exposure of 10.7 £ 0.6 in the Digital Ciné mode.

Table 3.1 Surface and central radiation exposure measured using a standardized head phantom during a C-arm spin

Fluoroscopic  Surface Exposure in  Max Surface  Central Exposure  Max Central

Mode MR (mean +std dev  Exposurein inmR (mean +std  Exposure in

) mGy (mean + dev) MGy (mean +
(n=2) std dev) (n=2) std dev)
(n=2) (n=2)

Continuous 217£5 1.89+0.04 102.5+0.1 0.895 £ 0.001

Fluoro

High-Level 427 +8 3.37£0.07 176 £ 2 1.54 £ 0.02

Fluoro

Digital Ciné, 1229 + 68 10.7+£0.6 473 £ 30 413 +0.26

15pps

Courtesy VJ. Anand - Otolaryngology - HNS, 2006 135: 409-412.*%

The CTDI,, displayed on the GE Lightspeed® Plus CT scanner for the electromagnetic navigation CT protocol was
85.4 mGy at both the central and surface locations. The dose cylinder data show that the measured radiation of the
maximum surface dose was more than twice that at the center of the head phantom during scanning in each of the
three fluoroscopic modes. For a CT scan using the navigation system protocol, the central and surface radiation
dose was recorded as 85.4 mGy. The maximum radiation dose measured in the head phantom using the Nav CT
software protocol was a surface radiation dose during the Digital Ciné 15 pps. It was measured as 10.8 mGy. The
Nav CT-software scan subjects the patient to substantially less radiation than the equivalent helical CT scan. In
order to provide some scale of threshold examples for potential dose risks leading to injury against the recordings of
the experimental readings, the threshold for production of skin injury (transient erythema) is approximately 2 Gy
(2000mGy), whereas permanent epilation occurs at greater than 7 Gy (7000 mGy), and dermal necrosis and
secondary ulceration occur at 18-20 Gy (18-20,000 mGy).?** To reach the level of approximately 2 Gy (2000 mGy)

the radiation exposure would require more than 1 hour of continuous fluoro in the Digital Ciné 15 pps mode.>*31%
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3.6 Discussion

New instruments and techniques in endoscopic sinus surgery provided great benefits for surgery of the small
paranasal sinuses for diagnosis of sinonasal pathology through less invasive interventions with greater precision and
improved functional outcomes. The treatment and visualization techniques continue to improve through even better
understanding of the anatomy, better endoscopes and instruments, and now expanded options for visualization
beyond 2D endoscopic soft tissue views using intraoperative 3D C-arm fluoroscopy. Conrad Roentgen’s
groundbreaking discovery of x-rays in November 1895, which was first mentioned in the Science magazine through
a letter by Hugo Munsterberg in 1896 paved the way for x-ray fluorscopy,**®. Shortly after, Thomas Edison an
electrical engineer commercialized one of the first fluoroscopes, founded General Electric and introduced the

incandescent light bulb in 1879, which later lead the way for lighted endoscopy.’#4551175

In our corporate laboratories in early 2000, we designed software that allows for the reconstruction of conventional
C-arm images into axial views. This software was incorporated into our electromagnetic (EM) surgical navigation
system and tested repeatedly for image quality originally with our motorized GE OEC 9600 C-arm. We tested
phantom models, then stripped calf spines, and eventually intact human cadaveric specimens. Shortly after, in 2001,
we converted to a newer-generation C-arm, experimenting with the OEC 9800, which was a nonmotorized version
but provided a better generator and improved images. After multiple experiments for spinal and orthopedic
extremity applications, we looked at the uses for sinus and craniofacial procedures. In sinus surgery, traditionally
otorhinolaryngologists used coronal and, from time to time, axial CT scans obtained preoperatively viewed on an x-
ray light box in the OR as a frame of reference. Our group originally at Visualization Technology Inc. in Boston,
first introduced the navigational technology and methods in the development of electromagnetic stereotactic
functional endoscopic sinus surgery with the aid of several rhinologists. This technology allowed rapid and accurate
intraoperative localization during endoscopic sinus surgery using a preoperative protocol for specially formatted CT
scans. The drawback here is that the use of historic CT scans does not allow for intraoperative updates to the
surgical dissection and altering anatomy. In our experiments, we set out to prove that in bench tests, the use of a C-
arm with special software could be safely applied and required less radiation in comparison to a CT. Today, novel

volumetric systems designed to allow for a 360° rotation of a flat-panel detector and x-ray tube around the patient
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during a surgical procedure exist. These systems are mechanically designed to be isocentric C-arms with standard ii

tubes or newer digital flat panel detectors transported in a “C” configuration into the operating suite.

The results of this investigation reveal that use of a conventional OEC 9800 C-arm mobile fluoroscope, integrated
with our navigation software for acquiring 2D fluoroscopic x-ray images at approximately one-slice per degree over
a minimum of 145 degrees to an approximate maximum rotation of 195-degrees, is feasible for reconstructing CT-
like images with an electromagnetic navigation platform in CAES. This method exposes the patient to less radiation

than the alternative preoperative CT scans for the conventional navigation methods performed to date.
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CHAPTER 4.PARANASAL SINUS SURGERY EXPERIMENT 2: CLINICAL
INVESTIGATION OF 3D SINUS FLUOROSCOPY

4.1 Introduction

Recent studies have suggested that CAES decreases the incidence of major complications in sinus surgery and
allows for a more complete dissection.®® Clinical cases include procedures such as anterior skull base, orbits,
pituitary fossa, and selected sinonasal neoplasms.*® Even with the recent advances, the endoscopic sinus procedure
continues to depend on CT data sets acquired before surgery and can not be updated intraoperatively during a
procedure. As a surgery is performed, various ethmoid cells are opened, disease is removed, and anatomical
landmarks are frequently displaced from their preoperative locations, actively making a navigation system more
vulnerable to the risk of inaccuracy. Intraoperative MR imaging is one option to overcome this shortcoming and has
been described previously for use in sinus surgery but requires a high cost, specialized instruments to be compatible

in strong magnetic field, and a dedicated staff.®*°

Fluoroscopy is used extensively in operating rooms, specifically for neurosurgical, orthopedic, and vascular
procedures. Recently, the use of surgical navigation for computer image-guidance with C-arm fluoroscopy has
become increasingly popular in both neurosurgery and orthopedic surgery, but the vast majority of x-ray images
with these machines are 2-dimensional.*+®%% The latest innovation we worked on was to use the C-arm to obtain

a series of images that can be reconstructed into CT-like images and then used for 3-dimensional navigation.?"8%17

After our tests on phantom models and tests by others in cadaver models,***

we undertook a clinical investigation of
patients undergoing sinus surgery with the use of fluoroscopy for intraoperative C-arm imaging coupled with

electromagnetic navigation.

42 Aims

Our aim was to demonstrate feasibility of near real-time image-guided sinus surgery using intraoperative
fluoroscopic CT from a series of C-arm scans in a clinical setting. This clinical investigation was designed to
determine whether it was possible to update images intraoperatively by using our software algorithm addition for CT

reconstruction relying on regular C-arm fluoroscopy for our computer-assisted surgical navigation system in sinus
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surgery. The two aims in the investigation were 1) to produce CT-like images that would be adequate for the
evaluation of sinus disease and surrounding anatomy and 2) to assess whether these images could be used for

accurate navigation in computer-assisted surgical navigation in sinus surgery.

4.3 Materials And Methods

We initially conducted a gauge-test to follow up on our first preclinical experiments that used phantoms. In this
gauge test we compared the x-ray dosage difference between a CT scan and the fluoroscopic CT software scan using

a phantom.

A clean radiation dosimeter badge was placed on a phantom, and five fluoroscopic-CT scans were acquired. The
total radiation was divided by 5 to get an average reading per Fluoroscopic CT scan. A second clean radiation badge

was placed on the phantom, and a CT scan was acquired with the protocol that is used for image-guided surgery.

The radiation doses for the FluoroCT and CT were 170 and 7118 MREM, respectively; indicating the factor of
radiation difference between Fluoroscopic CT and conventional CT is approximately 42. We concluded here that

these results indicate that a CT scan of a phantom results in a factor of 42-higher radiation (as measured by a TLD

dosimeter badge on the phantom) than a Fluoroscopic CT scan.

4.3.1 Clinical Investigation

Our clinical protocol was approved by the hospital’s institutional review board. We also performed a trial run in a
cadaver lab to assess a surgical environment to maximize performance of the clinical run. Fourteen consecutive
patients undergoing image-guided surgery were recruited to participate in our investigational study. All the patients
had a preoperative CT scan completed with our surgical navigation system image-guided protocol. These were
loaded onto our electromagnetic navigation system preoperatively. The operating room set-up required the
anesthesia station to be relocated to the side of the table in order for the C-arm to be placed at the head of the patient

to allow 180-degree rotation from side to side (Figure 4.1).
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Figure 4.1 lllustration demonstrating the operating room set-up with C-arm at head of patient, anesthesia at the side
of the patient, and the navigation unit with the endoscopic tower opposite the first surgeon.

All patients were positioned on an operating table that had been modified with a Plexiglas board to permit their head
to extend past the end of the table or on a special diveboard-style cantilever table (Figure 4.2). This allowed for
clearance of the C-arm to orbit around the patients head without interference from metal artifacts within the table

such as metal rails.

Figure 4.2 Special cantilever carbon fiber table designed by RVJ and C-arm set up for rotational spin around the
head.

General anesthesia was used in all cases. The patient’s headsets were modified (the headset provides for a rigid

reference frame to capture and register x-ray images to the anatomy) preoperatively by gluing a special fluoroscopic
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reference transmitter to the back of the headset. Experienced ENT surgeons and staff facilitated the procedures. The
nasal cavity was then decongested with cocaine. Each patient then had a series of preoperative fluoroscopic images
obtained with a C-arm fluoroscope with a field of view of approximately 23 cm. This consisted of spinning the C-
arm 190 degrees while the machine automatically took 190 images. The data acquired were then loaded onto our
navigation platform using the fluoro-CT software program and reconstructed into CT-like images. The navigation
instruments such as angled suction-aspirators, curettes, and shaver devices were then calibrated to measure their tip
offsets in space. Using standard nasal anatomy including the bony/cartilaginous junction of the external nasal spine,
the middle turbinate, and the anterior wall of the sphenoid sinus when visualized tested the accuracy of the system.®
This was an estimated accuracy by comparing the instrument tip position on the navigation system with its actual

location in the operative field. This method has been used in other studies looking at accuracy of image guidance in

sinus surgery.®**® Standard CT images were then loaded to carry out the patients’ surgery.

At the completion of the procedure, the nose was repacked with cocaine-soaked pledgets. The C-arm was then
repositioned, and a second set of images was obtained after removal of the pledgets and extensive nasal suctioning.

These were used in comparison to the preoperative CT and fluoroscopic images.

4.4 Results

441 Initial Patients

The fluoroscopic images were obtained from all patients by using the previously described methods. Variables
became apparent during the patient studies that were not evident in our laboratory investigations. Initial images were
deemed poor secondary to inadequate penetration and image scatter that we later improved. Several factors were
noted to have an impact on the image qualities, including the presence of nasal packing, excess blood and/or nasal
packing in the sinuses during image acquisition impairing image interpretations due to fluid, and extensive nasal

polyposis that causes distortion of the images and making them inadequate for evaluation.

Other factors that affected the ability of the system to obtain good images included the weight of the patient on the

modified operating table, the ability to rotate the C-arm in order to clear the patient and the operating table, the need
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to work around the drapes to change transmitters, and the interference of the CT transmitter affecting scanning and
navigation. Based on these findings, we identified minor adjustments to significantly improve the quality of the
scans. These adjustments included removing the CT reference transmitter before scanning the patient; placing the
fluoroscopic reference transmitter closer to the C-arm to maintain full-range transmission throughout the C-arm
rotation for image acquisition; using a brace to stabilize the C-arm, thus avoiding bumps during rotation; rigidly
fixing the fluoroscopic reference transmitter to the headset with glue; and extensively decongesting and suctioning
the nose before scanning to avoid artifacts. | designed and built a laser aimer for the navigation calibration grid

attached to provide precise targeting for aligning the anatomical field of view.

4.4.2 Final Six Patients

The final six patients had images that were deemed adequate for evaluation of disease and delineation of anatomy
and had similar navigation accuracy to the CT images (accuracy to less than 2 mm) (Figure 4.3). The bony anatomy
was clearly shown on the preoperative images and extent of disease easily detected. These images were still
determined to be inferior to standard CT images, particularly in the axial plane. Postoperatively, on all but one of the
last six patients, blood was seen as an air-fluid level in the images. This was particularly true in the maxillary sinus.
The patient with the best postoperative images was a patient with a large mucoceles, that when opened showed
aeration of the frontal sinus not seen preoperatively. Our investigation led us to hypothesize that extensive
predominance of soft tissue and fluid densities may alter the rendering of air-bone interfaces on the images. We also
considered the possibility that inappropriate acquisition settings may have led to some distortions or limitations of
our reconstruction software. This hypothesis would also explain why our best-image resolution was achieved in a
largely pneumatized anatomy with little bleeding and no polyposis after opening a large mucocele. Furthermore, it
may also be an explanation for the rapid and rather easy dissemination of fluoroscopic reconstruction in such fields
as orthopedics and spine surgery that will be investigated in this Thesis, in which the vast majority of anatomic
structures involved are bony and therefore potential artifacts caused by blood and soft tissue are minimal in these

regions.
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Figure 4.3 Fluoro CT reconstructions of the sinuses in three views with a virtual trajectory that replicates the
aspirator seen in the endoscopic view.

45 Discussion

Intraoperative application of 3D C-arm fluoroscopy may be useful in the future for cases where complete resection
is necessary. This could be helpful in particular situations for removal of both benign and malignant nasal tumors
that are more so being done endoscopically. There could be a role for this type of technology in the bony tumors
such as ossifying fibromas, osteomas, and clival chordomas. With improvement in the soft tissue definition, we
believe that this 3D software used with C-arm fluoroscopy would also help in resections of inverting papillomas,
angiofibromas, and some malignant nasal tumors. The potential exists also for 3D fluoroscopy to be helpful in
endoscopic skull-base surgery and specifically in pituitary surgeries in which subtotal resection is sometimes
performed secondary to inadequate visualization of the tumor. As the practice of endoscopic skull base surgery
continues to advance, the use of 3D fluoroscopy could possibly play a role in assisting in complete removal of other
tumors such as esthesioneuroblastomas, meningiomas, and craniopharyngiomas. With any of these procedures, it
may be estimated that between one and four fluoroscopic scans may be used depending on the location of the lesion

and the amount of residual disease.
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A recent study’®®

using cadavers determined with a similar fluoroscopic CT navigation device that it was able to
produce high-quality images using an enhanced graphic resolution of bony and soft tissue structures, but the
cadavers used were free of sinus disease and not subject to bleeding. Furthermore, this study did not include any
evaluation of accuracy. Because our previous experiments determined that each scan produces only approximately
12% of the radiation of a standard image-guided sinus CT (consistent with a study that of a device similar to ours
that calculated a radiation dose of 1 mGy per scan or about 10% of the radiation of a diagnostic CT scan).'®® If the

use of fluoroscopy can improve outcomes or decrease the incidence of postoperative CT scans and revision surgery,

then the additional amount of radiation, time required, and economics can be legitimized.

45.1 Conclusion

We concluded that fluoroscopic near real-time CT-like computer-assisted sinus navigation is feasible. We note that
improvements need to be made to increase image quality, and adjustments are necessary to make the system use
more intuitive to manage better the workflow. Additional modifications need to be completed to allow integration
with a C-arm fluoroscopic, and software additions need to be developed to enable the use of the standard image
navigation tools and electromagnetic transmitters. Prospective case-controlled studies must be designed to determine
the benefits and indications of intraoperatively updating images that are suitable for ear, nose and throat and skull

base navigation procedures.
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CHAPTER 5. NAVIGATION FOR SPINE SURGERY: SPINE CADAVER
EXPERIMENTS FOR TWO NAVIGATION TRACKING ALGORITHMS

5.1 General Introduction

The goal of spinal fusion surgery is to achieve strong and stable fixation, a feature critical in achieving bony
arthrodesis. Pedicle screw fixation is the most effective and widely used form of internal fixation having been
generally demonstrated to be biomechanically advantageous and with better fusion rates than other posterior column

30,69,121,186,231,234

stabilization constructs, where in the anterior column a larger surface area can provide a higher

fusion rate with ventral expandable cages and ventral plate synthesis.

Spinal instrumentation (probes, taps, pedicle feelers, and implant drivers) often involves the application of screws or
other devices into anatomic regions not exposed to the surgeon. The use requires great attention and care to avoid
neurovascular injury. To minimize risk and to avoid vital neurovascular structures (Figure 5.1), surgeons frequently
use intraoperative fluoroscopy in addition to their knowledge of 3D anatomy . Fluoroscopic imaging is considered
the standard of care for many clinical procedures since 1977.'% C-arm technology brings new capabilities to the
operating room that are enabling surgeons to perform their jobs with more accuracy and precision than ever before.
Physicians and other health care providers have used fluoroscopy systems for various diagnostic, surgical, and
interventional*****’ procedures for visualization during clinical applications. These devices perform three key
functions: 1) they visualize the anatomy beyond a surgical exposure; 2) they guide instruments relative to anatomy;
and 3) they update anatomical features and instrument positions during and after an intervention. With the growing
popularity of minimally invasive surgeries, C-arms (also known as radiographic/fluoroscopic units) are becoming

less of a luxury in the O.R. and more of a necessity.

Figure 5.1 Drawing depicting approaches through the pedicle that result in medial inferior/lateral breaches (red
arrows). Green arrow illustrates ideal trajectory.
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5.1.1 Pitfalls Of X-Ray Use

The use of intraoperative fluoroscopy for placement of pedicle screws or other modes of internal fixation has some
drawbacks that have resulted in prolonged fluoroscopic time and radiation exposure to the surgical personnel and
patient. Many authors, including Rampersaud et al., * have shown that positioning, distance from the tube, and
mode of fluroscopy used can significantly affect radiation exposure to various parts of the body, such as the hands

165,184

(most at risk) and other body regions for both the patient and the surgeon, especially if he or she is standing on

108,143

the same side as the source of the beam. Slomczykowski et al. found that the total patient dose was greater

with a preoperative CT scan than with intraoperative biplanar fluoroscopy.'*

To minimize radiation exposure and improve the surgeon’s orientation to unexposed anatomy,'* we applied image
guidance based on existing technology and principles used in stereotactic neurosurgery”® and added our new
technology of electromagnetic tracking instead of the conventional optical electric camera-based technology. The
two main issues relevant to current surgical navigation systems we investigated were data acquisition (CT vs.
fluoroscopy) and tracking of surgical instruments. We focused first on the 2D approaches to spinal navigation and

then expanded to 3-dimensional approaches (Figure 5.2).

Figure 5.2 (Left) Navigation screen demonstrating correlation between implants and screwdriver to the virtual
instrument line. (Right) CT-like view of a pedicle screw placement.

45



5.1.2 Malpositioned Pedicle Screws

In spine surgery, the published incidence of misplaced pedicle screws using conventional techniques ranges from 3
t0 5505, 3954:55.74.124,183,152.187.201, 203210217 g rgjcal navigation systems must provide accurate and rapid feedback to
the surgeon in real-time to allow minute adjustments to be made as the spine is being instrumented. Rampersaud et
al.’®® defined the accuracy requirements of an image-guided navigation system based on available data concerning
pedicle morphometry. Maximum permissible tolerance ranged from 0 mm and O degrees at T5, to 3.8 mm and 12.7
degrees at L5. Kalfas states that lumbar pedicle fixation will tolerate a 2-mm error.® In addition, the system should

not interfere with the surgeon or surgical field in such a way that the instrumentation becomes either too

cumbersome or limits movement and access to the pertinent anatomy.

5.2 Aims

In response to these concerns and requirements and in an attempt to merge real-time tracking with up-to-date spinal
anatomy imaging, we applied and investigated an electromagnetic field (EMF)-image-guided navigation system that
utilizes an EMF to track surgical instruments coupled with intraoperative fluoroscopy to obtain the virtual anatomic

images. We investigated system accuracy and report the findings.

In this experiment, we undertook cadaveric comparison testing between two software algorithms for spinal tracking
that we developed with our software engineers. We used the resources of a cadaver laboratory affiliated with the St.
Louis Medical University, where we set out to evaluate our new prototype version of tracking software we called
Platinum Accuracy. The prototype was tested for accuracy against the current version of software used on our EM
navigation platform. This current tracking algorithm is called Gold Accuracy. In a statistically balanced experiment
using human cadavera and a simulated surgical environment, we aimed to measure the differences in accuracy and

stability between the two tracking algorithms we developed (Gold vs. Platinum).

5.3 Materials And Methods

Two fresh-frozen human cadavers were used for the test and were noted to have good bone quality and no

deformity. The specimens were thawed approximately 24 hours prior to use at slightly above room temperature.
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Each specimen was placed on a radiolucent surgical table in a prone position with all but the thoracolumbar regions
of the exposed back draped. A 9-inch (23cm) surgical C-arm image-intensifier (ii) (OEC 9900) was positioned at

the tableside to capture x-ray images for the electromagnetic (EM) surgical navigation standalone platform (running
both software versions, Gold vs. Platinum). The EM navigation unit has a 20-inch (51-cm) touchscreen monitor for

the x-ray images and juxtaposed navigation features (i.e., virtual instrument trajectories) (Figure 5.3).

iil
st

E

Figure 5.3 Electromagnetic stand-alone Surgical Navigation System with 51-cm LCD touch-screen monitor.

5.3.1 Set-Up

The C-arm workstation was plugged into the navigation platform via a 9-foot (3-meter) coaxial video cable from the
video-out plug in the back of the x-ray workstation and into the video-input plug of the navigation unit. The
satisfactory x-ray images of the spine were saved into the navigation unit via a frame grabber (Figure 5.4, right). An
electromagnetic reference dynamic frame (RDF) was attached to the spinous processes of the thoracic and lumbar
levels (Figure 5.4, left) . This was accomplished by a small 1-cm stab incision followed by blunt finger dissection to
the appropriate thoracic and lumbar spinous processes to attach the reference transmitter. A 2-mm Casper-like bone
pin was driven securely into the plateau of the spinous processes (we measured them to be between 5 and 8mm in
diameter) and checked each for a rigid purchase placement (Figure 5.4, center). If the pins are loose, the navigation
tracking can be off by several centimeters, therefore it is essential they are anchored solidly into the bone and
checked intermittently for solid bone purchase. The EM transmitter was then applied to this, and the process of
image acquisition and registration was done. The basic spine kit was then prepared with instruments calibrated for

use (Figure 5.5).
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Figure 5.4 Transmitter attached via a Casper bone pin to spinous process and the Nav screen image features
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Figure 5.5 lllustration of the basic spine kit.

5.3.2 Experimental Protocol

We next performed the step of instrument calibration and verification with an orthopaedic surgeon’s assistance by

navigating a bone biopsy needle designed by RVJ also known as the Nav trocar, transcutaneously through each
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pedicle between the thoracic and lumbar spine levels. The Gold and Platinum software modes were alternated such
that each vertebra was operated in both modes: one mode/side. The surgeon was unaware of the mode he’s operating
in. The spine was divided into three segments, each with 3 vertebrae (the EM transmitter is affixed on the spinous
process of the middle vertebra) (Figure 5.6). In each segment, the mode was switched once (Gold < Platinum), and
the NAV access Needle was recalibrated after each mode switch. AP and lateral images were used for navigation.
For each pedicle, accuracy verification was measured at the entry point (AP, lateral) and at the vertebral body exit
point (lateral) yielding 3 accuracy numbers (Figure 5.7A). Control shots were taken to further assess placement
accuracy between the two modes (Figure 5.7B, 5.8). In addition, the surgeon noted whether he would use the placed

K-wires on a real patient (YES/NO) and assessed the helpfulness of the system (LOW/MED/HIGH).

Buruyasney Buebjjopn Jo Asa1inod abewi suids

Figure 5.6 Pre-clinical method.
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Clinical Accuracy Metrics

Anterior-posterior Lateral Lateral
Entry point Entry point End point

» Overall distribution characterization for Gold vs. Platinum: p, o

¢ 3mm 95% for anterior-posterior entry point for Gold vs. Platinum
¢ 3mm 95% for lateral entry point for

e 3mm 95% for for lateral end point (

A

Measured Accuracy Metrics

¢ Measure the distance between navigated instrument tip location & “true” instrument
tip location materialized by its radiographic shadow:

> On APimage for pedicle entry point,
> On LAT image for pedicle entry point.
> On LAT image for vertebral body end point

Radiogr aphic
Shadow

/
Navigate

Instrument

Figure 5.7 (A) Pre-clinical accuracy metrics. (B) Control shots used to measure precision.

After each bone biopsy needle (Nav trocar) was safely through each pedicle and into each vertebral body, the needle
was removed, leaving a 3.2-mm trocar work channel for the K-wire placement step simulating a MIS Kyphoplasty
or cannulated pedicle screw procedure relying solely on navigational guidance. Three accuracy measurements were
performed on each navigated pedicle: pedicle entry point on an anterior/posterior image, pedicle entry point on a

lateral image, and vertebral body final point on a lateral image.
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Appendix: Accuracy Measurements

Confirmation Shots:

* Measure thedistance between navigated instrument tip location & "true” instrument
tip location materialized by its radiographic shadow, on APand LAT images

Actual Instrumen
Location
Navigation Errol
In 3D space

Navigated 3D Instrument

Radiogr aphic Back-projection Line
Shadow
/
Navigated
Instrument
Radiogra phic
Shadow

[ Navigated
instrument

Figure 5.8 Method used to calculate positional difference of Gold and Platinum modes.

5.4 Results

The surgeon successfully navigated 34/36 pedicles on two cadavers in the lower thoracic and lumbar-sacral spine
between T10-S1. The surgeon accepted 100% of the placements with the Platinum tracking software (17/17) vs.
88% (15/17) with the Gold tracking software. One of the Gold failures can be linked to multiple issues: a) system
inaccuracy of 3.9 mm, 2) usage of the system in the frontier of the "too close to transmitter” area (as detected by the
navigation system, meaning that the receiver-sensor in the surgeon’s hand was too close to the transmitter reference
frame in the spinous process, which creates distortion in the EM-field within a 7.5-cm proximity to each other), and
3) navigating on a collapsed vertebral body. The other failure was due to the surgeon’s inability to drill the ideal

pilot hole in the bony structure with the available instrument.

The surgeon ranked the navigation system highly useful for 100% of the pedicles navigated with Platinum (17/17)

vs. 94% (16/17) considered highly useful and 6% considered somehow useful (1/17) with Gold. The user never

ranked the system low.
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On the average, the Platinum configuration was 40% more accurate than Gold (combining all the measurements,

mean and standard deviations that are [1.87, 1.00] mm for Gold and [1.12, 0.78] mm for Platinum).

The Platinum system resulted in better placement of the K-wires. The three critical to quality (CTQ) measurements
were: 1) Entry point, posterior image (mm, 95%ile): 1.50 Platinum vs. 2.94 Gold; 2) Entry point, lateral image (mm,
95%ile): 3.14 Platinum vs. 3.18 Gold; and: 3) vertebra body point, lateral image (mm, 95%ile): 2.36 Platinum vs.

3.42 Gold (Figure 5.9).

Accuracy CTQs

Platinum Gold

@ Entry Point AP (mm95%) @ Entry Point LAT (mm95%) W End Point (mm95%)

Figure 5.9 Bar graph showing accuracy critical to quality.

5.5 Discussion

Our results were in line with what was expected, based on our engineering tests (Figure 5.10). The surgeon ranked
the navigation highly useful in nearly all of the wires placed. The surgeon indicated the medium useful ranking was
due to interpretation issues of the 2D image (parallax), not navigation accuracy. The surgeon acknowledged that an

axial view would have avoided the issue. We explore the use of axial views later in the following experiments.
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Metric Platinum | Gold
[Acceptance of K-wires placement (YES/NO) 100% | 88%
System Helpfullness
Low 0% 0%
Med 0% 6%
High 100% | 94%
Overall average error (mm) 112 187
Overall standard deviation (mm) 0.78 1.00
95% @Pedicle Entry Point AP (mm) 15 294
95% @ Pedicle Entry Point LAT (mm) 314 318
95% @ Vertebral Body End Point (mm) 2.36 342

Same Fluoroscopic image calibrated
and registered in Platinum then Gold modes

Figure 5.10 Summary of results of studies comparing Platinum and Gold systems and sample data images from both
systems.

The Platinum system was systematically better than Gold and passed the 3-mm 95™ percentile requirement except
on the lateral entry point where error conditions like “C-arm too far”/“Caltarget Field Induced distortion” or

“transmitter too-close” warnings made data collection problematic. These results need to be further investigated.

Our cadaver experiments confirmed the magnitude of the improvement that Platinum-tracking software brings over
the current Gold-tracking software (~40%). As expected, higher inaccuracies were measured in the clinical
simulated environment than in the engineering test bench, thus bringing the Platinum system slightly out of our
intended use specifications. The fact that the surgeon relies solely on navigation and that the accuracy measurements
are taken at the farthest range possible make this study a worst-case scenario for the accuracy measurement, and a
"before mitigation" study with respect to the usage of the control shots prescribed by the system labeling. This study
was intended to stress the system to investigate how Platinum-tracking software can perform in a defined clinical
environment, not to verify or validate Platinum-tracking software. Thus, in the rest of this Thesis, we investigate
further with the current Gold-tracking software to evaluate how the clinical environment impacts accuracy and how
we may improve the system robustness and inaccuracy detectability to avoid such out of specification cases and

further improve the overall precision, reliability, and ease of use of our technology.
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CHAPTER 6. SPINE EXPERIMENT 2: CADAVER OPEN THORACIC
INVESTIGATIONS

6.1 Introduction

Since Roy-Camille introduced pedicle screw fixation in the late 1950s, it has been a widely used technique for the
stabilization of the spine to address conditions such as trauma and deformity and for treatment of the degenerative
spine.!” Because of the inability to visualize the pedicle during pedicle drilling and actual screw placement, one of
the main problems facing the surgeon is perforation of the vertebral wall.*”® Such a perforation can lead to potential
problems such as dysesthesia, paraparesis, or paraplegia.”®® Current techniques such as mechanical probing,
electromyography (EMG), somatosensory evoked potentials (SSEPs), spinal cord monitoring, and image-guided C-
arm fluoroscopy have aided in both the optimal placement of pedicle screws and the avoidance of potential harmful
complications. However, as noted earlier, the pedicle procedures do have drawbacks such as inaccurate placements
of screws, long x-ray dose times, and parallax. The use of computer-assisted navigation helps to alleviate these

concerns in the hands of the trained spine surgeon.

The advent of image-guided surgery has helped to decrease the need for continuous or repeated radiographic images
in spinal surgery. The current standard for image-guided spinal surgery uses optical technology for tracking of
instruments and the patient’s anatomy. Many studies have shown that this technology is very accurate, and in many
instances can improve on the accuracy of pedicle screw placement in the thoracic spine when compared with

conventional fluoroscopy.'®!6116.119:203

Although it is commonly known that optical systems are associated with line-of-sight issues, there are no specific
studies in the literature describing it as a major technical problem with existing systems. In a previous study, we
introduced an EMF technology in tracking and navigating spinal anatomy for placement of lumbar pedicle screws.'®®
EMF tracking was developed as an alternative to optical tracking to avoid this potential problem and we investigate
its uses in spine surgery. We found that accuracy*® was improved over the conventional technique for the
application of lumbar pedicle screws. Some setbacks with the use of this technology in our early learning curve

phases was the increased time for pedicle screw insertion, and distortion of the EM field by any substance that can
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carry a current (i.e., 400 series stainless steel instruments).*® We improved these shortcomings in later experiments.
In the meantime, our current design uses low or non-ferrous material such as 300 series stainless steel, titanium, and
plastic instruments including retractors (Figure 6.1). In addition to standard OR tables, the popular Jackson table,
which is made of a carbon-fiber type of tubing, is also a good option in maximizing the performance of our
electromagnetic system.

Jackson table courtesy of MizuhOSI, Union City, CA

Non-ferrous Carbon-fiber
300 stainless or Jackson
titanium spine table
instruments

Figure 6.1 Retractors and spinal instruments are composed of low-ferrous stainless steel or titanium to maximize
the performance of the EM field, and performance is further enhanced by the use of a carbon-fiber operating table.

6.2 Aims

The purpose of this investigation was to compare EMF tracking and conventional fluoroscopy in the placement of
thoracic pedicle screws in a human cadaveric model. Accuracy, fluoroscopic exposure time, and screw insertion

time were evaluated.

6.3 Methods And Materials

At the Syracuse University School of Medicine in the Department of Anatomy, | organized the use of four fresh-
frozen human cadavers that were thawed and randomly allocated into one of two groups. None of the specimens
had significant deformity as a result of scoliosis, spondylolisthesis, or fracture in the thoracic region. The posterior
aspect of the thoracic spine was exposed to allow localization of landmarks for placement of thoracic pedicle screws
and performance of an intertransverse fusion. We applied screws bilaterally at each level from T1 to T12 in all
specimens. An awl was used to perforate the posterior cortex, and then a blunt pedicle finder was used to locate the

pedicle. Five-millimeter USS pedicle screws (Universal Spine System, Synthes, Paoli, PA) were used in all cases.
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6.3.1 Fluoroscopic Method

In the cadavers in Group one, thoracic pedicle screws were inserted with conventional fluoroscopic (OEC 9800
image intensifier, GE/OEC, Salt Lake City, UT; Figure 6.2) technique using AP, lateral, and oblique views as
necessary. There were two specimens in this group, and two screws were inserted at each thoracic level for a total of

48 screws.

Figure 6.2 Photograph showing the navigation system integrated into a C-arm workstation (left) with navigation
screen. (Right) Nine-inch C-arm fluoroscope with attached calibration grid for navigation.

6.3.2 Navigation Method

In the cadavers in Group two, thoracic pedicle screws were inserted using the EMF-based image guidance system
alone. This system uses intraoperatively acquired AP and lateral fluoroscopic images to navigate the spinal anatomy
(Figure 6.3). There were two specimens in this group, and two screws were placed at each level for a total of 48
screws (Figure 6.4). The technical aspects of using EMF navigation have been outlined previously.*® The set-up for
navigation included the rigid placement of a bone pin or clamp to each spinous process. To these, a dynamic
reference frame is attached (in this case, our electromagnetic transmitter to the bone pin). We moved the transmitter
to each bone pin or clamp and updated our C-arm x-ray images as we did at previous levels in our earlier
experiments for the lumbar spine.'®? After the transmitter was securely placed at each level with saved images, our
spine T-handle was used with various attachments (awl, bone probe, and implant driver) after they were calibrated
for each tip offset. The next step was to choose an anatomical point or a rigid fiducial such as the bone pin or clamp

visualized in the x-ray image for use as a verification point to return periodically throughout the procedure to assess
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accuracy and drift. The virtual instruments were then displayed on our 20-inch touch-screen navigation monitor
superimposed over the previously acquired and saved C-arm x-ray images (Figure 6.5). The C-arm image intensifier
(ii) has a calibration grid attached to it that was mapped to the specific 9-inch ii to eliminate distortion from the large
metal bulk that would otherwise interfere with the electromagnetic tracking capability of our navigation system. The
calibration grid also has a sensor built into it that allows the navigation unit to track its 3D position in space. The
transmitter attached to the spinous process is used to track the C-arm’s position. The tracking range here is also 18

inches, or approximately 46 cm, distance.

Figure 6.3 C-arm use in our cadaver laboratory studies acquiring AP and lateral oblique images.

Figure 6.4 (A) Photograph demonstrates RVJ and team implanting the navigated pedicle screws. (B) Photograph
showing navigated Synthes USS screw targeting the pedicle entry point.
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Figure 6.5 (A) Photograph demonstrating a cadaver with attached transmitter and navigated pedicle screws. (B)
Photograph showing the navigation spine holder with the AP and lateral navigated X-ray views in the background.

Our navigation system operates within a defined range for electromagnetic tracking. This is defined as tracked

instruments within a radius of 18 inches, or 45.7 cm, from the transmitter (Figure 1.13 p.18).

6.3.3 Procedural Workflow

The time to insert thoracic pedicle screws, as well as the total image-intensification exposure time, was recorded for
each specimen in each group. In addition, the time required for set-up of the image-guided navigation system
(placement of transmitter) as well as time for the computer to capture an appropriate image for navigation was

recorded in group two. This was later factored into pedicle screw insertion time for this group.

Once all pedicle screws were placed, we dissected all the specimens’ en bloc. We then dissected individual levels to
assess the accuracy of screw placement (Figures 6.6 and 6.7). We noted the number of cortical perforations for each
specimen and level. In addition, the direction and extent of perforation (in mm) was measured with a flexible ruler
and noted. Any perforation that was through the medial or inferior aspect of the pedicle or the anterior cortex of the
vertebral body was termed a critical perforation, implying that neurovascular structures were potentially at risk. A
lateral perforation with the screw between the rib and pedicle was not considered a critical perforation as long as no

screw thread was exposed outside of pedicle or rib.?
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Figure 6.6 Photograph showing RVJ and team harvesting the vertebrae (left); the thoracolumbar vertebrae with
implanted pedicle screws (right).

(B)
Figure 6.7 Left image (A) demonstrates a completely harvested thoracolumbar spine with implanted pedicle screws.
Right image (B) shows meticulous dissection of the vertebral segments for inspection by RVJ and team.

We then analyzed the data to compare accuracy, insertion time, and fluoroscopic time between each of the groups.

Statistical analysis was performed using one-way ANOVA and chi squared analysis. Data was considered

significant at p<0.05.
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6.4 Results

We placed a total of 48 screws in each of groups one and two (Figure 6.8). The average insertion time per pedicle
screw differed significantly between the two groups (Table 6.1). Group 1 averaged 261 seconds per pedicle screw
and group 2 averaged 179 seconds per pedicle screw (p=0.04). However, when image acquisition and set-up time
(i.e., application of bone pin and transmitter) was factored in, insertion time averaged 293 seconds per pedicle screw

for group 2. This difference was no longer statistically significant.

(A) (B)

Figure 6.8 (A) Close-up photograph showing pedicle screw placements in a thoracolumbar specimen. (B) Axial
view of a thoracic segment.
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Table 6.1 Thoracic pedicle screw insertion

Variable Group 1: Fluoro Group 2: IGS P Value
“Safe” screws 1 43 (90%) 44 (92%) NS
“Accurate” screws 2 26 (54%) 28 (58%) NS
Critical perforations 3 5 (10%) 4 (8%) NS
Mean perforation 2.36 mm 1.71 mm (p=0.055)
Insertion time / screw 261 seconds 179 seconds (p=0.007)
Set-up + Capture time / screw n/a 114 seconds

Total Insertion time / screw 261 seconds 293 seconds (NS)
Total fluoro time used 270 seconds 162 seconds (p=0.045)
Mean fluoro time / screw 5.9 seconds 3.6 seconds (p=0.084)

1. Safe screw = perforation less than 5 mm and only lateral or superior cortex, or between rib head and pedicle.
2. Accurate screw = no perforation through any cortex.
3. Critical perforation = medial or inferior pedicle cortex, anterior vertebral cortex

IGS = image-guided surgery

6.4.1 Total Fluoroscopy

Total fluoroscopic time for group 1 was 270 seconds, and for group 2 it was 162 seconds. The average amount of
fluoroscopic time per pedicle screw was 5.9 seconds for group 1, and 3.6 seconds for group 2. This difference was
statistically significant (p=0.04). We anticipated higher fluoroscopic times as we placed a reference transmitter at
each level and acquired new AP and lateral images. Our next studies will demonstrate how we learned from this

study and lowered the overall need for x-ray use.
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6.4.2 Accuracy

The accuracy of groups one and two were 90 and 92%, respectively. This difference was not statistically significant.
This was due in part to the more difficult anatomy. This results in greater focus on multiple fluoroscopic views as
this area of the spine can tend to be smaller and more challenging to the surgeon’s general comfort level compared
with the lumbar spine where the tendency to rely less on intraoperative C-arm fluoroscopy and more on general feel

when EM navigation was used.

In addition, when a misplaced pedicle screw occurred, the degree of misplacement was reduced with the EM
navigation. Critical perforations were seen in 10% in group 1 and 8% in group 2. This difference was not
statistically significant. The average extent of break through or perforation was 2.36 mm for group 1 and 1.71 mm

for group 2 (p=0.055).

6.5 Discussion

6.5.1 Thoracic Considerations

Many spine surgeons are familiar with the application and technique for placement of lumbar pedicle screws. In
quality bone, it is an extremely powerful method of segmental fixation in the spine for many spinal deformities.”*%,
There are an increasing number of reports in the literature regarding the safety and efficacy of this technique applied
in the thoracic spine.?*31%"  Advantages over conventional laminar and pedicle hook fixation include not violating
the canal and having a sounder mechanical construct with superior control of the spine for achieving and
maintaining correction of deformity.®*?*?2” However, highly variable pedicle anatomy coupled with the proximity
of vital neurological, vascular, and pulmonary structures makes the application of this fixation technique in the
thoracic spine less inviting to the casual spine surgeon.*®¢¢?¥ Thus, accurate localization of pedicle anatomy is key
in avoiding complications, and many techniques have been devised to aid in optimizing screw placement. The more
recent of these include aiming devices and computer navigation with image-guidance using either preoperative CT

scans or intraoperative fluoroscopy.'%*216:116:119.203
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6.5.2 Thoracic Imaging Concerns

As in the lumbar spine, the issues are accurate placement in a timely fashion with minimal exposure of the surgeon
and patient to fluoroscopic radiation. Although this technique is technically more demanding, attention to detail,
preoperative imaging, and thorough knowledge of anatomical structures have resulted in safe placement of thoracic
pedicle screws in a high percentage of patients.”®**®” The current concern with thoracic pedicle screws apart from
safe placement, however continues to be the excessive use of fluoroscopy, which is often more than that required for

lumbar pedicle screw placement.

Thus, with the concerns of accurate placement in difficult hidden anatomy and excessive radiation exposure to

patient and OR personnel, computer navigated spinal surgery is gaining popularity.

6.5.3 Optical Navigation Results In The Thoracic Spine

Initial in-vitro studies using optical tracking and preoperative CT scans provided the benchmark for computer
navigated thoracic pedicle screw placement. Assaker et al. showed that the accuracy was equal for computer-
assisted and conventional fluoroscopic technique (97.5 and 95%, respectively).'® Because of time required to
perform surface matching, however, insertion time per pedicle screw was much longer with image guidance (13
minutes vs. 4 minutes). Kothe et al. showed that computer-generated images (virtual images) represented “reality”
(in this case, radiographs) with remarkable accuracy (x 1-2 mm). None of the 54 screws breached the pedicle
cortex.'® Kim et al. further validated this technology with additional cadaver work that produced a 7.5% major
perforation rate (neurovascular structures potentially at risk). They also highlighted the significant learning curve

involved in using computer navigation that other reports have touched on.™*

6.5.4 Clinical Reports Of Optical Navigation

Clinical reports of using optical image guidance for placement of thoracic pedicle screws with preoperative CT scan
data also show encouraging results. Arand et al. reported an 80% accuracy rate (completely within the pedicle) for

image-guided spine surgery (1GSS).*> No malpositioned screws resulted in any neurovascular complications 2.
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Youkolis et al. demonstrated an 8.5% cortical penetration rate in 224 thoracic screws placed with IGSS. Only 2.2%
were felt to be structurally significant, however, and no neurovascular complications were encountered in any of the

misplacements.?*

One clinical report involves using EMF tracking coupled with preoperative CT scan data. Amiot et al. compared a
prospectively followed group of patients treated with IGSS (294 screws) to a historical cohort of patients treated
with conventional fluoroscopic technique (544 screws). They found that accuracy improved from 85% to 95% with
IGSS, and that the extent of perforation was much less with IGSS (no screws > 2 mm out with 1GSS, 15 screws > 2

mm out with fluoro).*

6.5.5 EM Validation

Our investigation validates two technologies in an in-vitro setting of thoracic pedicle screw placement: EMF
tracking with image guidance and intraoperatively obtained fluoroscopic data to create the virtual imagery.
Navigated IGSS placement of thoracic pedicle screws had an accuracy of 58% (completely within pedicle), but 92%
of screws were considered safely positioned (no neurovascular structures at risk). This is in agreement with reports
of other existing image-guidance systems and conventional fluoroscopic technique. We were also able to
demonstrate a significant reduction (40% less with IGSS) in the amount of radiation exposure related to C-arm

fluoroscope utilization time.

As with other navigation tracking technologies, inherent technical problems exist with EMF IGSS. Although
surface matching with preoperative CT data is not required, extra time is incurred with setting up of the system,
placing the transmitter, and acquiring images that are suitable for computer navigation. We later decreased this extra
time through improved technology features and better learning curves. In this initial thoracic investigation, total time
to insert pedicle screws was the same for IGSS and the standard fluoroscopic technique and x-ray exposure time was

less.
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6.5.6 Conclusion

Navigated EMF tracking technology coupled with intraoperative fluoroscopic imaging provides an alternative to
optical tracking for placement of thoracic pedicle screws. We have demonstrated the potential for accurate insertion
of thoracic pedicle screws with a substantial reduction in radiation exposure without increasing operative time. Our
experiments showed that EM navigation for computer-assisted pedicle screw insertion improves accuracy,
diminishes degree of misplacement, and reduces radiation exposure when compared with standard C-arm

fluoroscopic technique.

These benefits of EM navigation from initial studies come at the cost of increased insertion time per screw as a
result of increased set-up and image time, although the insertion time per screw is quicker in our experience. The
total operative time per groups with all factors was similar. In recent software upgrades and the numerous preclinical
experiments to follow in this document and clinical encounters with routine use, the set-up time has been reduced.
Reductions were noted by the combination of improved tools for transmitter registration, software, and workflow
(e.g., clamp vs. bone pins, improved image capture times, factory-calibrated instruments). Additions of implant
screwdrivers and taps are expected to further erode x-dose times and overall operative times as noted in the

following chapters.
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CHAPTER 7. SPINE EXPERIMENT 3: MINIMALLY INVASIVE SPINAL SURGERY
CADAVER INVESTIGATIONS

7.1 General Introduction To MIS Spinal Surgery

Minimally invasive spinal surgery is one of the fastest growing realms of spinal surgery. The goal of minimally
invasive spine surgery is to achieve surgical outcomes that can be comparable with those of conventional open
surgery, while minimizing the risk of iatrogenic injury that may be incurred during the exposure process. These
muscle-sparring techniques often used endoscopy and muscle-splitting retractor systems to obtain access to the
spinal column, while incurring minimal damage to the paraspinal musculature and limiting retraction-related injuries

like muscle denervation.

7.1.1 Modern Imaging Technologies

These new approach techniques were fueled also by the revolution of new technologies in the medical device
industry for implantables made of enhanced and new materials. Lumbar disc disease has been treated using
chemonucleolysis, percutaneous discectomy, laser discectomy (investigated in this Thesis), intradiscal
thermoablation, and minimally invasive microdiscectomy techniques. The initial use of thoracoscopy for thoracic
discs and tumor biopsies has expanded to include deformity correction, sympathectomy, vertebrectomy with

reconstruction and instrumentation, and resection of paraspinal neurogenic tumors.

7.1.2 Applications In Spine

Throughout the past decade, laparoscopic techniques, such as those used for appendectomy or cholecystectomy by
general surgeons, have evolved for use in procedures performed by spinal surgeons for anterior lumbar discectomy
and fusion. Laparoscopic techniques have also been used in other regions of the spine for cervical transoral
procedures, video-assisted thoracic procedures, anterior, posterior lumbar interbody fusions, and newer transverse

and extreme-lateral lumbar interbody fusions (TLIF and XLIF). The earliest mini-access and fiberoptic approach
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techniques were initially researched in Hungary by Jako et al. using a Jakoscope®, a mini-retractor—endoscope with
fiber-optic lighting.® Motion preservation devices and biologics also are paving ways for MIS in spine surgery to
treat among things disc herniations, compression fractures, degenerative disc disease, and other chronic and
debilitating back pain. However, the safe and effective use of MIS surgery techniques with current and new
instruments is beset with several technical challenges, including the limited tactile feedback, 2D video image quality
of 3D complex spinal anatomy, and fine manual dexterity needed to manipulate instruments through small working
channels. Although the aim of these techniques is to preserve the normal anatomical function and structures of the

spine while treating spinal pathology, surgeons face a steep learning curve.

7.1.3 Value Proposition

In order for surgeons to safely perform MIS procedures, they must appreciate correct surgical orientation and
pertinent surgical anatomy. This perhaps represents the steepest learning curve since MIS approaches expose only a
small portion of the spine and require a thorough understanding of 3D anatomy of the spinal column. As use of
these newer techniques spreads into the elective younger patient demographics seeking techniques with good
cosmesis and less soft tissue trauma in older patients, the new instrumentation and procedures will continue to

revolutionize the spinal field.”25962157.158,177180,185,232

As less invassive spinal interventions expand, the reliance on accuracy, imaging, and the effort to minimize ionizing
radiation becomes more critical. Therefore, one of the additional achievements in the last decade for MIS spine has
been the introduction of stereotactic computer-assisted image guidance systems that have been adapted to help
define surgical orientation as well as pertinent surgical anatomy by elaborating on various dimensions of
preoperative and intraoperative surgical planning. From a practical point of view, surgical navigation can facilitate
pedicle screw placement through enhanced localization and implant placement accuracy and minimal intraoperative

x-ray times while assisting in the determination in the extent of surgical dissection.
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Nevertheless, in order for image-guidance technology to be used frequently in MIS surgery, a number of practical
and technical obstacles need to be addressed, including anatomically relevant accuracy, instrument compatibility,

ease of use, reduced or equivalent operative time, and reduction in x-ray exposure.

7.2 Trans-Pedicular Percutaneous Guide-Wire Placement

7.2.1 General Background

Minimally invasive spinal procedures have been developed to reduce morbidity from injury to the back muscles and
soft tissues that can occur with open fusion procedures. This reduction in soft tissue manipulation can reduce
postoperative pain enough to allow some instrumented fusions to be performed as outpatient procedures. By
eliminating the exposure of adjacent spine segments, there may also be a reduction in adjacent-level disease. Other
less complex noninstrumented procedures now considered in the U.S. as an outpatient procedure is kyphoplasty and

vertebroplasty to treat vertebral compression fractures.

7.2.2  Fluoroscopic Concerns

All MIS cases require the use of fluoroscopic images to guide the accurate placement of pedicle screws or needles
for injections or aspirations. The repetitive change in fluoroscope position for AP and lateral images creates the
potential for contamination of the sterile field. Surgeons must wear lead aprons for protection from the ionizing

radiation and this has a negative effect on ergonomics and does not completely eliminate surgeon exposure.

7.2.3 EM Benefit

As described above in section 1.4.3 EM Tracking Benefit, electromagnetic navigation with fluoroscopic images
allows the tracking of instruments for placement of pedicle screws or needle trocars for cement augmentation by
referencing intraoperative images to a transmitter mounted to the patient’s spine. The transmitter creates an EMF

around the region of interest that can be registered by a receiver mounted into a variety of surgical instruments.
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Vertebroplasty and kyphoplasty are examples of minimally invasive vertebral augmentation procedures in which a
filler material is percutaneously injected into a vertebral body for the treatment of vertebral compression fractures
associated with osteoporosis, malignant conditions, hemangiomas, and osteonecrosis,?® 7085104117122 |
vertebroplasty, the filler (PMMA) is injected directly into the bone through a needle trocar that is preferably a 13-11
gauge Jamshidi or Murphy needle and can range between 10-15g. In kyphoplasty these trocars are typically 17- or
18-gauge and used to place a flexible Kirshner guide-wire for a larger cannulated trocar and sleeve to follow over.
Removing the K-wire and cannulated trocar with the tubular sleeve in place, creates a working channel for a balloon
tamp inflation (Figure 7.1)."*1%3127.218 \wjth the kyphoplasty balloon technique the filler is then injected through the
Kyphon tube into a vertebral body bone cavity created by inflation of a balloon tamp usually bi-laterally and
transpedicularly. Each method involves the injection of PMMA cement. The goals of treatment include
circumventing the sensitive neurovascular structures with precision placement of the trocar and guide wire, avoiding
cement leakage, and achieving pain relief, fracture stabilization, potential restoration of vertebral height, and

strengthening of the vertebral body to reduce the risk of a future fracture at the same level, 9% 7082104117122

RVJ Trocar
For K-wire

Insertions \
Jamshidi needle

Kyphon Trocar

Figure 7.1 Photo demonstrating the navigated RVJ trocar transpedicularly into the vertebral body.

724 Aims

In this cadaver investigation we explored the navigated placements of trocars and K-wires for Kyphoplasty and

percutaneous pedicle fusion procedures. At the time, there was no record of percutaneous transpedicular needle

69



insertion in the thoracolumbosacral spine using an electromagnetic navigation tracking system. Determining the
feasibility of using this technique was necessary to determine whether this technology would enhance the standard
intraoperative fluoroscopic information for localization of the pedicle entry point and trajectory. Our aim was to
conduct a preclinical study to assess the accuracy and time efficiency (placement and fluoroscopy) of using an EM
tracking navigational technique versus a conventional fluoroscopically guided technique to place a navigated trocar

and K-wire.

7.3 Materials And Methods

At Harvard Medical School affiliate laboratories and in collaboration with G. Weber of the Pecs Department of
Experimental Surgery, | organized and obtained four fresh-frozen human cadavers and randomly allocated (two in
each group) to be instrumented using fluoroscopy-based EM navigation (EM group) or fluoroscopy alone
(Fluoroscopy Group). The specimens were screened to eliminate significant deformity such as scoliosis,
spondylolisthesis, or ante mortem fracture. Experienced spine surgeons performed all K-wire insertions. K-wires
were applied bilaterally at each level from T10 to S1 in two specimens (one in each group) and T8 to S1 in two

specimens (one in each group) for a total of 80 wire placements (40 levels, 2 bilateral wires per level) (Figure 7.2).

Figure 7.2 Picture demonstrating insertion of the navigated RVJ trocar between the thoracic and lumbar levels.
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7.3.1 Fluoroscopy Group

In the Fluoroscopy Group, the K-wires were inserted via conventional biplanar fluoroscopic technique using a C-
arm image intensifier (GE Healthcare). Multiple anteroposterior and lateral fluoroscopic views were used to
localize the pedicle at each level, followed by insertion of a newly designed 18-gauge, 3-inch (15.2-cm) bone biopsy
needle through the pedicle and into the vertebral body. We used a mallet to penetrate the cortical and cancellous

bone.

7.3.2 EM Group

The EM-based navigation system required additional steps. A small cuboidal transmitter was attached rigidly to a
spinous process via a bone clamp or threaded pin through a separate stab wound. The transmitter produces three
orthogonal EM fields that surround the surgical anatomy). This defines the “surgical volume,” or space within the
EM field where accurate tracking is permitted. The strength of an EM signal diminishes exponentially as the device
moves away from the source. To maintain accurate tracking within a stable EM field, tracked objects must be
within a radius of 18 inches, or 45.7 cm, from the transmitter. As discussed above, the computer alerts the operator

of field distortion during the procedure.

7.3.3 Experimental Workflow

We obtained anterior-posterior (AP) and lateral views of the spinal segment to be navigated with a C-arm image
intensifier outfitted with a calibration grid much the same as that used by optical tracking/fluoroscopic systems. The
image-intensifier calibration grid contains a receiver that interacts with the EM field surrounding the anatomy, thus
permitting the navigational computer to localize the imaged anatomy in 3D space relative to the image intensifier.
To initiate tracking, the instrument with an attached receiver is calibrated to the EM transmitter to accurately
localize the tip of the instrument. Each time a new instrument is chosen, it must be re-calibrated as discussed above.
Tracking of instruments and screw placement is now possible through the interaction of the receiver in the
instrument handle and the three orthogonal EM field set up by the transmitter, with real-time AP and lateral images

being displayed simultaneously. We repeated this step for each transmitter location with storage of image sets for

71



later use. Based on our earlier experiments showing accurate navigation for the immediately adjacent vertebral

levels, the transmitters were placed three vertebral segments apart. The typical montage would be T11, L2, and L5.

7.3.4 Navigation Needle Trocar

RVJ designed and patented an 18-gauge bone biopsy needle six inches in length with a handle designed to hold the
EM receiver to cannulate the pedicles. This is also known as the Nav trocar. In the set-up, only stored AP and
lateral images from initial transmitter placement were used, and updated images were only checked at the end to

determine K-wire depth (Figure 7.3).

Insertion of

/ e

Figure 7.3 Navigated RVJ trocar placed transpedicularly into the vertebral body creating the work channel for the
K-wire placement.

We used CT imaging as the reference standard for wire trajectory and location. All K-wires were trimmed, and the
spines were then harvested as a single en bloc segment and the torsos were checked for vascular perforations. The
specimens underwent multidetector CT imaging (GE Healthcare) of the instrumented volume. Small isotropic
voxels (0.75 mm) were created for multiplanar reconstructions. Multiplanar reformatted (MPR) images were
constructed in the coronal and sagittal projections using the standard reconstruction algorithm. Axial images were
generated using both the standard and high spatial frequency (bone algorithm) in 2.5-mm contiguous sections. An
experienced spine radiologist (JAC), who was masked to the method of placement, interpreted the CT images in a

structured fashion by individual levels.
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7.3.5 Statistical Analysis

For each specimen the percentage insertion and set-up time was ascertained. We defined the percentage insertion by
number of needles inserted divided by the attempted number of pedicles. The set-up time was defined as beginning
when initial localization images were taken and lasting until the first RVJ Nav trocar (bone biopsy needle) was

placed through the skin.

For each level (both sides aggregated) of each specimen, we recorded measurements for total for both placement and
fluoroscopy time. Placement time was defined as the total insertion time required for both K-wires at a particular
level. Fluoroscopy time was defined as the total exposure time (radiation dose) used at a particular level. Placement

time and fluoroscopy time were compared between the two groups using a t-test.

For each side and level of each specimen, the following measurements were tabulated based on the CT imaging:
pedicle cortical penetration, vertebral body cortical penetration, critical cortical breach, facet joint violation, and
comparison to an idealized trajectory. Pedicle cortical penetration was recorded as a dichotomous variable (Yes/No)
and characterized by location (medial, lateral, cephalad, caudal) and distance outside the cortex (amount measured
in mm). Vertebral body cortical breach was recorded as a dichotomous variable (Yes/No) and characterized by
location (anterior, medial, lateral, cephalad [disc], caudal [disc]) and distance outside the cortex (amount measured
in mm). A “critical" cortical breach was defined as encroachment or compression on the neural elements and
recorded as a dichotomous variable (Yes/No). Any perforation that was through the medial or inferior aspect of the
pedicle or the anterior cortex of the vertebral body was termed a critical perforation, implying that neurovascular
structures were potentially at risk. Facet joint violation was defined as transgression of the articulation by the wire
and recorded as a dichotomous variable (Yes/No). Comparison to an idealized trajectory was performed. The “ideal
trajectory” was considered to be a convergence of the wires at the ventral aspect of the vertebral body in addition to
staying within the pedicle. This was graded on a 4-point scale as follows: Ideal (grade 0), minimally displaced by 1-
3 mm (grade 1), moderately displaced by greater than 3 mm but less then 5 mm (grade 2), and markedly displaced
by greater than 5 mm (grade 3). Comparison between these dichotomous variables was performed using a chi

square test.
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Descriptive statistics were calculated for all variables. Comparison between continuous variables (time
measurements) dichotomous variables was performed using a t-test. Comparison between dichotomous variables
(cortical perforations) was performed using a chi square test. Statistical analysis was performed using a computer

software program (StatCrunch 4.0, http://www.statcrunch.com/). The results were considered statistically significant

when P<.05.

7.4 Results

Our EM technique had an average set-up time of 575 seconds. The Fluoroscopy technique had an average set-up
time of 218 seconds. The average placement time per level in the EM group average time was 381 seconds (range
90-780 seconds). The average placement time per level in the Fluoroscopy group was 579 seconds (range 258-960
seconds). This difference was significant (p=0.005, t-test). For Fluoroscopy Time, the average time per level in the
EM group was 11 seconds (range 1-53), while in the Fluoroscopy group, the average time per level was 48 seconds

(range 15-86). This difference was significant (p<0.0001, t-test).

The number of successful K-wire placements, pedicle breaches, vertebral body breaches, and facet joint
transgressions did not differ significantly between groups (Table 7.1). There were no critical cortical breaches in
either of our groups. There was a significant difference between idealized trajectories (p = 0.04, chi-square) but not

for the entire distribution of trajectories (p=0.17, chi square test for trend).

Table 7.1 Comparison of EM group to fluoroscopy group

EM Group | Fluoroscopy
Group

Average Setup Time (min) 9.6 3.6
Average Placement Time Per Level (min) 6.3 9.7
Average Fluoroscopy Time Per Level (min) | 0.18 0.80
Number of Successful K-wire Placements 40/40 40/40
Percentage of Pedicle Breaches (%) 10.0 15.0
Percentage of Vertebral Body Breaches (%) | 0.03 0.0
Percentage of Facet Joint Breaches (%) 15.0 12.5
Ideal Trajectories (%) 62.5 40
Minimally Displaced Trajectories (%) 22.5 27.5
Moderately Displaced Trajectories (%) 10.0 25.0 74
Markedly Displaced Trajectories (%) 5.0 7.5




7.5 Discussion

Minimally invasive surgical procedures have been designed to decrease approach-related soft tissue damage
associated with open surgical techniques. These techniques have been advocated to shorten hospitalization, speed
the return to normal activities, minimize muscle wasting, and reduce the need for opioid medication while
attempting to retain the effectiveness of open approaches. Soft tissue dissection and muscle retraction during surgery

105207 “\which increase the

has been shown to do short-term damage and to affect long-term, degenerative changes
patient’s susceptibility to reinjury.”® Recovery from open spinal surgery may expose the patient to prolonged opioid
analgesia and can pose a significant risk of initiating, or exacerbating, addiction in a patient during the postoperative

phase.’ It has also been shown that the trauma incurred in open spinal surgery often necessitates a long recovery

time, which can be linked to an extended loss of productivity.>

The ability to insert surgical implants percutaneously into the spine was initially demonstrated by Magerl but the
technique involved external connectors and rods that were cumbersome and created a potential for infection. The
key in minimally invasive surgical fusion procedures was the development of novel techniques and instrumentation
that allow for the subfascial insertion, connection, and manipulation of pedicle screws and connecting rods through
small skin portals. The first MIS pedicle screw system was described by Foley*, and now there are several systems

available from various manufacturers.

All minimally invasive procedures are dependent on fluoroscopic guidance to safely target the spine and to verify
the position of instruments and implants. This process requires the manipulation of a portable fluoroscope around
the sterile operative field, which can be a potential source for infection. The use of an intraoperative fluoroscope
also requires the use of protective devices and aprons to minimize exposure to ionizing radiation, which can have a

negative effect on ergonomics in the operating room suite.

Current IGS platforms for spine surgery incorporate either optical or EM technology. Both technologies require the
application of a patient reference to create a coordinate system around the patient’s anatomy and to allow navigation
of instruments based on intraoperative fluoroscopic images. The advantage of the EM system is the elimination of

optical line-of-sight issues and the potential of tracking flexible or deflectable devices.**** By using
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nonferromagnetic instruments (i.e., 300 grade stainless steel or titanium) and carbon fiber OR tables, potential
distortion of the EM field can be eliminated, eliminating the primary limitation of the technology. The ability to
create axial tomographic images intraoperatively with a fluoroscope is advancing steadily and will further enhance

the ability to navigate safely in the spine.

The initial publication on the use of EM tracking for placement of pedicle screws in the thoracic, lumbar, and sacral
spine compared image-guidance using EM tracking coupled with a preoperative CT imaging data and surface
registration to a historical cohort who had pedicle screws placed in standard fashion using anatomic landmarks and
fluoroscopy. The author found that EM IGS had an accuracy (completely within the pedicle) of 95% compared with
85% using standard technique. Seven percent of conventional technique patients required reoperation for misplaced
pedicle screws, whereas none required reoperation in the computer-assisted group. Preoperative CT images,
however, have been shown to have a higher radiation dose as compared with standard fluoroscopy.*®, and there are

potential problems with registration of the images at the time of surgery.

Another investigation using fluoroscopic-based IGS found that fluoroscopy time and insertion time per screw were
not improved using an EM-tracking 1GS system for lumbar instrumentation,*®? but the same investigators noted a
significant reduction in fluoroscopic time and exposure for the thoracic spine.'®* We extended this work into a
percutaneous MIS paradigm, and our results similarly showed a significant reduction in x-ray exposure time with

only a negligible overall time penalty for both the thoracic and lumbar spine.

Some of the technical challenges for IGS include improving intraoperative imaging, fusion of images from multiple
modalities, the visualization of oblique paths, percutaneous spine tracking, mechanical instrument guidance, and
creating software architectures for technology integration.*” Certain anatomic regions remain challenging such as the

cervicothoracic junction because of the overlap of the shoulder girdle and upper thoracic spine.

The surgical navigation system used in our experiments integrates C-arm fluoroscopy with electromagnetic tracking

technology. It features automatic registration of the fluoroscopic image to the patient's anatomy, making system set-

up and use easy and relatively fast. Through the development of Magneticintelligence™ (a proprietary algorithm),
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the system automatically detects and compensates for metal in the field, resulting in improved clinical accuracy and
reliability. The C-arm fluoroscope is removed from the operative field after image acquisition, making the operating
environment less encumbered. The calibration fixture attaches easily to C-arm image intensifier, enabling use with
larger patients without image degradation. The EM transmitter attaches to bony anatomy, typically the spinous
process, allowing surgical freedom in operative area and eliminating line-of-sight issues common with optical
systems.**®1% Because of the elimination of the need for repetitive imaging, the patient, OR staff, and surgeon

receive lower doses of ionizing radiation.

The results of this preliminary investigation must be viewed within the context of the experimental design. The
sample size for specimens and number of needles inserted was adequate. The placement of K-wires rather than the
actual pedicle screws eliminates additional steps that involve larger implants, which create additional opportunities
for implant misplacement. Although in this investigation the operator was an experienced spine surgeon with

considerable experience in percutaneous screw placement and kyphoplasty, operator inexperience could be an issue.

Based on this pilot investigation, | am encouraged to pursue future avenues of research using this EM navigation
system. For surgical applications, we want to confirm these results using a larger sample size and more challenging
spine levels for instrumentation, and to identify the incremental benefit for various levels of operators (trainee,
fellow, etc.). Currently, the system can only be used to track relatively large-bore (gauge) needles. As technical
improvements occur, the ability to track a wider variety of instruments facilitates the application to other types of

percutaneous procedures.

7.5.1 Conclusions

This experimental study demonstrates that an EM navigation system can assist the spine surgeon in percutaneous
transpedicular procedures by providing high-accuracy K-wire placement with a significant reduction of fluoroscopy
time and safe positioning in relation to neuron-vascular tissues. The overall placement time per vertebral level also
improved with the EM technique with a negligible increase in set-up time. The next experiments to test the
feasibility and expand the use into applications that can benefit from high accuracy and reduction in x-ray

fluoroscopy times are the new trends in percutaneous instrumentation for pedicle fusion procedures.
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CHAPTER 8. SPINE EXPERIMENT 5: PERCUTANEOUS PEDICLE SCREWS
INSERTED IN CADAVERS USING TWO METHODS PER LEVEL

8.1 Introduction

Recently published research has focused on methodologies for ensuring precise and efficient percutaneous pedicle
screw fixation. Wiesner et al. demonstrated a pedicle screw misplacement rate of 6.6% among 408 percutaneously

221 Of the 27 misplaced screws, only one screw-related nerve root injury was reported.®*

placed screws in 54 patients.
In a study comparing conventional pedicle screw fixation using anatomic landmarks with computer-assisted screw
fixation using an optoelectronic navigation system, Laine et al. found a significant difference in pedicle perforation
rate (13.4% conventional vs. 4.6% computer-assisted, p = 0.006).%* Several other groups have used optical tracking
systems that use dynamic reference frames to provide real-time 3D guidance in pedicle screw placement.?’*® As
described previously, we found similar rates of screw misplacement in the thoracic spine in cadavers between EM
IGS and conventional anatomical/fluoroscopic guidance.'®® EMF tracking, as an alternative to optical tracking,
significantly reduced mean screw insertion time (179 vs. 261 sec, p = 0.007) and mean total fluoroscopy time (162
vs. 261 sec, p = 0.045).1% As such, EMF tracking technology, which, unlike optical imaging, does not depend upon

35,61,139

continuous line-of-sight registration, and represents an important development in the advance of image-

guided complex spine surgery.

8.2 Aim

While our previous navigation experimental studies demonstrated the utility of EM-navigational guidance in the
open thoracic and lumbar spine and percutaneous needle-trocar placement, its use in the minimally invasive
transpedicular placement of lumbar pedicle screws has yet to be tested. Therefore, the aim of my cadaveric study
was to evaluate further the surgical precision and efficiency of an electromagnetic field (EMF) navigation system in
percutaneous lumbar pedicle screw insertion compared with conventional fluoroscopic image-guidance using a
customized set of MIS instruments. The intent was to prove the feasibility of using longer MIS instruments within
the tracking range limitations of the EM navigation field and to show that the material change and workflow steps

would continue to perform with the required accuracy in pedicle screw implantation with a reduction in x-ray dose.



8.3 Materials And Methods

I included five human cadaveric specimens in this study. The specimens were prescreened to eliminate significant
deformity such as fracture, scoliosis, or spondylolisthesis. The specimens were each placed on a Jackson carbon
fiber table ideal for spine surgery due to its hollow tabletop design and radioluceny in the prone position for
posterior access. Each cadaver was subject to screw placements from L1 to S1 (inclusive); K-wires were applied
bilaterally at each level. For comparative analysis, screws were placed on one side of each cadaver using

conventional fluoroscopic technique alone and on the opposite side using the EM-based navigational system (Figure

8.1).
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Figure 8.1 Drawing showing the alternate side method of placement at each segmental level.
8.3.1 Set-Up

For the conventional fluoroscopy group, K-wires were inserted via a Jamshidi needle using multiple AP and lateral
views to localize the pedicle at each level. For the EM group (EM), a custom designed minimally invasive
instrumentation kit was created by RVJ and used for these experiments (Figure 8.2). In this EM group, K-wires
were inserted using the EM Navigation system. An EM transmitter was attached rigidly to a spinous process to
produce three orthogonal EM fields encompassing the anatomical field. AP and lateral views of each target spinal
segment were obtained using the image intensifier outfitted with a receiver-outfitted calibration grid that interacts

with the EM surgical field. Surgical instruments that require tracking were each fitted with an EM receiver and
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calibrated to the EM transmitter. With calibration, instruments could be tracked in real time simultaneously on AP

lateral and oblique image displays (Figure 8.3).

Figure 8.2 Custom MIS Navigation Spine Kit designed and built by RVJ.

Figure 8.3 Correlating the Depuy J&J cannulated MIS Viper pedicle screws with the navigation tracker.
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Using this tracking method on the EM-side and ‘free-hand’ fluoroscopic placement on the control side, a navigated
NAV Access Needle™ (Jamshidi style) designed by RVJ was placed, and a custom cannulated NAV Spine T-handle
built by RVJ with custom-attached Taps (J&J - Depuy Spine) were used (Figure 8.4) Finally, Depuy Spine
Expedium style (Viper) cannulated lumbar pedicle screws were placed using custom screwdrivers together with a

intervertebral body implant driver navigated by electromagnetic tracking technology (Figure 8.5).

Figure 8.4 (Left) Virtual trajectory of the Nav trocar superimposed over the X-ray image. (Right) Cannulated MIS
instruments co-designed by RVJ and J&J - Depuy Spine.
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Figure 8.5 Navigation screen shot demonstrating the percutaneous placement of a navigated intervertebral body
PEEK® spacer cage with a posterior tension band pedicle screw and rods.
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8.3.2 Experimental Analysis

We conducted an intracadaveric analysis to compare EM-navigational guidance to conventional fluoroscopy with a
radiologist blinded to the protocol. Intraoperative variables for analysis included total fluoroscopic time and mean
fluoroscopic side per screw by dividing the number of screws placed and taking approximately 3 AP shots and 3
lateral shots per specimen in order to place the 12 screws. Each specimen underwent a postoperative CT with
reconstructions by an independent, blinded radiologist to rate screw placement for pedicle breach, defined at
penetration through the cortical edge of the pedicle breach, vertebral body breach, and critical breach. The ideal
trajectory was defined as screw placement precision toward medial ventral aspect of the vertebral body such that
bilateral screws would converge while remaining entirely within the pedicles. The trajectory was rated accordingly:
0 (ideal), 1 (1-3mm off ideal), 2 (>3 but <5 mm off ideal), 3 (=5mm off ideal). In comparing trajectories, overall
number of pedicle breaches, vertebrae breaches, and critical breaches were evaluated for EM-guidance compared
with conventional fluoroscopy. Additionally, lumbar spine segment (L1-L5) breaches were evaluated in a separate

comparison to specifically study the breach rates for lumbar pedicle screw placement.

Statistical analysis was conducted using Wilcoxon Matched-Pairs Signed-Ranks Tests for total fluoroscopy time,
mean fluoroscopy time/screw, and trajectory. Fisher Exact tests were used to compare rates of pedicle breach,

vertebrae breach, and critical breach. P-value < 0.05 was considered significant.

8.4 Results

Overall, the average total fluoroscopy times/specimen were 383.3 + 255.6 sec for CF and 160.5 * 79.6 sec for EM,
which was an insignificant difference. The overall mean fluoroscopy time per screw was 58.9 + 44.7 sec for CF and
27.4 = 13.5 sec for EM (p = 0.0003). Data for total fluoroscopy time was excluded for one specimen (Spine 5); L1
was not instrumented in Spine 5 due to a previous kyphoplasty, and S1 was not instrumented due to an abnormal
anatomic relationship with the pelvis that confounded screw placement. As such, a total fluoroscopy time for that

specimen would be confounded by the exclusion of two levels.
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Trajectory and breach were analyzed on postoperative CT. The difference in the mean trajectory rating was 1.1 +
1.1 for CF and 1.4 + 0.2 for EM, which was not significant. The number and distribution of breaches are
demonstrated in (Figure 8.6). The overall breach rate is shown in (Table 8.1). Overall, the EM screws demonstrated
3 more pedicle breaches, but 3 fewer critical breaches than the CF screws (not significant). (Figure 8.7) summarizes
the results for lumbar pedicle screw placements (L1-L5). When lumbar screws were evaluated alone, EM-guided

screws demonstrated one more vertebrae breach, but 6 fewer critical breaches (p = 0.02).
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Figure 8.6 Distribution of all breaches.

Table 8.1 Rates of breach by type for Conventional Fluoroscopy (CF) versus Electromagnetic Guidance (EM)

Overall Breach Rate (%) Lumbar Breach Rate (%)
Breach Type CF EM CF EM
Pedicle 321 42.8 33.3 33.3
Vertebrae 10.7 10.7 8.3 12.5
Critical 25 14.2 25 0
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Figure 8.7 Distribution of breaches in the lumbar spine.

8.5 Discussion

While limited to five cadavers, our investigational study demonstrated significant reduction in fluoroscopy time
spent per level from L1 to S1 and a reduction in critical breaches in the lumbar spine (L1-L5). These results
demonstrate that EM guidance may provide some benefit in the placement of percutaneous pedicle screws in the
lumbar spine. Although an ideal analysis would compare patients in a randomized fashion, our cadaveric study
provides a strong foundation for such future studies. In large spinal fusions, reduction of operative time remains an
important goal; reduction in operative time may reduce blood loss, anesthesia time, and complication rate. As such,
tools that demonstrably reduce operative time are essential in spinal surgery. While the absolute reduction per screw
may be relatively small, multiple time differentials result in a significantly dissimilar overall operative time in large
spine fusion cases. These results in the lumbar spine mirror comparable results from other studies in the thoracic
spine.*®® As such, EM navigational guidance tools for pedicle screw placement show a distinct advantage in the
thoracolumbar spine. Another advantage is that the initial radiographs for EM navigation can be taken with the OR
personnel protecting themselves by either stepping behind a lead screen or leaving the room, thus limiting personnel

exposure. During CF placement of pedicle screws, this is not possible.
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8.5.1 Reports Of Earlier Experiments

There has been extensive recent interest in stereotactic computer-assisted navigation for spine surgery, especially as
minimally invasive fusion techniques require real-time imaging feedback. While minimally-invasive procedures
such as percutaneous pedicle screw fixation have been shown to be safe and reliable, they demand an effective
imaging tool to accurately predict target trajectory for screw placement.??? Early versions of optical tracking real-
time spine imaging demonstrated a thoracic pedicle cortex breach rate of 19.2%, compared with the thoracic pedicle
breach rate of 8% published in cadaveric studies of EMF tracking in the thoracic spine."***** Similarly, published
experience with real-time tracking for percutaneous pedicle screw placement in the lumbar spine has been
encouraging. In a study of patients with previous fusion undergoing new instrumentation, Lim et al. found only
4.1% of 122 pedicle screws placed in the lumbar spine using frameless stereotaxy for guidance to have unintended

cortical violations on follow-up after.>*

While our pedicle breach rates for conventional fluoroscopy and EM
navigational guidance were at equipoise, there were significantly fewer critical breaches among EM navigational
guided screws. As such, EM-guidance may be an important tool to make percutaneous screw placement in the

lumbar spine not only more efficient but also more precise.

While our investigational study demonstrates important findings regarding the use of EM-navigational guidance in
lumbar fusion techniques, it represents a limited examination in a small-scale cadaveric model. Thus, our

investigational study provides a foundation upon which to base a clinical examination of this subject.

8.5.2 Conclusions

Minimally invasive spine fusion in the lumbosacral region requires an accurate real-time imaging modality for screw
trajectory guidance. EM navigational systems provide safe and effective tools for intraoperative guidance. Our
cadaveric study suggests the EM navigational guidance may be more efficient and safer than the conventional
fluoroscopic technique. Further preclinical and clinical studies are needed to further elucidate these differences, and

this investigational study provides a foundation and justification for such research.
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CHAPTER 9. SPINE EXPERIMENT 6: PERCUTANEOUS SCREWS INSERTED IN
CADAVERS USING TWO METHODS BY RANDOM LEVELS

9.1 Introduction

9.1.1 Standard Approaches

Pedicle screw fixation is the most effective and widely used form of internal fixation and provides superior
biomechanical strength when compared with wiring or hook-based constructs for creation of a stable environment
for bony fusion.>*¢°121186.234 gtandard methods of pedicle screw instrumentation require significant exposure of the
posterior bony elements of the spine to provide landmarks from which to guide the placement of instrumentation.
Such exposure is associated with significant amounts of blood loss,” as well as paraspinal muscular injury, which
has been associated with postoperative back pain.'®>'% Even with wide exposure, however, accurate placement of
pedicle screws remains difficult and is largely a blind procedure after penetration of the bony cortex is
accomplished. Acceptable trajectory after this point depends on tactile feedback, knowledge of anatomic relations,
and 2D fluoroscopic imaging, which can be time consuming and is associated with significant radiation exposure.*®
Open pedicle screw placement is associated with a cortical breach rate in excess of 30%."*8!%* The accuracy of
placement of pedicle screws has been shown to be improved with the use of frameless stereotaxic image guidance in
most™®" 118125 byt not all studies.®* Overall adoption of image-guided surgical techniques has been limited to date

amid concerns of increased operative time and complexity of the technology.®

9.1.2 MIS Observations

Recently, there has been developing interest in minimally invasive techniques of spinal stabilization. These
techniques offer a less traumatic approach resulting in less damage to the surrounding musculature, decreased blood
loss, and decreased recovery time.”*?"***> These characteristics may eventually translate into improved long-term
results, with decreased muscle denervation, atrophy, and pain.'"* Accurate minimally invasive pedicle screw
placement is complicated, however, by the obscuration of normal anatomical landmarks. Errors in placement are
therefore a primary concern, with one study reporting almost 10% of patients needing revision surgery.™

Additionally, the technique depends heavily on fluoroscopic guidance, which can result in significant levels of
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radiation exposure to both the surgeon and assistant."® An efficient image-guided navigation system that allows

accurate pedicle screw placement and a reduction in the amount of fluoroscopic time would therefore to be of value.

Various methodologies have been devised to increase the accuracy of screw placement, including the use of

articulated manipulators,®Doppler ultrasound, *"*** isocentric fluoroscopic 3-dimensional imaging techniques,®*

131,209 41,60,160,168 This

robotics, and computer-aided fluoroscopic techniques. latter technique has been the subject of
most investigation and has been shown in various reports to aid in the accurate placement of pedicle

screws. *+60160.188 \w/jdespread adoption with earlier systems using optical technology has been low due to increased
time for set-up, extension of operative time.” A particular advantage of an EMF navigation system over more
widely available optical-based systems is the elimination of cumbersome optical array receivers. Furthermore, line-
of-sight issues can interfere with the normal flow of the operative procedure.®*®** The trade-off for this flexibility

is the limited size of the EMF field (18-inch diameter or 46 cm) (Fig. 1.13 p.18) relative to larger patients and the

need to eliminate ferromagnetic devices and instruments that can create distortion within the EMF field.

9.1.3 Aims

In our eighth experiment, we repeated the previous percutaneous cadaver experiments but randomly assigned the
levels rather than alternating the technique from side to side. A comparison by level in which one technique is
performed bilaterally was thought to reduce the potential bias for a reduction in time and improved accuracy based
on knowledge gained from placement of the first screw when placing the contralateral screw. Comparison by level is
also more consistent with the manner in which surgery is performed with sequential placement of screws bilaterally
before moving to the next level. In addition, we tested different customized MIS instruments of which some were
designed and built by me to demonstrate that these different brand instruments can be used with this type of EM
navigation technology. We also measured ionizing radiation to the hands using special thermoluminescent

dosimeter badges and rings (Figure 9.1).
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Figure 9.1 Thermoluminescent -TLD collar Badges at the thyroid and TLD finger rings one each for fluoroscopy
and for navigation comparisons.

9.2 Materials And Methods

9.2.1 Preparation

For this experiment | organized eight fresh-frozen human cadavers with intact spines from at least T8 to the sacrum
with colleagues from the Texas Back Institute and the University of Los Angeles. The spines were prescreened for
osseous vertebral pathological conditions, including evidence of tumor infiltration, traumatic disruption, or past
surgical intervention. All thoracic, abdominal, and pelvic structures were left intact to mimic fluoroscopic imaging
clarity typical for the operating room. The cadavers were placed in the prone position on a radiolucent table and

localizing images were obtained.

A C-arm fluoroscope with an integrated navigation system (navigation unit built into the C-arm as one platform)
was used for fluoroscopic imaging.. Our latest navigation software allows for the simultaneous tracking of two
surgical instruments. Two operative stations were used to compare two different minimally invasive pedicle screw
systems that had been modified for use in an EMF environment: the Paramount system (Innovative Spinal
Technologies, Mansfield, MA) and the Pathfinder system (Abbott Spine now Zimmer Spine, Austin, TX). Titanium
screw extenders for each system built to avoid interference within the EMF field that would be expected from the
normal 400 series ferromagnetic stainless steel extender instruments. A special bone biopsy needle known as the
Nav Access Needle or Nav trocar designed by RVJ, which provides stable attachment of an EMF receiver-sensor,

was used for Kirschner wire (K-wire) placement. A minimally invasive bone pin or spinous process clamp was used
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for stable fixation of the EMF dynamic reference transmitter to the spinous process. Accuracy for adjacent level
vertebrae had been determined in our previous studies for k-wire placement and initial MIS screws and, as a result,
the typical montage for transmitter placement was on the spinous processes of T11, L2, and L5. For two cadavers,

T8 was also used for placement of the EMF transmitter.

9.2.2 Operative Procedure

Our four attending spinal surgeons with experience in minimally invasive spine surgery worked in pairs on each
cadaver. Each cadaver was randomly assigned to implantation with either the Pathfinder custom MIS-Nav implant
system or the custom Paramount pedicle screw system. Comparison of EMF navigation (Nav) with standard
fluoroscopic imaging (Fluoro) was performed based on screw placement per level. A comparison by level, in which
one technique is performed bilaterally, was thought to reduce a potential bias for a reduction in time and improved
accuracy based on knowledge gained from placement of the first screw when placing the contralateral screw. A
comparison by level is also more consistent with the manner in which surgery is performed with sequential
placement of screws bilaterally before moving to the next level. The entire procedural steps are shown in (Figure

9.2).
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Figure 9.2 Workflow chart demonstrating intervals between navigation and conventional pedicle fusion steps.

The S1 level was allocated to either the Nav or Fluoro group on an alternate basis to ensure the numbers for this
level were even between groups. All other levels were randomly allocated starting at L5 and moving upward based
on a coin flip. The EMF transmitter was placed on the spinous processes of the levels noted above, and images
centered on the vertebral body being instrumented were saved in both the anteroposterior (AP) and lateral views. K-
wires were then placed percutaneously by using the 18-gauge (15-cm) Nav Access Needle mounted with the EMF
receiver for the Nav vertebral levels and a standard conventional 18-gauge 6-inch (15-cm) Jamshidi needle for the
Fluoro vertebral levels with live AP and lateral fluoroscopic images. With either pedicle screw system, a series of
custom titanium dilators (Figure 9.3) were then used to place a plastic tubular retractor through which the custom
MIS awl, tap, and finally the virtual navigation screw and extenders were placed as shown on the navigation control

screen shots from each system brand of Zimmer (Austin, Texas-USA) or Innovative Spinal Technology (Mansfield,
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MA-USA) (Figure 9.4). In the Nav group, these were all placed using the specially designed EMF T-handle to
accept the K-wires through a hollow core, which attaches to the individual instruments and allows real-time biplanar
visualization of the trajectory and progress of the awl, tap, and screw. We used the standard fluoroscopic technique
in the Fluoro group. Once inserted, our screw extenders were removed without rod placement and the screws were

left in place for subsequent CT scan evaluation.

Courtesy of Abbott Spine, San Antonio, TX

Figure 9.3 Low-ferrous titanium dilator sleeves are used with the navigation system through which the percutaneous
rod insertion technique is accomplished.

Figure 9.4 Fluoroscopic navigation screen shot demonstrating the navigated instruments in AP and Lateral views of
the lumbar spine. The left images demonstrate navigated percutaneous instrument cannulation of pedicles. The x-ray
images at the right demonstrate the navigated pedicle screw insertion and correlation with x-ray to access immediate
accuracy and the EM field induced detector (FID) activated.
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9.2.3 Outcome Measures

Intraoperative measured variables included set-up time, insertion time, fluoroscopy time, and radiation exposure as
detected by hand and ring thermoluminescent dosimeter badges. Insertion time measurements included set-up and
initial image capture time for both Nav and fluoro groups. Post-procedural CT scans were performed on each
specimen and each screw was assessed for pedicle breach, vertebral breach, critical breach, and ideal trajectory. The
ideal trajectory is considered to be a convergence of the pedicle screws at the ventral aspect of the vertebral body

that stays within the pedicle. We used this 4-point scale below for grading:

Grade 0 (Ideal) — accurate screw with no perforation through any cortex
Grade 1 (Minimally displaced) — safe screw with perforation of <3 mm
Grade 2 (Moderately displaced) — displaced by >3 mm but <5 mm

Grade 3 (Critical perforation) — displaced by >5mm

The accuracy of each technique over each spinal zone (thoracic, lumbar, and sacral) was statistically analyzed using

a chi-square test with p= 0.05 considered significant.

9.3 Results

In total, we placed 122 pedicle screws, 62 under fluoroscopic guidance and 60 under EMF guidance. Seventy-eight

of these were lumbar pedicle screws, 28 were thoracic, and 16 were sacral.

Accuracy of placement over all segments, as assessed by pedicle and vertebral body breaches, was better in the EMF
group than in the fluoro group, but this difference was not statistically significant: Pedicle breaches were seen in
17% of EMF-placed screws and 29% of fluoroscopically placed screws (p=0.12) while vertebral body breaches were
seen in 1.7% of the EMF-placed screws and 4.8% of the fluoroscopically placed screws (p=0.33). Accuracy of
placement of lumbar pedicle screws was significantly improved with the use of EMF (16.2% pedicle breach vs.
42.5% with fluoroscopic; p=0.01), but there was no significant decrease in cortical breaches with the use of EMF in

the thoracic or sacral regions.
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Ideal trajectories were achieved more often with EMF guidance over all spinal segments (62.7% vs. 40%; p=0.01).
This effect was most pronounced in the lumbar segments, where 64.9% of screws placed with EMF guidance
achieved ideal trajectory versus 40% placed with fluoroscopy (p=0.03). There was no significant difference between

the two techniques over other segments.

Our insertions times, including set-up time, between the two techniques did not significantly differ overall for the
two groups (923 seconds with EMF vs. 952 seconds with NAV; p=0.6911), and this was also true for any spinal
segment that we analyzed separately. Radiation time, however, was significantly reduced over all segments (5
seconds with EMF vs. 22 seconds with Fluoro; p<0.0001). Highly significant reductions in radiation time were seen

over all spinal segments upon individual analysis.

Total body and hand radiation doses experienced by the operating surgeons were decreased with the use of EMF,
although these results were just less than significant (13.8 vs. 20.2 mrem, p=0.073 and 15.0 vs. 37.5 mrem, p=0.058,
for body and hand, respectively). Of note, all surgeons tended to take a step away from the fluoroscope during image

acquisition for both the Nav and Fluoro groups, and this is a reflection of their experience using fluoroscopy.

9.4 Discussion

Minimally invasive approaches to the spine place heavy demands on x-ray image guidance. Traditional fluoroscopic
guidance is suboptimal for many of these approaches as it requires frequent rotation of the fluoroscope for biplanar
views and exposes the surgeon, patient, and staff to potentially harmful amounts of radiation. Stereotactic computer-
guided navigation technology promises to lessen the radiation burden and provide real-time biplanar views but has
not yet been widely adopted, primarily because of concerns regarding ease of use and additional operating time and
cost. The results of this study demonstrate that surgical EMF navigation significantly increases the overall accuracy
of pedicle screw placement compared with fluoroscopic navigation over the treated levels (T8-S1). Subgroup
analysis revealed a highly significant increase in accuracy in the lumbar spine. This is particularly notable since it is

sometimes thought that guidance is unnecessary in this region given the larger pedicle size, increased margin for
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error, and more consistent anatomy.*®*’ Significant gains in accuracy with guidance in the lumbar spine have been
demonstrated in a recent, large meta-analysis.**® Navigational guidance should, therefore, be considered a valuable

tool, even in the lumbar region, and this effect should be magnified when dealing with revision surgery or deformity.

9.4.1 Cortical Breach Measurement Methods

Accuracy of pedicle screw placement in this experimental study was measured by assessment of cortical breach in
both the pedicle and vertebral body as well as by subjective assessment of ideal trajectory. Cortical breach has been
the most commonly used measure in determining pedicle screw accuracy,™® but there is significant variability in the
definition of these findings in the literature, making comparisons between series difficult. Kosmopoulous and
Schizas™*® reported on the use of 35 different methods of assessment in their meta-analysis and noted that
approximately 50% of studies making claims about the accuracy of placement did not clearly define how accuracy
was assessed. Even when cortical breach is used as a parameter, considerable variation exists between studies. Some
authors have reported only a cortical breach of >2 mm and others reported only on the direction of breach.***"* The
assessment of cortical breach is straightforward on post-procedural CT scans and should represent a minimum-
reporting requirement to serve as a basis for comparison between studies. The amount and direction of breach are

secondary measures that may have significance in relation to the potential of neural injury.'®’

9.4.2 Workflow Times

Time for insertion with the EMF technique did not vary from that of the standard fluoroscopically guided technique
in the current study. This result is underscored by the fact that the version of the navigation system in this study was
new to all participating surgeons. Thus, all were at the start of the learning curve and even faster operating times
could be expected with further familiarity with the navigation system. Although increased speed has not been
shown in other studies, this can be a reasonably expected byproduct of navigation because manipulation of a
fluoroscope during surgery can be time consuming, especially in minimally invasive surgeries that require AP and

lateral imaging for each level. Elimination of the required movement of the fluoroscope around the operative field
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should also reduce the potential for contamination of the operative field and concern for infection. Additionally,

simultaneous viewing of both AP and lateral projections can help facilitate the placement of percutaneous screws.

9.4.3 Additional Outcome Measures

An additional outcome measure in this experimental study was total fluoroscopic time and total radiation exposure.
Although the reduction in fluoroscopic time with EMF was highly significant, the reduction in radiation exposure
did not quite achieve statistical significance. This is likely due to each operator’s habit to back away from the
fluoroscope with each exposure, which may provide some protection to the surgeon. Total fluoroscopic time and
radiation exposure are directly related and any reduction in exposure time should be significant for the patient and
the operating room staff. These exposure times were not evaluated in the study. This finding holds special
implications for the spine surgeon, as radiation exposure in spinal surgery has been demonstrated to be 10-12 times
that of other musculoskeletal surgeries and has the potential to exceed recommended yearly allowances.'® Factors
unique to spine surgery that may contribute to increased exposure include the increased penetrating beam energy
requirements to image the spine adequately,™*® increased proximity of the surgeon’s hands to the field (which may
be exacerbated by the need to maintain alignment of instrumentation), increased Compton scatter at the beam entry
site, and the frequent necessity of having either the surgeon or assistant standing next to the beam generator.'®®
Furthermore, poor technique in which the hands are directly irradiated can dramatically increase exposure to as high
as 4000 mrem/min (recommended yearly hand allowance is 50,000 mrem).** While the consequences of chronic
radiation exposure are, as yet, unknown, the increasing exposure beyond recommended limits is certainly a cause for

concern.

9.4.4 Conclusions

The use of Stereotactic computer-assisted EMF navigation for the insertion of pedicle screw instrumentation was
found to increase overall accuracy without any demonstrable change in surgical time. A significant reduction in
fluoroscopic time was also noted in the EMF navigation group and we believe this should be an important factor in

considering the adoption of this technology for spinal instrumentation cases.
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CHAPTER 10. SPINE EXPERIMENT 7: NAVIGATED 3D FLUORO VERSUS 2D
NAVIGATED FLUORO VERSUS NON-NAVIGATED FLUORO

10.1 Introduction

Minimally invasive techniques for pedicle screw insertion have recently been advanced with the potential advantage
of minimizing morbidity of paraspinal muscle denervation and devascularization as seen with open techniques.
Conventional fluoroscopy is a familiar technology to surgeons but has limitations of radiation exposure to patient
and staff and need to reposition the fluoroscope repeatedly to obtain adequate image guidance. Optical-based virtual
fluoroscopy provides virtual images of the spine based on “captured” fluoroscopic images. Potential disadvantages
of this technology are increased registration time associated with line-of-sight technology and the absence of CT
images, which provide coronal and axial images of the spine.****3% We experimented with a new technology we
created that generates a virtual CT scan from images captured on a fluoroscope axially rotated around the patient at

the time of surgery.

10.2 Aims

We set out to perform an in vitro assessment of our EM-based computerized fluoroscopy system, which creates a
virtual CT scan image for a minimally invasive surgical technique used for pedicle fixation using special software
we developed. We compared the speed, accuracy, and radiation exposure to conventional fluoroscopy and assessed
the image quality of the reconstructed CT-like orthogonal images. We wanted also to see how triplanar axial spinal

views can improve the placement of pedicle screws over our previous biplane experiments in the spine.

10.3 Materials And Methods

At the Cedars Sinai University Hospital in Los Angeles, forty-eight pedicles (T11-S1) in three intact unenbalmed
human cadavers were randomly assigned to undergo paired percutaneous pedicle instrumentation using a lighted

dilating bivalved endoscopic assembly (based of the Jakoscope concepts first applied in spine by Howard-Jako in
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1992) via conventional fluoroscopy, virtual fluoroscopy, or our 3D C-arm fluoroscopy method (Figure 10.1). After
attaching our EM transmitter to the spinous process, fluoroscopic images were obtained, calibrated, and saved.
Paired insertions of two adjacent pedicle screws for a single-level fusion were compared side to side from T11 to S1
using the three imaging techniques. Side-to-side comparisons were made between standard fluoroscopic technique
on one side and either virtual fluoroscopy or the 3D fluoroscopy technique on the other side (Figure 10.2). Operative
time from skin incision to completion of pedicle screw insertion was measured as well as fluoroscopic time. The 3D
fluoroscopy images were also obtained after pedicle insertion and compared with virtual CT images. The specimens

were subsequently checked for accuracy by comparing dissecting specimens under 2X magnification to evaluate for

pedicle wall perforation.

Figure 10.1 Demonstration of the C-arm set-up for 190-degree rotation from lateral to contralateral position using a
cantilevered table.
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Figure 10.2 A navigation screenshot of the 3D C-arm demonstrating axial, sagittal and the anteroposterior views of
the virtual pedicle screw placement correlated with the endoscopic view.

10.4 Results

The operative time using standard fluoroscopy was 40 minutes (30-65 minutes); virtual fluoroscopy was 35 minutes
(15-66 minutes), and 3D fluoroscopy was 38 minutes (29-50 minutes). Radiation time was 90 seconds (36 seconds—
3 minutes) for standard fluoroscopy, 11 seconds (2—30 seconds) for virtual fluoroscopy, and 30 seconds for the 3D
fluoroscopy group (Table 10.1). The 3D fluoroscopy group takes 30 seconds to sweep through a 180-degree arc and
takes approximately 90-120 seconds to render reconstructed axial, sagittal, and coronal images, down from the
original 3—4 minutes with our version 1.0 algorithm. The poor images due to image scatter from vibration or
artifacts are automatically ejected by the computer’s 3D image quality software. This time was not counted toward
the operating time, as this would occur while the patient was being anatomically prepared for surgery. The 3D
fluoroscopy had to be recalibrated once during our experiments as a result of a loosening transmitter pin from the
osteoporotic spinous process. We had the option to use transmitter clamp for the spinous process, but wanted to keep
the incision length to a minimum. The mean trajectory angle difference between virtual and fluoroscopic displayed
probes was 3.1 degrees + 0.9 degrees. The mean probe tip error was 0.99 + 0.55. There were no pedicle wall
perforations using standard fluoroscopy, the 2D fluoroscopic navigation, or the 3D fluoroscopic navigation (Figure

10.3).
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Table 10.1 Operative time for standard fluoroscopy and virtual fluoroscopy.

Image Mode

Time (min)

Fluoro Time

Straight Fluoro

40 min
range (30-65)

1:30
range (:36-3:00)

Virtual Fluoro 35 min 11 secs
range 15-66 rnage (2-30 secs)
38 min 30 secs

FluoroCT

range (29-50)

range (2-3 min rendering)

Accuracy was verified in all groups. Radiation time was significantly longer in fluoroscopy group. FluoroCT
appears to add accuracy regarding the medial wall.

Figure 10.3 Accuracy verification of the virtual instrument lines correlated with the implanted pedicle screws (left).

RVJ harvested the lumbar spine with the implanted pedicle screws (right).




10.5 Discussion

This experiment evaluated electromagnetic 2D virtual fluoroscopic navigation and 3D fluoroscopic navigation scans
for pedicle screw insertion. This technique differed from optical based virtual fluoroscopy published by Foley et

al.%

10.5.1 Conclusion

We observed excellent correlation between 2D virtual fluoroscopic navigation, 3D fluoroscopic navigation, and
conventional fluoroscopy. The EM-based navigational technique associated with percutaneous pedicle
instrumentation of the thoracolumbar spine appears to be associated with a significantly decreased amount of

radiation exposure compared with conventional fluoroscopy.
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CHAPTER 11. SPINE EXPERIMENT 8: STEREOTACTIC CT SURGICAL
NAVIGATION EXPERIMENTS FOR LASER DISCECTOMY

11.1 Introduction

Surgical application of lasers was first developed in the larynx. Jako first applied a pulsed neodymium (Nd):glass
laser (1064 nm) in 1965 and then used the carbon dioxide continuous wave (CW) laser (10.6 nm) in 1966 (Figure
11.1) on cancerous human laryngeal specimens before developing the field of laser microsurgery for clinical
applications in patients.?®%4202404180 |5 the 1970s, the continuous-wave Nd:YAG (neodymium-doped yttrium
aluminium garnet) laser (1064 nm), which allowed the use of quartz fiber waveguides for delivery, became
available. In 1986, Choy proposed applying the Nd:YAG laser for coagulating intervertebral disc hernias.***. Choy

and Ascher began the clinical application of the new concept of minimally invasive laser treatment of disc

14,15

pathology.

Figure 11.1 First laser surgery exhibit and microscopic operation of the soft tissues by G. Jako in the 1960s.

During the past two decades, numerous minimally invasive surgical techniques combined with different
wavelengths of lasers have been used worldwide for total or partial removal of disc disease. Experimentally and
clinically, the Excimer, KTP 532, Nd YAG,**** Holmium YAG, Erbium YAG, and C0, **
94,38,49,81,126,148,169.193.225.228.229 | asarg have been used in laser surgery, but these lasers are rather cumbersome and
expensive. Therefore, in recent years, innovations and technical developments of high-output infrared diode lasers at
different wavelengths have come to the forefront of lasers in medicine. These infrared wavelengths can also be

delivered through quartz fiber waveguides.
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In this preclinical study, we used the high-output Biolitec (Jena-Germany) clinical diode laser apparatus at 980-nm
wavelength. Laser evaporation is used for decompression of the disc pressure by coagulation and evaporation of disc
nucleus material. To deliver the laser radiation, a laser fiber is inserted through a thin trocar into the disc with the
assistance of x-ray imaging. Pre- and intraoperative localization with a C-arm image intensifier is routine and
popular, but the exposure of both patients and staff to radiation each time a new x-ray view is required is a
disadvantage and the use of the C-arm may be a time-consuming and potential aseptic concern when moving
between new angles for x-ray viewing. Because of these and other limitations associated with x-ray imaging, the use
of stereotactic computer-assisted surgical navigation offers an alternative. It presents preoperative images to the
surgeon that can be used for multiplanar, 3D tracking, which has been demonstrated to increase safety in a variety of
spinal procedures in preclinical and clinical studies. In addition, surgical navigation on preoperative 3D images may
provide a more accurate and expedited placement of the special spinal trocar by minimizing the neurovascular injury
and complications from a prolonged complex procedure.”®® Finally, surgical navigation can minimize ionizing

radiation exposure from intraoperative C-arm fluoroscopy. 21

11.2 Aims

Our goal was to demonstrate the use of computer navigation to track the 980-nm solid-state diode laser beam
delivered through fiber optics for transcutaneous laser discectomy. The secondary goal was to improve the
placement of a custom-navigated spinal trocar through the critical triangular zone of vessels and nerves into the

intervertebral space for debulking of disc material with greater precision of preferably 2 mm or less.

11.3 Materials And Methods

11.3.1 Cadaver Material

Two ex-vivo porcine lumbar spines were obtained and used according to the policies of the University of Kaposvar

Medical Center’s Institutional Review Board. The fresh specimens were from two 80-kg swine and were prepared
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with intact soft tissues, paraspinous muscles, and skin. The porcine spine has six lumbar vertebrae; we experimented

on six intervertebral discs for each of the two specimens for a total of 12 discs.

11.3.2 Laser

High-intensity, small-size clinical laser equipment with fiberoptic guides manufactured by Biolitec AG (Jena,
Germany) was used for this study. The Ceralas D 25 model delivers up to 25 W of laser power. Its wavelength is
980+10 nm, which is close to the wavelength of the Nd:YAG, and its water absorption is also similar. The
manufacturer provides 200-, 400-, and 600-um diameter quartz fiber waveguides. For the delivery we used the 400-
pm guide. The fiber was inserted into a custom-made 17-gauge, 300 series stainless steel trocar (laser fiber tube)
designed by the authors (Figure 11.2). This was subsequently introduced into the navigation trocar (Nav Trocar)

212 The laser fiber

designed by the author (RVJ) and integrated with an electromagnetic (EM) tracking receiver
trocar tube has a side connector, which is attached to an aspirator to eliminate evaporation plumes produced by the

laser irradiation.

Figure 11.2 Photograph showing laser trocar and fiber, which is illuminated with a red pilot beam.
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11.3.3 Surgical Navigation Equipment And Instrumentation Method

We used a computer-assisted surgical navigation system with its accessories. This system uses the preoperative
computer tomographic (CT) scan and EM tracking technology to provide positional feedback of an instrument’s

location and orientation within a given anatomy (Figure 11.3).

Each swine specimen was placed into a plastic basket in the prone position and scanned using both CT and magnetic

resonance (MR) imaging to obtain the preoperative scans for registration.

Figure 11.3 Left palate demonstrates the pre-operative CT and the right palate demonstrates pre-operative and post-
operative MR assessment of the intervertibral discs.

The navigation computer compiles the anatomical image data from the CT scan through an Ethernet connection

between the CT suite and the operating room and renders three orthogonal planes (axial, sagittal, and coronal

views), as well as a 3D reconstructed model of the spinal segments and an optional endoscopic view.

To align the x-ray images to the specimen, the process of registration matches the preoperative CT image data
(virtual) to the physical space occupied by a specimen or patient during surgery. The accurate registration (i.e.,,
alignment or matching) of these two data sets subsequently allows localization of the surgical instruments within the
operative space. Two methods for this registration exist. One includes a manual and invasive method, which requires
anatomical points to be localized directly from the exposed spine. The second method, used in our experiment,
includes external markers automatically detected on the CT that are affixed to the spine surface region and used for
autoregistration. These can be bone-anchored markers or radiopaque intact-skin-affixed fiducials placed before CT
imaging and used until registration is complete. A percutaneously mounted (EM) transmitter affixed directly to the

53,181,191

spinous process was used for this study to maintain registration accuracy by compensating for movement of

the spine (Fig. 11.4).
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Transmitter

Bone Pin

Figure 11.4 Photograph demonstrating the placement of the EM transmitter to the spinous process via a 2mm
Caspar-style bone pin.

Recently, a new autoregistration system is improving speed and ease of use by facilitating the employment of an
intraoperative C-arm and algorithm to register the CT images. Once the process of registration is completed, the
navigation instruments are calibrated and verified so that surgical navigation can begin. The tracked surgical
position of an instrument is then correlated on a 20" interactive flat-panel monitor with four visual quadrants that
depict the preoperative CT scan images in three dimensions, including a displayed reconstructed 3D model of the
spine. Any of the four visual quadrants can also be substituted with a spinal endoscopic view in procedures using an

optical telescope.

The EM tracking system uses a radiofrequency EM transmitter and an EM receiver. It relies on detecting the EM
field at the receiver relative to the transmitter. It responds to variations within the detected EM field caused by
movement of an instrument or the patient.®® The system consists of an anatomically placed reference transmitter
percutaneously affixed to the spinous process by a 2-mm bone pin and a receiver placed on the surgical instrument,
or in this case integrated with the Nav Trocar.****% The sensors provide positional (X, Y, Z) information, which
correlates the movement of the Nav Trocar to the preoperative CT images displayed on the interactive monitor.**
The Nav Trocar is calibrated to show the tip position with respect to the CT images. The processing unit determines
the surgical instrument’s location relative to the surgical anatomy and displays on measured crosshairs a linear

trajectory of the instrument in triplanar views, providing anatomical orientation to critical neurovascular structures.
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Preoperative CT radiologic evaluation of the two porcine lumbar spines showed a narrower than human, but still
accessible, disc approximately 3 mm in thickness. Access techniques to the lumbar discs with radiographic
landmarks have been well described in previous publications.’? In this study, the intact fresh specimens were
positioned prone on a low-ferrous radiolucent surgical table. Using the CT data on the navigation screen in
preoperative planning mode, the target and entry points were plotted by placing a digital marker or seed at both the
surgical entry point (specimen CT skin surface) and the target end point (CT intervertebral disc space). The
navigation computer then plotted and saved the measured optimal trajectory through the triangular safe working
zone between the traversing and exiting nerve roots of the foraminal annular window. The calculated path centered
within the mediolateral aspects of the pedicle and intervertebral disc space. This was represented as a dotted color

trajectory on the navigation display monitor (Fig. 11.5).

Figure 11.5 Nav screen shot showing the virtual trocar trajectory from the skin entry point to the nucleus.

Intraoperatively, the navigation trajectory was then enabled in real time to project and look beyond the virtual trocar
tip into the specimen’s CT slices at adjustable depths. We confirmed measurements starting at the level of the skin
window and marked by a surgical pen and ruler to the corresponding anatomic target center of each disc level. At
this point, a small dermal stab incision and infiltration of the subcutaneous tissue layers and muscle was made with
the 18-gauge, 6-inch Nav Trocar. The tip was then retracted into its sleeve to shield against inadvertent contact with
the nerve or dura as it was guided over the predetermined length of the target path at a 30- to 60-degree angle
depending on anatomy. This was displayed on the workstation as traversing Kambin’s triangle toward the

dorsolateral aspect of the intervertebral disc.
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The size of each small triangular zone decreased slightly at higher levels. Minor adjustments were made at each disc
level for variations in the porcine anatomy to be parallel with the disc axis and as close as possible to midway
between the superior and inferior endplates. At the point of contact with the spring-like posterior annular surface, the
cannula was adjusted to reintroduce the trocar tip to penetrate the complete annulus. C-arm control shots were taken
occasionally to correlate and measure tracking accuracy. The Nav Trocar was advanced 0.5-1.0 cm into the center
of the spongy gelatinous-like disc nucleus. Once in position, the stylet was removed from the Nav Trocar, leaving a
clear work channel to the disc space. The laser fiber with tubing was then inserted through the Nav cannula, and the

laser irradiation was started. Various amounts of laser energy were delivered and calculated in joules.

11.3.4 Accuracy Measurement

Two methods were used to quantify the system tracking accuracy for this study. The first method uses a feature
available on the navigation system in which a 3D point on the preoperative CT scan is identified and the distance
from the navigated trocar tip to that anatomical point is measured. This distance is a measure of the accuracy
error of the system when the navigated trocar tip is placed at the anatomical location (i.e.,, 2-mm spinous process
fiducial pin, OsteoMEd®, Addison, Texas; mediolateral aspects of the pedicle; or the edge of the vertebral body)
that corresponds to the 3D point identified previously. This method was used to quantify system accuracy with the
surgical target point and is used once the trocar has reached the target point of the outer annulus and center of the

intervertebral disc.

The second method used in this study to quantify system-tracking accuracy involved placing the navigated trocar in
the inner-annular-nuclear junction of the target disc. A fluoroscopic control shot was taken on the C-arm to verify
the placement of the trocar on the anatomy and correlate this location on the fluoroscopy to the preoperative CT to
determine the same anatomical location on the CT scan displayed on the navigation system (Fig. 11.6). The distance
from the navigation system's display of the virtual trocar tip overlaid on the CT to the identified anatomical location
on the CT scan was estimated by using the 1-mm tick marks on the virtual trajectory of the trocar. This
commensurable method was used to estimate accuracy multiple times as the Nav Trocar was advanced through the

triangular working zone proportionally with spot fluoroscopy.
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Figure 11.6 Photograph demonstrating the lab setup with the specimen undergoing C-arm correlation to the
navigation and the laser setup at bottom right corner of photo.

In each irradiation, 20W repeat pulses were applied. In specimen 1, L1-L6 received the same laser irradiation doses.
In specimen 2, L1-L6 discs received incremental laser irradiation (Fig. 11.7). Other than a few scout or control shots
to correlate accuracy, the Nav Trocar can be guided without the need of repetitive C-arm fluoroscopy, minimizing
exposure to intraoperative scatter of ionizing radiation.”®®® Postoperative MR imaging was undertaken for
comparison with preoperative MR images. The access to a veterinary research center equipped with CT scanners
and MR suites specifically for animal studies as well as state-of-the-art mobile and ceiling-mounted C-arm

fluoroscopes enabled the precision analyses of these animal specimens.

Laser Parameters During Procedure

Delivered
Energy, J

Porcinel
Porcine2

3 4

5
Disc Level 6
Trocar Entry - Right postero-lateral
Frequency 13 pulse/sec Diode Laser - GaAlAs

Pulse Duration 0.07 sec. Wavelength 980 nm
Pulse Pause  0.01 sec.

Figure 11.7 Graph demonstrating the laser energy mapping in the porcine specimens.
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11.3.5 Preparation Of The Lumbar Spine And Disc Material

After the laser irradiation and CT and MR documentation, the lumbar intervertebral discs from each specimen were
harvested and dissected (Fig. 11.8). Since the porcine disc is narrow, the discs were cut in half and photo-
documented. Using a plastic template, same-size specimens from each intervertebral disc were excised for
histological examination. The specimens were carefully numbered according to the irradiation doses. The material
was placed in 10% buffered formalin solution. Routine histological preparation with hemotoxylin-and-eosin staining

was used, and 10-um sections were cut from the paraffin-embedded material.

Figure 11.8 Photo demonstrating the harvested spinal segments from the porcine specimen.

11.4 Results

Monitoring of a needle trocar is essential during percutaneous laser discectomy and the use of CT in this
experimental study provided superior spatial and soft tissue resolution to that of the single-plane C-arm fluoroscopy
views. The additional spatial configuration data provided by CT navigation facilitated the puncture position of the
navigated trocar tip on axial and sagittal images, enabling for precision laser ablation of the intervertebral disc. We
determined that the Nav Trocar was inserted into the intervertebral disc accurately with the aid of the computer-
assisted surgical navigation system with 1.0-1.5 mm total system tip-tracking accuracy confirmed by spot x-ray

fluoroscopy and further measured by the “distance from trocar” feature available on the navigation system.

The navigation computer also provided a registration root mean square (RMS) error of 0.50 mm and 0.80 mm in the

two specimens using external fiducials. The postoperative MR study showed changes in the disc compared with
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images obtained before laser irradiation. Post-dissection macroscopic examination demonstrated that the insertion of
the Nav Trocar was in the intended target area of the disc as planned by the computer software and correlated with
low-dose pulse x-ray shots. Under magnification, visual dissection of the lumbar vertebrae showed no evidence of
disruption to the adjacent nerve root and visceral or vascular structures. Furthermore, the microscopic examination
revealed tissue coagulation changes in the uniformly and in the gradually irradiated discs (Figure 11.9). Total scout
x-ray control time recorded for anteroposterior and lateral views on the C-arm for each disc level averaged less than
9 seconds. In this experimental study, our intention was not to evaluate quantitatively the effects of the disc

irradiation, only the precision of the laser trocar insertion.

Figure 11.9 (A) Photograph showing macroscopic section of the vertebral level butterflied open with a visible Nav
trocar channel and the irradiated nucleus pulposus matching the x-ray images. (B) Photomicrograph depicting at
bottom the annulus fibrosus (1) and at top the nucleus pulposus (2). Between the two components the Nav-laser
trocar channel (3) is clear, with the coagulation borders of the nucleus pulposus created by the thermal ablation

procedure.

11.5 Discussion

The precision and accuracy demonstrated in this study indicate that my navigation trocar could be used to deliver other forms
of percutaneous coagulating-ablating energy, such as CO; laser transmission with the new OmniGuide® flexible and hollow
optical fiber,* intradiscal electrothermy, and plasma disc decompression with the coblation nucleoplasty®

technique,*0%016189.195.219 | is anticipated that newer tracking systems and further research will yield additional
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improvements and capabilities to deliver various types of laser energy to spinal surgery with the aid of computer-assisted

surgical navigation.

11.5.1 Conclusion

We found that electromagnetic computer-assisted CT navigation can permit high-quality images for a safe, accurate
puncture of the special laser Nav Trocar into the porcine intervertebral disc space and, other than for a few optional
fluoroscopic confirmation shots to gauge system accuracy, its use obviates the need for continuous intraoperative C-
arm fluoroscopy. As the technology advances, future expanded studies with larger sample sizes will help to further

confirm these results and demonstrate clinical utility among interdisciplinary spine specialists.
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CHAPTER 12. ORTHOPEDIC EXPERIMENT 1: FEMORAL/HIP FRACTURE
FIXATION IN CADAVERS

12.1 Introduction

Fractures of the proximal femur, acetabulum, and pelvis are relatively common injuries in adults. Approximately
300,000 hip fractures occur annually in the United States, the vast majority requiring operative stabilization
(American Association of Orthopedic Surgeons, Rosemont, IL). Hip fractures (intertrochanteric and femoral neck
fractures) account for 30% of all hospitalized patients in the U.S., and the estimated cost for treatment is
approximately $10 billion a year (Millennium Research Report, 2007, Toronto, Canada). Femoral neck fractures are
increasing exponentially with the expanding general life expectancy. These fractures are associated with a
substantial morbidity and mortality; approximately 15% to 20% of patients die within 1 year of fracture. In elderly
individuals, most of these femoral fractures occur as a result of only moderate to minimal trauma, whereas in the
young they are caused mostly by high-energy trauma. Femoral neck fractures and intertrochanteric fractures occur

with about the same frequency and are more common in women than in men by a margin of 3to 1.

Fractures of the neck of the femur have always presented great challenges to orthopedic surgeons and are said to
remain the unsolved fracture as far as treatment and results are concerned. Since the first attempts in 1850 and with
improvements with implant metal compatibility and X-rays after 1904, hip pinning has become a standard

technique.

The technique for operative stabilization depends on the fracture pattern, but usually involves placement of one large
compression hip screw (CHS) or three to four cannulated lag screws (CLS). Both procedures require frequent use of
intraoperative fluoroscopy and image intensifier for placement of the guide wire, drilling and reaming, and insertion

of the implant. The ability to use image-guidance (1G) and computer navigation would significantly decrease the

radiation exposure secondary to fluoroscopy use.
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12.2 Aims

We aimed to demonstrate the feasibility of stereotactic surgical navigation using fluoroscopy-based image guidance
in the placement of cannulated lag screws in femoral neck fractures and intertrochanteric fractures in the region of
the hip. We wanted to understand the practical needs to apply surgical navigation in the region of the proximal
femur and to measure the accuracy of the screw placements, the insertion time, and the x-ray time between the

navigation and conventional approach using fresh human cadavers.

12.3 Material And Methods

In August 2001, in the Pathology Department of Moritz Kaposi Medical Center in Kaposvar, Hungary | organized
an investigational study in which we compared EMF-computer-assisted surgical navigation for the placement of 7.3
mm cannulated lag screws (CLS) in the proximal femora of five human cadavers with the use of fluoroscopic
technique. Screws were placed on one side with standard technique using biplanar fluoroscopy and on the other side
using navigation with EMF navigation. Left or right was determined randomly to void bias induced by the

handedness of the surgeon.

The set-up time, total overall times, x-ray times, insertion times per method and side, and follow-up X-ray

fluoroscopy accuracy assessments were all recorded as outcome measures.

We used three cannulated 7.3 x 1.10-mm lag screws (Figure 12.1) attached to a navigated custom Synthes hex-head
driver made to be compatible with our navigated C-handle driver and receiver for distortion-free tracking. These
were implanted bilaterally in each of the five cadavers for a total of 30 screws. We used a Synthes compact
pneumatic drill for which we created a special adaptor for the navigational sensor to calibrate the drill for the
cannulation of the femurs (Figure 12.2). With the drill, we used 2.8-mm guidewires. The Caspar-style bone pin can
be seen in (Figure 12.3) of the x-ray attached to the proximal femur to which the reference transmitter is attached for
automatic registration. (Figure 12.4) further depicts a multiplanar image for AP and lateral fluoroscopic images. In
both x-ray planes, the virtual trajectory can be seen juxtaposed over the x-rays. The red trajectory line simulates the

real-time position of the navigated instruments and/or implant. The extended green trajectory demonstrates a
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projection line forward into the bony anatomy. This can also be used to locate the proper skin entry and angle for
drilling. These help obviate the need for x-ray and the time to acquire and maneuver between various x-ray images.
Both virtual instrument lines are marked with depth markers to measure the length of the attached instruments or

implant and the depth and direction into the given bone.

Figure 12.1 Photograph showing cannulated 7.3 x 1.10-mm lag screws.

Figure 12.2 Photograph showing instruments | modified in a machine shop to be compatible with my navigation
device and for use in facilitating the implant placement experiments.

Figure 12.3 X-ray showing implanted cannulated lag screws.
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Figure 12.4 Screen shot illustrates virtual trajectory for the K-wire and lag screw path.

12.4 Results

We found that the transmitter is best located on the tip of the lesser trochanter (Figure 12.5) and that minimal EMF
distortion from the drill occurs (Figures 12.4-12.14). All 30 cannulated lag screws were safely placed through the
proximal femurs. (Figures 12.8 and 12.9) demonstrate the 2.8-mm cannulated T-handle receiver driving the custom
Nav hex head Synthes cannulated screwdriver and the initial transmitter placement. Twenty-seven screws were
accurately placed within 5 mm of the subchondral bone of the femoral head and 3 screws were within less than 5
mm of the subchondral bone but not intraarticular. All of the fracture lag screws were accurately placed. The C-arm

Fluoroscopy time decreased from 53 seconds per side to 6 seconds per side.

Figure 12.5 Navigated Synthes drill insertion of the Steinman pins.
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Figure 12.6 Alternating methods of navigation vs. non navigation of the proximal femurs.

Figure 12.7 EM sensor mounted and calibrated to the navigated Synthes pneumatic drill.

Figure 12.8 Virtual guidewire in red and extended tip projection in green providing the implant path.
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Figure 12.9 Navigated and “cannulated” driver designed by RVJ.

Figure 12.10 Navigated hex-head driving the 7.3mm x 110mm cannulated Synthes lag screw over guidewire.

Figure 12.11 Final equidistant triangular positions of the titanium lag screws in the proximal femur.
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Figure 12.12 Fluoroscopic C-arm confirmation of the 3 lag screws correlated with virtual Navigation steps.

Figure 12.13 (A) Transmitter in greater trochanter and guided path; (B) saved trajectory line.

A simple guide tube for the 2- to 3-mm guide-wire was necessary (and necessarily made of plastic for EM
compatibility). A tube with a concave serrated distal end was developed to reduce tissue trauma in the event of
percutaneous placements. This helps to prevent bending of the wire when drilled into the bone. We found that a
guide tube does not need to be tracked in the long run if there is a reliable and reproducible calibration and tracking
accuracy for the powered or pneumatic drill. Our tracking of the drill provided the ideal information to the tip
position whereas the tracking of only the guide tube gives only the entry point and estimated trajectory angle.

However, the navigated guide tube is a simple option without a navigated power drill.
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12.5 Discussion

In the U.S., there were almost 650,000 fractures of the proximal femur that required surgical intervention in 2006.
Approximately one third of femoral fractures were treated with total joint replacements. Two thirds or 450,000
(2007 Medtech Insight IGS Report) are treated with internal fracture fixation using either cannulated screws or
dynamic hip compression plates/nails. Internal fixation requires the use of an image intensifier to guide in
placement of pins and/or screws. Emerging “less invasive” techniques are introducing percutaneous and small

incision approaches to reduce bleeding, hospital stays, and outpatient recovery times.

Furthermore, there are 60,000 pelvic fractures annually. These fractures are the result of significant trauma and can
be extremely debilitating and clinically challenging. Surgical goals using fluoroscopy are to restore near-perfect to
perfect alignment and congruity of the joint surfaces. Only with accomplishment of the surgical goal can a patient

hope to be restored to proper activities of daily living.

Approximately 10% of these fractures are currently navigated, primarily by optical tracking methods with inherent
line of sight problems.®***** The standard fluoroscopy technique involves actively fluoroscope a patient while
reducing the fracture, aligning any pins, drilling pins, or taps, and placing the screws. Confirmation shots follow

placement. Total X-ray exposure time with this technique can vary, but tends to last minutes rather than seconds.**®

As in the other procedures described in this paper, the introduction of EM navigation can eliminate the line-of-sight

interference problems of the optical tracking methods®>®"**°

and provide future technology that can make sensors
small enough to place on the guide wire for flexible tracking and for true percutaneous procedures as they further

evolve.?

12.5.1 Conclusion

We demonstrated the feasibility of reducing radiation exposure to a patient and surgical team using the prototype
instrument compared with current techniques for placing implants in proximal femur fractures. We showed that we

could achieve accuracy equal to or better than current open/standard techniques for placement and implantation of
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medical devices and that insertion times were equivalent or better. The experiment demonstrated also that set-up

times could be improved through refinement of instruments and techniques as expected in a natural learning curve.
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CHAPTER 13. ORTHOPEDIC EXPERIMENT 2: CLINICAL INVESTIGATION OF
FEMORAL/PELVIC FRACTURE FIXATION WITH NAVIGATION

13.1 Introduction

The results of our preclinical investigation proved to be encouraging enough to favor the navigational system for a
clinical investigation in patients being treated with cannulated lag screws for valgus impacted femoral neck fractures

and sacroiliac disruptions.

13.2 Methods And Results

| investigated with an experienced surgeon of Hungarian origin an L5-to-ilium bi-lateral spinal-to-pelvic fixation
procedure using titanium the Universal Spine System Schanz screws (7.3 x 100 mm) and surgical EMF navigation
with sacral laminectomy for sacral nerve root decompression. The patient was a 40-year-old man who was injured in
a motor vehicle accident, sustaining a S2 U-shaped sacral fracture dislocation and spinal pelvic dislocation with
cauda equina syndrome. The construct that was used allows for immediate bilateral weight bearing for the lower

extremities.

Using the electromagnetic navigation system with custom instruments and a C-arm, a spinal clamp for transmitter
registration was placed initially at the caudal end of the L4 spinous process in approximately 5 seconds and the
reference dynamic frame pin-transmitter attached within seconds of that. The system was already initialized with
receiver sensors attached to the hand tools. Six images were captured for a total of 12 seconds of C-arm time.
Previous scout shots for C-arm positioning totaled 26 seconds. Five minutes were required to place two bilateral
Schanz pedicle screws on the left side and nearly 10 minutes were required on the right side because of a slight
deformity. It was estimated that the standard fluoroscopic technique here could have required 5-10 minutes of dose

time. Total fluoroscopy time was 73 seconds.
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13.3 Discussion And Conclusions

Successful placement of the screws was completed with the use of the EM navigation system. The navigation
technology did not prolong the procedure and actually may have slightly shortened the overall time by obviating the
need for AP oblique and lateral updated fluoroscopic views. A few images were captured to correlate the instrument
artifact to the virtual tool and the extended distal tool-tip projection. This was useful in tracking the pedicle screws
and subsequently the iliac screws using the awl and drill guide with navigation accuracy to 1 mm or better 95% of
the tracked time as measured by the system software and correlated and controlled by spot fluoroscopy. Worst case
was approximately 1.5 mm with the spine handle during rotation. | plan in the future to continue investigations
using electromagnetic tracking for new custom drill guides and hand powered drills together with the application of

a new mobile C-arm imagining technology based on digital flat panel producing CT-like images.
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CHAPTER 14. SUMMARY CONCLUSION

We developed and tested an electromagnetic (EM) tracking system as an alternative to optical navigation systems.
This avoids the line of site issues that are associated with the optical tracking®***. We improved our EM system to
minimize the potential for magnetic interference. The objectives of these preclinical and clinical experiments were
to demonstrate that navigation coupled with a C-arm X-ray system intraoperatively can be integrated to record 2D
images (where surgical anatomy is not entirely visualized without the axial plane, the most critical plane for
ensuring spatial accuracy in geometrically challenging anatomy) and with 3D anatomical images to be saved for
real-time surgical uses. Our aim was to also minimize X-ray exposure of the patient and staff while improving
surgical precision through added visual dimensions, new tracking software and in the first uses of new percutaneous

instrumentation.

The application of stereotactic computer-assisted surgical navigation in minimally invasive surgery can be used for
less invasive procedures of the paranasal sinuses, cranial, spine, and orthopedic surgeries. Using a C-am
navigational platform for paranasal sinus surgery has the intraoperative advantage of updating anatomical structural
changes beyond endoscopic views after surgical dissection and manipulations of visible tissue landmarks, in three
dimensions, something that is not possible with pre-operative and specially formatted CT data sets. My
investigations on preclinical specimens and in patients performed by clinicians showed that the image quality was

sufficient, but should be improved. We have planned protocols for future improvements.

For spine surgery we looked at the conventional fluoroscopic approach to pedicle screw fusion and instrumentation.
We noted the incidence of misplaced pedicle screws with standard techniques to be reported from 3% to
55051 7880101165177 | the thoracic spine literature we noted reports of a 25% pedicle screw misplacement rate in
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scoliosis patients,™ whereas other studies have demonstrated a 41% pedicle wall disruption rate associated with

thoracic pedicle screw insertion.?* In contrast, various authors have demonstrated the use of stereotactic computer-

4%,25,39,41,52,57,58,62,87,116,133,154,168,187,232 and others reported a

assisted surgical navigation accuracy to range from 0 to 1
8.5% pedicle wall perforation rate when implementing navigation techniques in complex and prolonged

thoracolumbar procedures.”®® We applied and tested our next generation electromagnetic tracking technology as an
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alternative to the previous generation of optical line of site navigation systems to determine clinically relevant

tracking accuracy.

Under my direction, we designed and built custom instruments for the use in open and percutaneous spinal
procedures. My experimental study with my collaborative team designed new instruments for navigation to improve
the insertion of a fiber optics trocar for percutaneous laser discectomy and for pedicle fusion. We conducted 2D and
3D comparison studies between EM tracking and conventional C-arm placements for open and MIS pedicle screw
approaches. Our results noted a substantial improvement in navigated mean accuracy vs. non-navigated spinal
instruments and significantly lower critical perforation rates in comparison to conventional fluoroscopic implant

placements.

We also measured the difference in x-ray exposure times and doses and found the results to be significantly less than
with conventional fluoroscopy. In cases of placement of percutaneous pedicle screws, we noted that the surgeon is
required to extrapolate the third dimension based on an interpretation of available images and knowledge of the
pertinent anatomy. In our findings, we realized computer-assisted surgical navigation could be used as the link
between visualized and non-visualized anatomical relationships, thereby minimizing guesswork associated with

spinal surgery.

We also determined that the use of electromagnetic tracking in various open and transcutaneous thoracolumbar
spinal procedures is feasible, safe and effective and therefore can add value in enhancing surgical precision while
minimizing the need for additional use of ionizing radiation. More technical and clinical experiments with larger
sample sizes, refined instruments, and software algorithms using the various experimental approaches described in
this Thesis, may further improve stereotactic navigation in minimally invasive spine surgery. For this, we have
created a spinal protocol for a future prospective minimally invasive multicenter randomized clinical trial to
compare surgical navigation data with traditional C-arm fluoroscopy: in the accurate and expedient placement of

thoracic and lumbar MIS instrumentation.
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In orthopedic minimally invasive surgery of the femur, we designed and built electromagnetic compatible
instruments to address the precision targeting and calculations of bony entry points. To accomplish this, we designed
software for trajectories to measure the length and positioning of necessary guidewires and implants. During our
experimentation we discovered materials for the instruments, which can be used to avoid electromagnetic field
distortion (EMF). We also established the least invasive placement positions of a reference transmitter suitable for
intraoperative registration and tracking. Our preclinical comparison studies resulted in substantial reductions of the
overall need for fluoroscopy. We concluded through our experimental work and clinical evaluations that EM

navigation technology can be used to enhance future emerging minimally invasive techniques.
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APPENDIX.
1. Navigation Static-Dynamic Tracker Experiments

Introduction/Aims

We conducted bench tracker accuracy experiments in our corporate laboratory to assess the electromagnetic static
and dynamic accuracies of our tracker system. In this experiment we not only measured static accuracy and

precision, but also the dynamic accuracy, dynamic precision, and performance with metal distortion.

Static accuracy is measured by collecting data at known stationary locations and observing the variability, while

dynamic accuracy involves collecting data while the sensor is in motion with respect to the transmitter.

This experimental investigation takes into account our tool-sensor configurations, tool tip calibrations, and motion
of the surgical instrument tools to ensure that the accuracy is similar to a use case scenario of an image-guided

stereotactic surgical navigation system.

Materials and Methods

Materials

Several trackers are in use to facilitate surgical navigation and most are optical based tracker boxes. The following
navigation trackers were included in the study:

1. NDI Vicra™ Optical Tracker

2. NDI Aurora® EM Tracker

3. Ascension microBIRD™

4. Ascension pciBIRD™

5. Polhemus FASTRAK®

6. Polhemus Liberty™

7. GE InstaTrak® Gold
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NIST certified granite block was used as the bench.

Methods

Static Precision

We positioned our EMF field transmitter and receiver on a flat surface 12 inches apart (Figure A1), and 1000

measurements were taken.

Figure Al. Static precision setup

The standard deviation, 95" percentile from the distance mean, and span (maximum distance — minimum distance

reported) were calculated.

Tracker Configuration | Std.Dev. | 95% Span
[mm] from [mm]
mean
[mm]
GE InstaTrak Gold 0.03 0.08 0.14

Static Accuracy

A 3-axis robot with a composite arm (Figure A2) was used to collect data on a 1-inch grid throughout a tracker’s

working volume (up to a 24x24x24-inch volume).
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Figure A2.

Thirty samples were collected at each position. The resulting point cloud and the robot coordinate system were then

aligned (registered). The standard deviation, RMS, 95 percentile, and maximum error were calculated.

Tracker Configuration Std.Dev. [mm] 95% from mean [mm] Span [mm]
GE InstaTrak Gold 0.03 0.08 0.14

Dynamic precision at different speeds
For systems supporting 2 or more sensors, two sensors were placed a fixed distance apart on a rigid board. The

board containing the two sensors was moved in a random spiral pattern throughout the working volume (Figure A3).

The spirals were done in different orientations.
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Figure A3.

Each data sample was time-stamped and an average velocity (mm/sec.) was calculated. One thousand samples were

collected, and for each sample the distance between the sensors was calculated.

Tracker Std.Dev. |95M% @ |[Span@ |StdDev.@ |95"% @ | Span@

Configuration @ 50mm/sec 50mm/sec | 100mm/sec | 100mm/sec | 100mm/sec
50mm/sec | [mm] [mm] [mm] [mm] [mm]
[mm]

GE InstaTrak 0.14 0.27 0.79 0.20 0.38 1.07

Gold

Dynamic precision
A precision NIST traceable 6x6x9-inch granite block that has 6 finished faces was used (Figure A4). The front face

of the block was placed 6 inches from the EM Transmitter.
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A raw sensor or calibrated tool tip was “scribbled” on the five accessible surfaces. By “scribbling,” we mean

Figure A4,

moving the sensor randomly over a precision flat surface of the granite block and collecting points as we move the

sensor. The collected points were best-fit to planes.

Tracker Configuration Standard RMS 95% Maximu | Span
Deviation [mm] [mm] m Error | [mm)]
[mm] [mm]

GE InstaTrak Gold 4.7-cm pointer with | 0.13 0.13 0.26 0.57 1.11

1.5-mm ball tip

Dynamic Accuracy

For tools such as pointers that have calibrated tips, thousands of points are collected on the faces of the granite block

(Figure A5).

Figure A5.
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The collected points are best-fit to a CAD model.

with 1.5-mm ball tip

Tracker Configuration Mean | Standard RMS 95% | Maximum | Span
[mm] Deviation [mm] [mm] | Error [mm]
[mm] [mm]
GE InstaTrak Gold Short pointer -0.22 0.16 0.27 0.48 0.90 1.33

Dynamic metal distortion detection

We wanted to know how well EM trackers work around metal distorters. To create a baseline, we collected

thousands of points on the granite block with no distortion. These data were best-fit to one or more planes

In the test case, we collected data on the granite block with distortion by introducing various objects (Figure A6).

This point cloud is then compared with the reference plane(s). Only data that are considered “undistorted” by the

tracker are used.

Figure A®6.
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GE InstaTrak None 100% 0.00 | 0.14 0.14 | 031 0.46 | 0.92 100%
Gold Snap
Receiver
Type 17-4 90% 0.88 | 0.29 092 |1.34 1.78 |1.92 96%
Stainless
Steel
Type 304 59% 1.04 | 0.37 1.10 | 1.55 210 | 291 83%
Stainless
Steel
Type 440C | 98% 1.75 | 0.20 1.76 | 2.06 268 | 1.62 100%
Stainless
Steel
Nitronic 53% 0.97 | 0.34 1.03 | 141 1.64 | 255 85%
Stainless
Steel
Titanium 69% 0.73 | 0.35 081 | 1.22 1.73 | 2.77 85%
Spray Paint | 0% 0%
Can
Aluminum | 0% 0%
soda can

Results and Discussion

The tests in this study gave us a good indication of tracker performance one would observe using an image guided

surgical navigation system that includes an instrument tool-tip and registration. The tests also indicate that EM

trackers can attain dynamic precision and accuracy results similar to those of the new generation of small optical

trackers. Although EM trackers can be affected by metal distortion, they can usually detect the distortion and limit

the number of bad points passed on to the application.
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2. Overall System Accuracy Test

Introduction/Aims

We conducted a system accuracy assessment test to ensure that the transmitter, receiver, and tracker components
were operating within the specifications we needed to proceed all the way to clinical environmental levels of at least

1 mm.

Materials and Methods

Materials

We used the InstaTrak IT3500 stereotactic computer-assisted navigation system by GE. We applied radiolucent
blocks made of radiolucent material with a set of embedded ball bearings, which are numbered. Two radiolucent

blocks with 10 and 66 embedded ball bearings were used.

Figure A7. 10 ball bearings in a radiolucent block tripod

Other equipment included a CT image of the radiolucent blocks, a headset transmitter used in ENT/Cranial

applications, and a short Pointer used in clinical procedures.
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Methods

We loaded a CT image of the radiolucent block into the IT3500 InstaTrak navigation system. The short pointer was
calibrated. Fiducial registration was performed. The short pointer was placed on each of the embedded ball bearings
on the Field Accuracy Fixture block and positional data were collected. The location of each ball bearing was
collected by placing the tip of the short pointer on top of the ball bearing in the radiolucent block. The collected
locations were registered to the ball bearing locations in the CT scan of the radiolucent block. An RMS value was

computed for the registration.

The test was conducting using a radiolucent block with 10 ball bearings and also a radiolucent block with 66

embedded ball bearings (Figure A7). The test was conducted in clean and distorted environments.

Figure A8a. 10 point block Figure 8b. 66 point block

Results and Conclusion

We used an RMS value of 1.0 mm as the rejection criterion.

RMS values in clean and distorted environments.

RMS (40 point) RMS (10 point) ENVIRONMENT
0.216 0.159 Clean
0.220 0.192 Clean
0.290 0.217 Clean
0.262 0.325 Clean
0.099 0.135 Clean
2.321 2.053 Distorted
1.205 1.263 Distorted
1.621 2.570 Distorted
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It was proven that using both radiolucent blocks in a distortion-free environment demonstrated that we were able to
achieve an overall system accuracy of less than 1 mm RMS. At this point, we were confident to go forward with our
experiments in cadavers to assess total system accuracy of the electromagnetic navigation system in looking at the

clinical relevant accuracy of various ENT, spine, and orthopedic operations.
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