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Abstract

Minimally invasive surgery (MIS) techniques have seen rapid growth as methods for improved
operational procedures. The main technology of MIS is based on image guided surgery (IGS)
devices, namely surgical navigators, surgical robotics and image scanners. With their widespread
use in various fields of surgery, methods and tools that may be used routinely in the hospital setting
for “real world” assessment of the accuracy of these devices are lacking.

In this thesis the concept of accuracy testing was developed to meet the needs of quality
assurance of navigators and robots in a hospital environment. Thus, accuracy was defined as the
difference between actual and measured distances from an origin, also including determination of
directional accuracy within a specific volume. Two precision engineered accuracy assessment
phantoms with assessment protocols were developed as advanced materials and methods for the
community. The phantoms were designed to include a common region of surgical interest (ROSI)
that was determined to roughly mimic the size of the human head. These tools and methods were
utilized in accuracy assessment of two commercial navigators, both enabling the two most widely
used tracking modalities, namely the optical tracking system (OTS) and the electromagnetic
tracking system (EMTS). Also a study of the accuracy and repeatability of a prototype surgical
interactive robot (SIRO) was done. Finally, the phantoms were utilized in spatial accuracy
assessment of a commercial surgical 3D CT scanner, the O-Arm.

The experimental results indicate that the proposed definitions, tools and methods fulfill the
requirements of quality assurance of IGS devices in the hospital setting. The OTS and EMTS
tracking modalities were nearly identical in overall accuracy but had unique error trends. Also, the
accuracy of the prototype robot SIRO was in the range recommended in the IGS community.
Finally, the image quality of the O-Arm could be analyzed using the developed phantoms. Based
on the accuracy assessment results, suggestions were made when setting up each IGS device for
surgical procedures and for new applications in minimally invasive surgery.

Keywords: accuracy assessment phantom, accuracy assessment protocol, image-guided
surgery, medical imaging, region of surgical interest (ROSI), surgical navigation,
surgical robotics
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Tiivistelma

Mini-invasiivisen eli tdsmékirurgian tekniikoita ja teknologioita on alettu hyddyntaa viime aikoi-
na yha enemmaén. Tavoitteena on ollut parantaa kirurgisten operaatioiden tarkkuutta ja turvalli-
suutta. Tasmakirurgiassa kéytetyt teknologiat pohjautuvat kuvaohjattuihin kirurgisiin paikannus-
laitteisiin. Kuvaohjattuihin laitteisiin kuuluvat navigaattorit, kirurgiset robotit ja kuvantalaitteet.
Néiden laitteistojen kehittyminen on mahdollistanut tekniikoiden hyddyntdmisen monialaisessa
kirurgiassa. Paikannuslaitteistojen ja robottien yleistyminen on kuitenkin nostanut sairaaloissa
esiin yleisen ongelman paikannustarkkuuden méaarittdmisessa kéytannon olosuhteissa.

Tassa vaitoskirjassa esitetaan kirurgisten yksikdiden kayttoéon menetelma seka kaksi uutta
fantomia ja protokollaa kdytdssé olevien paikannuslaitteistojen tarkkuuden maérittdmiseen. Fan-
tomit suunniteltiin siséltdmaan ennalta maaritetty kirurginen kohdealue, mika rajattiin k&sitta-
madn ihmisen kallon tilavuus. Fantomeita ja protokollaa hyddynnettiin kahden kaupallisen pai-
kannuslaitteen tarkkuuden maéarityksessa. Navigaattorit kayttivat optiseen ja elektromagneetti-
seen paikannukseen perustuvaa tekniikkaa. Liséksi tydssé kehitetyilld menetelmilla tutkittiin
prototyyppivaiheessa olevan kirurgisen robotin paikannus- ja toistotarkkuutta seka tietokoneto-
mografialaitteen O-kaaren kuvan tarkkuuden maaritysta.

Kokeellisten tulosten perusteella tydssa kehitetyt fantomit ja protokollat ovat luotettavia ja
tarkkoja menetelmid kirurgisten paikannuslaitteistojen tarkkuuden méaérittdmiseen sairaalaolois-
sa. Kirurgisten navigaattoreiden tarkkuuden maéritystulokset osoittivat optisen ja elektromag-
neettisen paikannustekniikan olevan lahes yhtd tarkkoja. Prototyyppirobotin tarkkuus oli tulos-
ten perusteella kirjallisuudessa esitettyjen suosituksien mukainen. Liséksi O-kaaren kuvanlaatua
voitiin tutkia kehitetyilla fantomeilla. Tarkkuudenmaaritystulosten perusteella tydssa ehdotetaan
menetelmid laitteistojen optimaalisesta kaytdsta leikkaussalissa sekd laajennetaan niiden kaytto-
mahdollisuuksia. Tuloksia voidaan hyddynt&dd myds paikannuslaitteistojen kehittdmistydssé.

Asiasanat: kirurginen kohdealue, kirurginen navigointi, Kirurginen robotiikka,
kuvaohjattu kirurgia, laé&ketieteellinen kuvantaminen, tarkkuudenmééritysfantomi,
tarkkuudenmaaritysprotokolla
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EMTS
FDA
FDA QSR-21
CFR-820
fMRI
iCT

IEC
IEEE
IGS
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iMRI

IR

I1SO

ISO 13485

ISO 5725-1
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Three dimensional

Stainless steel

Aluminum alloy

American National Standards Institute
American Society for Testing Materials
Magnetic flux density of static magnetic field
Computer aided design

International Society for Computer Assisted Orthopedic Surgery

Computer assisted surgery

Computed numeric control

Central processing unit

Computed tomography

Computed tomography angiography
Denavit-Hartenberg parameters

Degree of freedom

Diffusion tensor imaging

Electromagnetic tracking system

Food and Drug Administration

Quality System (QS) Regulation/Medical Device
Good Manufacturing Practices

Functional magnetic resonance imaging
Interactive computed tomography

International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
Image guided surgery

Interactive image guided surgery

Interactive magnetic resonance imaging
Infra-red

International Organization for Standardization
Standard for Medical Devices quality management
systems - Requirements for regulatory purposes

Standard for Accuracy (trueness and precision) of measurement

methods and results

Standard for Manipulating industrial robots — Performance

criteria and related test methods



kHz

kVp
LED
mAs
MAUDE

MIS
MR
MRA
MRI
MRS
mT
NBS
NDI
OTS
PET
PMMA
PT
PubMed

RF
RMS
ROSI
SIRO
SPECT
T

TMS
TOF
X-Ray

Symbols
€
c

n
95% CI
E

EMAX
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ij

kilohertz

peak kilo-voltage

Light emitting diode

milliampere second

The Manufacturer and User Facility Experience Database,
an online database of the FDA

Minimally invasive surgery

Magnetic resonance

Magnetic resonance angiography

Magnetic resonance imaging

Magnetic resonance spectroscopy

millitesla

Navigated brain stimulation

Northern Digital Inc., Waterloo, ON, Canada
Optical tracking system

Positron emission tomography
Thermoplastic — polymethylmethacrylate
Patient tracker

A database for biomedical literature, produced by the National

Library of Medicine, USA

Radio frequency

Root mean square

Region of surgical interest

Surgical interactive robot developed into MRI
Single photon emission computed tomography
Tesla

Transcranial magnetic stimulation
Time-of-flight

Electromagnetic radiation

Root mean square error (RMS)

Standard Deviation

Variance

Confidence interval of 95%

Error at each corresponding accuracy assessment point
Maximum error



Emean Mean error mm

FLE Fiducial localization error mm
FRE Fiducial registration error mm
SD Standard deviation mm
TRE Target registration error mm
Xij Error of X-component at each accuracy assessment point mm
Y Error of Y-component at each accuracy assessment point mm
Z;; Error of Z-component at each accuracy assessment point mm
Trademarks

StealthStation Treon plus, StealthStation S7 and O-arm are registered trademarks
of Medtronic Navigation Inc., Louisville, CO, USA.
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1 Introduction

1.1 Background

Minimally invasive surgery (MIS) has been developed especially during the last
20 years for use in the operating room. It is largely based on navigation, that is, it
uses virtual imaging data registered to the patient to guide surgical procedures
(Howe & Matsuoka 1999, Zoppi et al. 2010, Stiehl et al. 2007, West & Maurer Jr.
2004).

The technological advance of computers and surgical planning has rapidly
increased the routine use of surgical guidance devices. Especially the period of
last few decades has been an era of major breakthrough inventions for safer
operations. Image guided surgery (IGS) is now a routinely used technique in
operations linking image data to the patient anatomy or, in the case of endoscopic
devices, following visual images displayed by these instruments.

Surgical guidance devices covered in this thesis are navigational tracking
systems, robots and an imaging scanner. The main advantage reached with these
surgical guidance devices is that the surgeon can perform operations closer to
sensitive structures in the patient. Also the incisions can be minimized and
tailored to the operation zone. This has led to more error-free operations and to
shorter postoperative recovery times (Alexander et al. 1995, Knappe ef al. 2003,
Koivukangas et al. 1993, Simon 1997, Russell & Joskowicz 2009). The
adaptation of these surgical navigational techniques to operations has also led to
the concept of image guided surgery (IGS). IGS is usually based on preoperative
image data sets (Knappe et al. 2003) meaning that the surgeon has to account for
changes that occur during operation. To make these errors smaller another method
has also been developed. This method is called IIGS (Interactive Image Guided
Surgery) (Beaulieu et al. 2008). This technique is otherwise similar to IGS, but
during operation new images of the patient are taken as many times as necessary
(Knappe et al. 2003). With IIGS, the survival rates have been reported to increase
significantly (Hill et.al. 2000, Hosoda et al. 2011, Kubben et al. 2011, McGirt et
al. 2009, Nimsky 2011, Sanai & Berger 2008).

Prior to the adoption of IGS, operations were performed with the aid of pre-
operative images on a light box viewer or computer screen for finding the
disorders in human anatomy. The first major discovery in medical imaging was
the research done by Wilhelm Conrad Roéntgen on November 8, 1895, when he
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found the feasibility of X-ray imaging by unintentionally scanning his wife’s hand
(Fig. 1.). The use of X-ray imaging was later adapted to finding anatomical
disorders, e.g. fractured bones, in the human anatomy. After this experiment, it
took a few decades for professionals to understand the great possibilities and
importance of pre-operative images. This led to the development of the new
imaging modalities. The later advancement of image scanners, such as computed
tomography (CT) and magnetic resonance imaging (MRI), was a key step in the
development of IGS systems. Even though the images could be retrieved and
scanned on a computer display, there still remained the problem of linking this

image data to the human anatomy.

LP‘E_'?H..-?-‘?»-,-.; Fram

[}
i
(=

e P, Wl
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Fig. 1. The first X-Ray image of human anatomy taken by Wilhelm Conrad Réntgen in
1895 (NASA 2012).

Surgical navigation can be described as a method for linking a 3D object (the
patient) and the surgical instrument to image data. This image registration to the
object is the basis for surgical navigation. Through this linkage any instrument
used can be precisely bound to the navigational setting. The view of the 3D-
model of the patient data refreshes as the navigator is moved on or within the
patient. Thus the surgeon can locate the disorder e.g. brain tumor inside the skull

18



before opening the head. This has been a great achievement, e.g., in patient
operations. For example in tumor removing operations, the size of the surgical
opening has often diminished from the size of a fist to the size of a fingertip
(Fischer 2005, Knappe et al. 2003, Wiles et al. 2004).

As the use of surgical guidance devices rapidly increased, a variety of
technologies enabling this procedure were developed (Grunert et al. 2003,
Kwartowitz et al. 2006, Simon 1997). These guidance devices may be divided to
three main categories, namely surgical navigators, surgical robots, and medical
imagers.

Surgical navigators are classified by their instrument tracking system. The
basis for current surgical navigators has been the classical stereotactic frame
(Grunert et al. 2003). Navigators based on mechatronic digitizers were the first
devices that were used for operation guidance (Watanabe et al. 1987,
Koivukangas et al. 1993). Since then navigators based on the electromagnetic
tracking system (EMTS) and the optical tracking system (OTS) have been
adopted as the main tracking modalities.

Surgical robots are categorized using a functional classification and
technological classification depending on the nature of the manipulator. The
functional classification includes the following three classes: dexterity
enhancement, precision localization and precision manipulation. The
technological classification is divided into the following three aspects:
autonomous, supervisory and teleoperated (Madhavan et al. 2002).

Modern volumetric surgical imaging for IGS is primarily based on three
imaging techniques, CT (computed tomography), MRI (magnetic resonance
imaging) and US (ultrasound). These imaging modalities have complementary
rather than competing features (Alakuijala 2001, Chen & Pelizzari 1995). CT
clearly shows skeletal anatomy, while MRI and US provide information on the
soft tissues (Katisko 2012).

Quality regulations such as the ISO 13485 and FDA QSR-21CFR-820
together with local and international laws have been set for the medical device
industry. New medical devices undergo extensive testing and approval processes
before the use of these devices is actually approved for the market.

1.2 Research problem and objectives

Because of the large variation in guidance device technologies and applications,
manufacturers have not agreed on standardized methods for accuracy assessment
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of surgical guidance devices (Clarke ef al. 2008, Haidegger et al. 2010, Kroneif et
al. 2011, Stiehl et al. 2007, West & Maurer Jr. 2004, Wiles et al. 2004). Research
on accuracy analysis and standardization has been called for by international
groups and standardization organizations (Stichl et al. 2007, Wiles et al. 2004).
Some accuracy assessment methods can be found in the literature, but they all
have their own protocols and accuracy assessment tools for unique applications.
Thus, the accuracies between the systems with these results are not directly
comparable. Earlier studies related to this topic concentrated on the accuracies of
these devices in general, providing information on the devices in the laboratory
environment. The most relevant standard for the purpose of accuracy assessment
of IGS devices was just recently published by the ASTM (American Society for
Testing Materials) in January 2011 (ASTM 2011). Since the standard was focused
on orthopedic procedures, there remain open questions for applying it to other
fields, e.g. neurosurgical procedures, and to scanners, such as the O-Arm
(Medtronic Inc., Louisville, CO, USA). Also, ASTM realized that their
standardization protocol is preliminary and leaves open the questions of phantom
design. Their assessment protocol is similar to that of the present study, which
was started in 2008.

Also, based on the extensive development and accuracy testing of several
surgical navigation methods at the Department of Neurosurgery, University of
Oulu, the need for in-hospital accuracy assessment tools and methods was
realized as each phase of development since the early 1990’s required customized
accuracy assessment methods.

This thesis concentrates on the technical accuracy assessment of surgical
guidance devices in detail. It gathers information on the accuracies of the optical
tracking system (OTS) and electromagnetic tracking system (EMTS) and the
image quality of the O-arm. Also the development and testing of an MRI
compatible robot is discussed. This thesis presents the tools and methods for
universal accuracy assessment that can be applied for all surgical guidance
devices enabling IGS.

IGS involves the following possible error sources: (Alakuijala 2001, Grunert
et al. 2003)

1. Technical accuracy
2. Registration accuracy
3. Application accuracy.
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Since this thesis concentrated on the technical accuracy of IGS devices, and
registration accuracy dependence of the imager, specific objectives for this thesis
were (1) to design an accuracy assessment phantom with enough test points for
assessing the accuracies of the IGS guidance devices applied to the region of
surgical interest (ROSI) and manufactured using imaging scanner compatible
materials; (2) to design a technical accuracy assessment protocol according to
which the devices are tested; (3) to analyze the technical accuracies of the optical
tracking system (OTS), electromagnetic tracking system (EMTS), and a surgical
robot that was developed in a joint research project between the Technical
Research Center of Finland (VTT) and the University of Oulu (Heikkild et al.
2012, Koivukangas et al. 2012, Virtanen 2006); and (4) to use the developed
phantoms to detect the spatial accuracy of a commercial surgical 3D CT scanner,
the O-arm.

1.3 Research scope and approach

This thesis addresses the issues regarding the different terminologies, definitions,
validation methods and analysis of accuracy by evaluating the used surgical
guidance devices with the developed accuracy assessment phantoms and
protocols. The results are also presented in a uniform manner providing the means
for quick and comprehensive comparison between the different IGS devices.

To address the objectives set for this thesis, the problems were approached by
determining the region of surgical interest (ROSI) for which accuracy assessment
phantoms and protocols were developed, and by investigating the accuracy
patterns and trends using these tools and methods. This was done by analyzing the
collected data from the devices and presenting the results in 3D-surfaces,
histograms, sequence plots and directional analysis. Two special accuracy
assessment phantoms and protocols for this purpose were designed and developed.
The phantoms consisted of three levels and 147 accuracy assessment points each.

The analyzed data was collected during 2008—2011 in various experimental
settings.

1.4 Contribution

This thesis presents methods for accuracy assessment of surgical guidance
devices based on experiences with the advanced methods using two special
phantoms and accuracy assessment protocols developed for this purpose
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(Koivukangas et al. 2009, Koivukangas & Katisko 2010). The motivation of this
study was to find a way to periodically verify, in the real-world hospital setting,
the technical accuracy of surgical navigators and surgical robots in the region of
surgical interest (ROSI). Specifically, the geometrical relation between the camera
pair of OTS navigators and the scene was determined.

Two commercial navigators and a prototype surgical robot were used as the
surgical guidance devices assessed using the presented methods and tools. The
study showed the localization error trend of the assessed surgical navigators and
prototype surgical robot, and the direction in which the error tended to be highest.
Finally, a study of the spatial accuracy of a commercial CT scanner was
conducted utilizing the developed phantoms.

These results are important when setting up the operating room (OR) for
operations involving IGS devices. The accuracy assessment protocol together
with the phantom also proved to be a suitable way for periodic accuracy analysis
of the studied devices in the hospital setting.

The author of this thesis was primarily responsible for designing the accuracy
assessment phantoms and protocols and for the accuracy analysis. The author was
also a researcher in the robot project (SIRO), to which the technical accuracy
assessment methods were applied (Koivukangas ef al. 2012).
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2 Review of the literature

“Medicine is a science of uncertainty and an art of probability.”
Sir William Osler, Canadian physician

This chapter introduces the basis of the thesis with state-of-the-art devices and
methods. Section 2.1 is a general overview of image guided surgery devices.
Section 2.2 concentrates on the accuracy assessment of surgical guidance devices.

21 Surgical guidance devices in IGS

This section deals with the basic equipment in surgical guidance devices, the
phenomena behind the techniques, a comparison of the accuracies and the use of
the systems as defined in the literature. Section 2.1.2 deals with surgical
navigators and Section 2.1.3 with MRI compatible surgical robots in use today.
Finally, Section 2.1.4 introduces the commonly used imaging scanners.

2.1.1 General definitions of surgical guidance devices

Surgical navigators and robots are considered as surgical guidance devices for
image guided surgery (IGS) in this thesis. The use of these devices has seen rapid
growth in users among surgeons. Surgical navigation can be described as a
method of linking image data to a 3D object (the patient) and the surgical
instrument. This image registration to the object is the basis for surgical
navigation. Through this linkage the instrument used can be precisely bound to
the navigational setting. The view of the 3D-model of the patient images refreshes
as the navigator is used in the patient. The surgeon can locate the disorder, e.g.,
brain tumor inside the skull even before opening the head. This has been a great
achievement in patient operations. For example, in tumor removing operations,
the size of the surgical opening has often diminished from the size of a fist to the
size of a fingertip (Fischer 2005, Knappe et al. 2003, Wiles et al. 2004).

The classification of surgical guidance devices studied in this thesis consists
of three main categories:
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1. Surgical navigators, which are classified by their method of determining the
position of the instrument in space.

2. Surgical robots, which are categorized by their functional and technological
classification.

3. Medical imagers, which are classified by the physics behind image scanning.

The development and integration of other operating room equipment, especially
the surgical microscope (Adams ef al. 1996) and imaging systems including
ultrasound (Galloway et al. 1993, Koivukangas 1984) will also affect the choice
of IGS localization modality (Alakuijala 2001).

2.1.2 Surgical navigation

Surgical navigators are also called frameless navigation systems. This term is
adopted from earlier localization technologies, especially stereotaxic localization,
that uses a frame with position guides. The idea behind frameless IGS is to see the
tip or axis of the navigated instrument in the corresponding image data without
the need for a stereotactic frame for calculation (Grunert et al. 2003, West &
Maurer 2004). The purpose of surgical navigators in intraoperative use is to
provide the surgeon with real-time information on the location of the surgical
tools with respect to the anatomy during surgery. The goal is to improve the
surgeon’s hand/eye coordination in the region of surgical interest (ROSI), thus
improving the accuracy of surgical operations (Russell & Joskowicz 2009). The
basic components of surgical navigation systems are (after Russell & Joskowicz
2009, Schneberger 2004):

1. Areal-time tracking system that follows the surgical instruments with respect
to the patient images

2. Surgical tools and reference frames that enable the tracking

3. Displays that show the intraoperative situation

4. A computer system that integrates the information.

Navigation uses images that are be based on the surgical procedure. The images
are transferred preoperatively in most cases, but as mentioned earlier, in the case
of IIGS new image data may be taken intraoperatively (Galloway ef al. 1993,
Knappe et al. 2003). Figure 2 shows a common IGS procedure of the studied
surgical navigators as a step-by-step diagram.
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. 4

The image data is registered
to the patient

. 2
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. 2

The surgeon uses the
navigation system to orient
to the surgical target

Fig. 2. The procedure of surgical navigation.
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Navigators are classified by the nature of the tracking system. The optical
tracking system is the most commonly used tracking modality (Fischer 2005,
Schneider & Stevens 2008, Birkenfeller et al. 2008). In IGS it has become the
method of choice for a variety of surgical procedures (Chung et al. 2004). The
OTS consists of a receiver unit with two or more cameras and markers that are
calibrated to the system. In the IR-based OTS technique, the infrared cameras are
set to follow IR reflections from passive or IR emission from active markers on
the instruments and the patient tracker (PT). An optical band-pass filter is set to
eliminate all ambient light of other wavelengths, thus making identification of the
markers reliably simple. As the distance between the markers and the cameras
changes with respect to the PT, the place and the orientation of the instrument
with respect to the patient is calculated and shown on the display. Usually the PT
with the markers is attached to the patient directly or via the head holder, thus
immobilizing the reference system (Chung et al. 2004, Katisko 2012, Taylor &
Kazanzides 2007, West & Maurer Jr. 2004). This procedure is presented in Figure
3 (After Taylor & Kazanzides 2007).

TRACKING DEVICE

as

NAVIGATOR DISPLAY

IMAGE DATA

INSTRUMENT PATIENT TRACKER

Fig. 3. Surgical navigation procedure setup.
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A typical camera model with two infra-red cameras is illustrated in Figure 4. This
figure shows the dependence on the camera placement of the area that the camera
views cover. The larger the intersecting view area, the larger the working area and
thus the more accurately the used instrument’s movements may be followed using
the markers. The image also shows the dependence between the two camera
coordinate systems and the working volume. In the Figure, ‘a’ and ‘b’ represent
the cameras’ first nodal points to their common viewing center and ‘o’ represents
the angle between the cameras. The camera model is presented in Cartesian
coordinates in such a way that the y-axes are coincident with the optical axes
representing the longitudinal distance from the camera to the navigated objects; x-
axes represent the lateral components in the camera coordinate systems. Z-axes
represent the view up vectors and thus the vertical parameters in the accuracy
assessment analysis.

Fig. 4. A typical camera model of the OTS with two IR cameras (After Madritsch 1996).
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There are two optical navigation tracking systems, the so-called active and
passive systems. In the active system, tracking diodes generate light that is sensed
by the camera. In the passive systems, reflecting spheres, called fiducials, reflect
the light generated by the infra-red camera. The difference in the accuracies of
these two methods has been shown to be minimal (Wiles et al. 2004). The setup
for the active system involves wired connections to the patient tracker and the
instrument. There are also tracking devices that merge both systems (Chung et al.
2004, Frantz et al. 2003, Katisko 2012, Schneberger 2002, Wiles et al. 2004).
Figure 5A illustrates an optical tracking modality using passive markers. As seen
in the picture, the fiducial markers reflect the infra-red waves produced by the
receiver device. Figure 5B shows the tracking modality using active diodes that
send their own light which the camera is set to follow.

A B

Passive Tracking Active Tracking

Fig. 5. Optical navigation techniques. The passive tracking system (A) where the infra-
red waves produced by the camera reflect from the reflecting spheres, and the
passive tracking system (B) where the diodes of the patient tracker send their own
waves that the camera is set to follow (NDI Digital 2012).

Superior maneuverability is gained with the passive optical tracking system,
because the instrument used is wireless and frameless (Vahala et al. 2001,
Birkenfeller et al. 2008). Also, lightness of weight together with linearity, stability
and accuracy are clear advantages of the system (Birkenfeller ef al. 2008, Katisko
2004, Vahala et al. 2001). This makes it possible for the surgeon to use the
instruments more comfortably. The greatest setback with the optical tracking
system is that the systems are obtrusive and require a clear line-of-sight between
source and detector (Chung ef al. 2004, Katisko 2004, Schneider & Stevens 2008).
Possible error sources for the accuracy of the OTS include lens and imaging
distortions and rough handling (Wiles et al. 2004). Most of the active OTS
devices are partially wired because of the need of energy for the active LEDs.
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Exceptions to the common active OTSs are the navigators by Stryker Inc.
(Kalamazoo, MI, USA). The Stryker navigators, while being active, are wireless.

Electromagnetic tracking system (EMTS) based navigation is another widely
used method. It has been used increasingly within the last few years (Birkenfeller
et al. 2008, Chung et al. 2004, Frantz et al. 2003, Hummel et al. 2006, Schicho et
al. 2005, Schneider & Stevens 2005). The system consists of a field generator that
produces a magnetic field and an instrument as a sensor with one or more coils
that induce voltage in the presence of a changing magnetic field. The position and
orientation of the instrument are calculated using these induced voltages by the
measurement system of the device (NDI 2012). The system also has a computer
control unit between the field generator and the sensor that calculates the relative
position of the instrument with respect to the patient tracker. The coordinate space
in which the sensor is moved is produced by a field generator. Sensors used for
EMTS can provide three volumetric positions (XYZ) and depending on the
number of coils, two or three orientation angles. Depending on the number of
orientation angles, the system is referred to as a 5 DOF (degree of freedom) or 6
DOF tracking system. Figure 6 illustrates the basic concept of EMTS.

Fig. 6. An illustration of the concept of EMTS including the basic components of the
system with the field generator (1), the tracked instrument (2) and the measurement
unit (3). Also the produced magnetic field (4) and the detected pulses (5) of the
instrument are shown (NDI Digital 2012).

29



The greatest advantage reached with EMTS is that it does not require a clear line-
of-sight between the field generator and the sensor (Birkenfeller et al. 2008,
Chung et al. 2004, Frantz et al. 2003, Schicho et al. 2005, Schneider & Stevens
2005). Another advantage over the OTS is that since the sensing coils are close to
the tip of the tracked instrument, and thus closer to the point of interest, tracking
inside the human body with a flexible instrument is made possible. The
disadvantage with EMTS is that it is sensitive to errors especially with objects
consisting of metals in the presence of the magnetic field and thus very
challenging to make MRI compatible (Birkenfeller et al. 2008, Frantz et al. 2003,
Schicho et al. 2005). This limits the widespread use of EMTS in surgical
procedures. Miniaturization of the sensor coils has produced more applications to
IGS in recent years (Birkenfeller et al. 2008, Hummel et al. 2006).

Figure 7 illustrates the pointer instruments of the OTS (1) and the EMTS (2).
As can be seen, the basic difference in tracking of the instruments is highly
affected by the tracking method. On the OTS instrument, the reflective spheres
are located by the IR rays. Thus, depending on the length of the instrument, the
located tip is relatively far away from the spheres that are followed by the system.
On the hand, the located coils of the EMTS instrument are relatively close to the
followed tip. This is the basic difference in the method of surgical navigation of
the two most commonly used tracking methods.

Fig. 7. The basic difference of the OTS and EMTS modalities. The instrument used in
OTS modality (1) and the EMTS instrument (2).
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The mechatronic tracking system is based on the so-called mechanical digitizer.
The system consists of rigid segments and sensor encoded joints that are usually
optical encoders or potentiometers. The sensors are calibrated so that the
movement of the digitizer is sensed by the angular displacement of the segments
(Watanabe et al. 1987, Koivukangas et al. 1993). The position of the base of the
arm is rigid and known. As the instrument attached to the device is moved, the
sensors detect the movement and thus, using forward kinematics, the location of
the instrument tip (Watanabe et al. 1987) or the angular displacement and location
of the instrument axis (Koivukangas et al. 1993) is known with respect to the base
frame of the arm. This information is then graphically displayed on reformatted
planar images.

The main advantages gained using the mechanical digitizer are accuracy with
an error of 0.1-2.5 mm and no line-of-sight restriction. This makes it possible to
navigate the object to the extent of the length of the arm (Schiffbauer 1997). The
main setback with these systems is that they are relatively clumsy and heavy
(Schiftbauer 1997). This type of tracking is the basis of most of the current
surgical robots (Cleary & Nguyen 2001, Virtanen 2006). One of the newest is the
MR-compatible robot prototyped at the Department of Mechanical Engineering,
University of Oulu (Heikkild ef al. 2012, Koivukangas et al. 2012, Virtanen 2006).

Acoustic tracking typically uses a device that is based on ultrasound (US). It
is the least used of the tracking systems. The frequencies for range detection are
above the human hearing threshold at around 20 kHz. The simplest US device
uses a pair of transmitter/receivers coupled to obtain distance measurement. For a
3D location the modality needs a system of three transmitters and one receiver or
a system of one transmitter and three receivers (Birkenfeller et al. 2008, Hummel
et al. 2006, Roberts et al. 1986, Wood et al. 2005). Acoustic tracking is based on
either Time of Flight (TOF) or Phase Coherence technique for orientation and
displacement determination. TOF technique uses a process of triangulation of the
known speed of sound through the medium, the reflection delay and the distance
difference of the receivers. The Phase Coherence technique measures the phase
difference of the receiver and transmitter pulses (Wells 1977).
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2.1.3 Surgical robotics

>

“I can t define a robot, but I know one when I see one.’

Joseph Engelberger, pioneer in industrial robotics

General overview

Surgical robotics is a field that has improved rapidly within the last 30 years
(Heikkild et al. 2012, Kwartowitz et al. 2006, Madhavan et al. 2002, Virtanen
2006). Within the last two decades a number of successful robotic systems have
been adopted into surgical use (Haidegger et al. 2010, Heikkild et al. 2012, Howe
& Matsuoka 1999, MaRS 2010, Shiakolas et al. 2002, Virtanen 2006). In fact,
medical robotics is the fastest growing segment in the robotics industry today
(MaRS 2010). One reason for the rapid progression of robotics to surgical
applications is the large technology base that has been developed in robotics
research in the past three decades (Craig 1989, Khatib 1992).

Originally surgical robots were designed to perform simple tasks in ordinary
operating rooms such as holding instruments and guiding them into correct
positions. Robotics Institute of America has defined a robot as a re-programmable,
multi-functional manipulator designed to move material, parts, tools, or
specialized devices through various programmable motions for the performance
of a variety of tasks (Madhavan et al. 2002). Another definition of a robot by
Webster’s Dictionary is “an automatic device that performs functions normally
ascribed to humans or a machine in the form of a human.” In the beginning of
robotics, the applications were for industrial use in the late 1950°s and early
1960’s. The robots were then adapted to other fields and most recently also to the
medical device industry.

The development of robotics for surgery has experienced three main
advancement waves (Madhavan et al. 2002). At the outset in the mid 1980’s, the
robots were modified from industrial robots for simple assistive manipulators.
Then, at the end of 1980°s new robotic applications and technologies were
developed purely for the intention and needs of surgical procedures. Finally, the
most recent advances in surgical robotics date back to the late 1990’s as the robots
were actually performing surgical procedures. The first published robot assisted
closed chest bypass on the human heart was performed by surgeons at the London
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Health Sciences Centre’s University campus in London, UK, in 1999 (Madhavan
et al. 2002).

The differences in human anatomy and machine characteristics are a way to
understand the advantages of using robots in surgery. The improvement of
robotics has led to unique capabilities for which the surgical robots may be used.
The main differences between the human and a machine are accuracy, precision
and repeatability to perform identical tasks (Alakuijala 2001, Ng et al.1993,
Howe & Matsuoka 1999). Another difference in the characteristics is that
specialized manipulator design allows the robots to work through incisions that
may be much smaller than those that a human would need. The robots used for
IGS can accurately guide instruments deep in the human anatomy without causing
harm to the body (Howe & Matsuoka 1999, Riviere et al. 1997). Robots may also
be used for reducing the surgeon’s involuntary hand movement during surgery
(Riviere et al. 1997) and to improve manual accuracy (Alakuijala 2001, Howe &
Matsuoka 1999, Kwartowitz et al. 2006, Riviere & Khosla 1997). The goal for
the use of surgical robotics is to complement and enhance the surgeon’s skills in
IGS operations, but also to always leave them in control and never to replace
them (Russell & Joskowicz 2009). “Surgical procedures need surgical robots —
industrial robots could be hazardous” (Drake ef al. 1991).

Surgical robots are categorized into functional and technological
classifications by the nature of the manipulator (Madhavan et al. 2002). The
functional classification includes the following three classes: (After Madhavan et
al. 2002)

- Dexterity enhancement
The robots are controlled by a surgeon during surgery and are thus considered
as slave manipulators. These types of robots may be controlled from a remote
location

- Precision localization
The robots precisely locate a predetermined surgical target, for example, by
using pre-operative images

-~ Precision manipulation
The robots perform preoperatively programmed functions instead of
surgeon’s direct control.

The technological classification is divided into the following key aspects: (After
Madhavan et al. 2002)
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Autonomous

Robot control is based on preoperatively programmed plans and image data

-~ Supervisory

The robotic system guides the surgeon to accurately perform the operation
Teleoperated

The robots may be controlled from a location geographically remote from the
operating room.

The surgical robots may be designed and controlled under these classifications.
The objectives for all surgical robotic systems are to provide better quality
operations and to perform the tasks programmed accurately and safely. Some of
the more specific objectives are minimal invasiveness and finer control.

As the imaging modalities have improved, so also the use of surgical robotics
has been made more acceptable and the system control more accurate especially
when preoperative or intraoperative images are used (Virtanen 2006).

The development of surgical robots for operational means is a potential
growth area for image-guided treatment procedures. Even with the finest design
and accuracy, the use of a robot for replacing a surgeon is highly unlikely to
happen. Instead, the robots may be designed to serve as tools for some phases in a
surgical procedure (Alakuijala 2001). Since robotic manipulators are able to do
small, precise maneuvers, surgical robotic systems are a good match for MIS
procedures (Kwartowitz et al. 20006).

The following Table includes the four most widely used surgical robotic
systems and the numbers of devices sold.

Table 1. A representative list of surgical robots in clinical use. (According to
Haidegger & Virk 2012).

Device and Manufacturer Devices Sold Intended Procedure

Neuromate, Renishaw plc., ~30 Stereotactic neurosurgery
Gloucestershire, UK

MAKO RIO, MAKO Surgical 113 (07/2010) Orthopedic procedures

Corp., Ft. Lauderdale, FL, USA

CyberKnife, Accuray, Sunnyvale, 220 (12/2010) Non-invasive tumor procedures
CA, USA

da Vinci, Intuitive Surgical Inc., ~2300 (3/2011) Laparoscopic, thoracoscopic,
Sunnyvale, CA, USA endoscopic surgery
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A prototype surgical interactive robot developed into MRI (SIRQO)

A prototype surgical interactive robot (SIRO, Fig. 8.) was designed and developed
as a 6 DOF (degree of freedom) articulated configuration manipulator with a
working volume intended for use inside a MRI scanner. It was developed as a
joint research project between the Department of Mechanical Engineering,
University of Oulu, the Technical Research Center of Finland (VTT) and the
Department of Neurosurgery at Oulu University Hospital in Oulu, Finland
(Heikkild er al. 2012, Koivukangas et al. 2012, Virtanen 2006). The kinematic
structure of the robot was based on the Unimation PUMA 560, for which well-
known methods for solving the inverse kinematics were available, such as those
of Craig (1989). According to the classification of Madhavan et al. (2002), the
SIRO robot can be classified as an autonomous precision localization device. The
robot precisely locates a chosen surgical target based on a programmed plan.

Three joints in the robot were used for the wrist movements and three for the
rest of the arm movements. The arm of the robot was 1000 mm long. The
shoulder height from the base was 700 mm. Together with the arm the largest
reach was 1300 mm in radius and height. The total mass of the robot was 23 kg.
The mass was distributed so that the base and shoulder including the first three
degrees of freedom totaled 15.5 kg and the arm and wrist 4.5 kg. The arm was
balanced by attaching motors and drives for the wrist movements behind the
shoulder of the robot.

The first joint counted from the base was a revolute joint with its axis
coincident with the link. Power transmission system for the first DOF included
bevel gears from a motor to the intermediate shaft and then worm gears to the
main axis of the robot. The second and third DOFs were revolute joints with axes
perpendicular to the links. Motors and ball screws were used for power
transmission. The fourth DOF was a revolute joint with axis coincident with the
link with power transmission including a small spur gear on the motor shaft and a
large spur gear on the arm. The fifth DOF was a revolute joint with axis
perpendicular to the link, and the sixth DOF a revolute joint with axis coincident
with the link. These last two joints were placed at the wrist of the robot with cable
drives used for power transmission from motors to the two wrist joints. Both of
these joints had identical transmission systems. The motor shafts were fixed on
ball screws. Cables were fixed on sliders that raced on the ball screw. The cables
were also tightened on these sliders. The prototype robot (SIRO) is illustrated in
Figure 8.
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Fig. 8. The prototype surgical interactive robot developed into MRI (Koivukangas T et
al. 2012, published with kind permission of Springer Science+Business Media).

Based on the MR-compatibility studies using an MR scanner (Philips Panorama
0.23 T, Philips Medical Systems MR Technologies, Vantaa, Finland), aluminum
alloy AlSiMg was used as the main material of the parts (Virtanen 2006). The
robot base needed to be strong and stable. As the robot base stood outside the 20
mT magnetic field line, the need for MR-compatibility for the base was low. Thus,
the base structure was strengthened with an axel made of stainless steel (AISI
316). The base shaft functioned as the rotating shaft for the entire robot
perpendicular to the floor. The forearm of the robot was made of carbon fiber tube.
This material was verified to be MR-compatible in the tests. It was strong enough
to stabilize the end effector and also lightweight (Virtanen 2006). Electric safety
was achieved by shielding the electronics in MR compatible housings and by
using MR compatible tubing for the cables. The safety of the instruments was also
guaranteed by using MR compatible materials (Virtanen 2006).

The main reason to use intraoperative MRI during brain surgery is that image
guided methods such as neuronavigation and robotic surgery require new images
to be taken as the operation progresses due to changes in the surgical field, like
brain shift.

However, strong static and coupling magnetic fields and radio frequency
pulses produced by MR scanners produce a challenging and potentially hazardous
environment. Magnetic fields exert magnetic forces and eddy currents in
materials that are magnetically incompatible. This may lead to false signal
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information, uncertainties in actuator control and dangerous forces acting on the
robot (Madhavan et al. 2002, Schenck 1996). From the point of view of
electromagnetic behavior and material technology, the solutions from
conventional robotics are not applicable as such. In addition, there are also
challenges from the conventional robotics point of view: the working space is
very limited, there is limited access to this space, and results of intraoperative MR
imaging need to be integrated to the work.

There has been active development of MRI compatible robotics, e.g., for
biopsies of brain (Masamune et al. 1995), breast (Larson B et al. 2004) and
prostate (Susil ef al. 2003) lesions. Robots have also been under development for
specific types of working space depending on the design of the MR scanner
(Chinzei & Miller 2001, Tsekos et al. 2005). In addition, development towards a
general purpose device for use within the MR scanner has been reported (Tsekos
et al. 2008). Still, technology remains at the development phase involving
prototypes few of which have been tested in clinical conditions (Gassert ef al.
2008, Sutherland et al. 2008).

2.1.4 Medical imagers

Medical imaging has become a vital component of a wide range of medical
applications (Hill et al. 2000). For IGS procedures, medical images are the main
source of information (Taylor & Kazanzides 2007). Thus the advancement of the
image scanners was a key step in the development of IGS systems. As imaging
technologies have improved, they have been adapted from clinical diagnostic
settings to preoperative surgery planning and intraoperative surgical procedures.
Especially the preoperative images are used commonly for several purposes.

In pre-surgical planning, the images are necessary data. Pre-surgical planning
is a key step in (I) understanding the patient’s anatomy and the patient’s disease,
and (II) developing the desired surgical procedure path and treatment approach.
The pre-surgical images are also used as the basic data in the actual IGS
procedure. The use of imaging technologies has improved the quality of patient
treatment significantly (Hill et al. 2000, Hosoda et al. 2011, Kubben et al. 2011,
McGirt et al. 2009, Nimsky 2011, Sanai & Berger 2008).

Since IGS procedures rely largely on image data, it needs to be of high-
quality to provide excellent differentiation between normal and abnormal tissues
especially in preoperative planning. In the actual IGS guided procedure, the
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image data also needs to provide accurate representation of the patient (Holmes
III et al. 2008).

The imaging modalities are divided into two main categories: anatomical and
functional-metabolic.

- Anatomical modalities, i.e., depicting primarily morphology, include the most
commonly used techniques such as X-ray, CT, US and MRI. Some of the
techniques have been developed further for new applications. Such modalities
are for example: CTA (computed tomography angiography), DTI (diffusion
tensor imaging), MRA (magnetic resonance angiography) and MRS
(magnetic resonance spectroscopy).

-~ Functional or metabolic modalities, i.c., depicting primarily information on
the function or metabolism of the underlying anatomy, include fMRI
(functional magnetic resonance imaging), PET (positron emission
tomography), SPECT (single photon emission computed tomography) and
TMS (transcranial magnetic stimulation). Also a wide range of other
techniques can be named under functional modalities.

The most often used imaging methods are computed tomography (CT) and
magnetic resonance imaging (MRI) (Grunert e al. 2003). CT imaging is based on
the absorbance of X-rays in the object. Thus, it is mostly used for generating a 3D
image volume of patient tissue densities. CT imaging is a common imaging
modality especially for spinal orthopedic procedures, skeletal anatomy in general,
and with injected contrast material also vascular structure visualization (Holmes
III et al. 2008, Goldman 2007, Zannoni ef al. 1997). In preoperative planning, CT
images have been reported to be used in nearly all disciplines of interventional
procedures (Holmes III ef al. 2008). These disciplines include cardiology (Budoff
et al. 2006), neurosurgery (Haydel et al. 2000), radiation oncology (Lattanzi et al.
2004, Spencer 2001) and orthopedic surgery (Lattanzi et al. 2004). MR imaging
is based on the spin effect of the hydrogen atom and thus it is mostly used for soft
tissue imaging, e.g., brain imaging (Hendee & Morgan 1984). The basic
phenomenon of MRI is utilized in human anatomy imaging by measuring the
emission of RF energy within the varying magnetic field (Holmes III et al. 2008,
Katisko 2012, Schenck 1996).

Specifically, the intraoperative 3D CT scanning system that was studied in
this thesis, the O-arm (Medtronic Navigation Inc., Louisville, CO, USA) is a
surgical, mobile 2D/3D x-ray imaging system optimized for spinal and orthopedic
surgery. Scanning is based on a flat panel detector and cone-beam technology
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producing 196 slices in 13 seconds in the standard mode. Pixel size is 0.415 %
0.415 mm with a slice thickness of 0.833 mm. The size of the scanned cylindrical
3D volume is 21 cm % 16 cm (diameter % length).

2.2 Accuracy assessment of surgical guidance devices

This section reviews the definitions of accuracy and the assessment of the
accuracy of surgical guidance devices, concluding with the theory of instrument
tracking error applied in this thesis.

2.2.1 Definition of accuracy of surgical guidance devices

“Accuracy: An unmeasurable quantity that everyone has a number for,
nobody knows how they got it, and everyone wants more of.”

Neil Gossip & Richard Hu

As the use of surgical guidance devices and robotics has seen an increase in
minimally invasive surgery (MIS) (Howe & Matsuoka 1999, Stiehl er al. 2011,
Zoppi et al. 2010), also the need for the accuracy assessment of the IGS systems
has been realized. In present operating rooms standard procedures for assuring
safety have been adopted and standardized to most disciplines of medicine and
engineering. Today, organizations such as the International Organization for
Standardization (ISO) and the International Electrotechnical Commission (IEC) in
Europe, and the Institute of Electrical and Electronics Engineers (IEEE), the
American National Standards Institute (ANSI) and the American Society for
Testing Materials (ASTM) are among major organizations involved in setting
standards also for medical equipment. Since IGS crosses the disciplines of
electrical engineering, computer science, mechanical engineering and metrology
and the research is conducted transnationally, there is a lack of unified standards
for the accuracy assessment of surgical guidance devices.

When assessing the accuracy of surgical guidance devices, it is important to
define the terms “accuracy”, “precision” and “bias”. Also, it is important to
broaden the definition of these terms when applied to different devices and
applications of the guidance devices such as surgical navigators and surgical
robots. Accuracy in the current literature of surgical devices reflects different
attributes of a particular measurement. It may mean the standard deviation of a
number of measurements from a fixed object or it may relate to the closeness of
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an instrument’s mean value compared to the known position. The most often used
standard in validating the accuracy of surgical guidance devices are the ISO 5725-
1:1994 “Accuracy (trueness and precision) of measurement methods and results”
(ISO 5725) and the ISO 9238 “Manipulating industrial robots — Performance
criteria and related test methods” (ISO 9238), which define accuracy as the
closeness of agreement between a test result and the accepted reference value.

Repeatability is an accuracy analysis method for robots. Repeatability is
defined as the ability of the robot to perform the planned motion and finish at the
same point. This term reflects the precision of the machine, but not the accuracy
of the system (Stiehl ef al. 2007). Precision is a term defining a number of
measurements whose standard deviation is relatively small, although the mean of
these measurements is not necessarily close to the true value. Bias is the number
indicating the difference of the true value and the precision value. Thus, if the
mean of the precision corresponds to the true value, the system is unbiased.

Figure 9 illustrates the differences in the terms accuracy and precision. On the
first image on the left, the points are scattered on the edge of the target. Thus, the
system is neither accurate nor precise. On the second image the points are well
grouped on the outer edge of the target. This shows that the system is precise but
not accurate. On the third image, the points are accurately close to the center of
the target, but there is high scatter between the points. The system is thus accurate
but not precise. On the last image the points are grouped well in the center of the
target. This system is accurate and precise. This Figure set illustrates the basic
principles of accuracy assessment of surgical guidance devices.

Accuracy and Precision

Not Accurate and not Precise| Precise but not Accurate Accurate but not Precise Accurate and Precise

Fig. 9. An illustration of the different aspects of accuracy terms used in IGS.

For surgical navigators, only the absolute position accuracy is considered relevant.
In surgical robotics also repeatability is considered as a main application accuracy
indicator (Mooring & Pack 1986). For robots in general, usually the repeatability
is higher than the absolute position accuracy.
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In surgical navigation and robotics, the term “accuracy” needs to be divided
into three types of accuracies with the following arrangement: (Alakuijala 2001,
Grunert et al. 2003, Haidegger et al. 2010)

1. Technical accuracy (typically 0.1-0.6 mm)
2. Registration accuracy (typically 0.2—3 mm)
3. Application accuracy (typically 0.6—10 mm).

Technical accuracy indicates the reliability of the navigational device’s own
placement definition. It applies to the surgical guidance device’s mechanical
accuracy and describes the average error of the given component in operational
use (Grunert ef al. 2003). Technical accuracy takes into account also the random
errors such as mechanical and electrical compliances, friction and hardware
problems, and inadequate control that may all result in lower technical accuracy.
Technical accuracy is thus highly affected by the mechanical quality of the used
devices. These errors and limitations are the compliances of the overall accuracy
that may be improved by engineers before using the devices for surgical
procedures. For these reasons, the technical accuracy of the navigational devices
should be higher than the registration accuracy (Grunert et al. 2003).

Registration accuracy is related to the coordinate transformation of the object
to the navigator image set. Registration accuracy is highly affected by the
technical accuracy of the device together with imaging device restrictions, the
type and form of markers used, displacement of the markers and determination of
the center of the markers. The accuracy is also affected by the resolution of the
used medical images, movement of the patient in the scanner gantry, the type of
imaging method used and the slice thickness of the image data. These are aspects
that should be taken into account when setting up the operational procedure. By
using the correct imaging parameters and by choosing the applicable registration
technique, the registration errors may be decreased (Grunert ef al. 2003, Stiehl et
al. 2007).

Image artefacts can affect the diagnostic quality by decreasing the spatial
accuracy making them useless for diagnosis and thus for use in IGS procedures
(Barrett & Keat 2004, Erasmus et al. 2004). It is necessary to understand possible
causes for image artefact and also to have useful tools for inspecting the spatial
accuracy. Image artefact is a term applied to any systematic difference between
the images and the scanned object; some affect the diagnostic quality and some
may be confused with pathology (Barrett & Keat 2004, Erasmus ef al. 2004). The
origin of different artefact of CT imaging may be categorized into: (I) physics-
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based resulting from the physical process in the acquisition of CT data, (II)
patient-based artefact including patient movement and metallic objects in the
patient or in the close proximity, (III) scanner-based artefact resulting from the
imperfections in the scanner, and (IV) helical, multi-section and cone beam
artefact produced by image processing (Barrett & Keat 2004). Magnetic
resonance imaging (MRI) may also be affected by a number of different artefacts.
In particular, MRI is sensitive to spatial inaccuracies. The inaccuracy may
originate from the structure of the object, eddy currents in conductive objects and
scanner structures and other susceptibility issues of the scanned object caused by
air-tissue interface and water-fat interface (chemical artefact) (Schenk 1996).

MR artefacts are classified as (I) sequence artefact, (II) reconstruction
algorithm artefact, (III) field artefact and (IV) noise artefact. All of these four
main artefact sources originate either from the device hardware or from the
patient or as a total sum of both (Bellon et al.1986). Most common artefacts are
radiofrequency (RF) related, external magnetic field related and gradient field
related. Other artefacts include surface coil, bounce point and asymmetrical
brightness artefacts. External magnetic field (By) inhomogeneity artefacts occur
when an object is brought inside the scanner. The result of B, artefact is seen as
different tissues mismapping in the images. This is caused by the difference in the
magnetic field and the object homogeneity (Erasmus et al. 2004).

Application accuracy includes the overall error of the entire procedure. This
accounts for the technical accuracy of the device and the registration accuracy. It
shows how reliably the pointer tip of guidance device in physical space
corresponds to the anatomic position in the medical images during an operation.
It answers also to the loss of correspondence between the images and the
anatomical structure during procedures. Application accuracy limitations are due
to technical inaccuracy, registration inaccuracy, and deformations in the anatomy
of the patient during operation, such as brain shift. Application accuracy is the
most unpredictable type of accuracy in guidance device aided procedures. For
improving the application accuracy, while using more accurate guidance devices,
medical imagers and registration techniques, other techniques have been
introduced. A model updating method based on gravity-induced brain deformation
was introduced by Miga and co-workers (Miga et al. 1997). The experiments
showed that the error accounted for by brain-shift was improved from 5.7 mm to
1.2 mm. One of the more recent operational techniques is to use intraoperative
MRI, CT or US images and replace or match these images with the pre-operative
data sets (Koivukangas ef al. 1993, Mosges & Schlondorff 1998). This helps to
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take into account the deformations in the anatomical structures and thus provides
more accurate locations of the structures to be removed and the locations of the
critical anatomical structures surrounding the disorder (Grunert et al. 2003).

A special case of OTS guided interventional procedure has been introduced
by Ruohonen & Karhu (2010). The OTS was used as a guidance device for
transcranial magnetic stimulation, the Nexstim eXimia NBS system (Nexstim Oy,
Helsinki, Finland). They reached a total application accuracy of the system of 5.7
mm. In the experiment, they found that the OTS accuracy was 1.6 mm.

Widmann et al. (2012) have also recently written a comprehensive review
article based on a PubMed literature search from 1995-2010 regarding
application accuracy of IGS devices. Mean total errors ranged between 4.4-5.4
mm for brain biopsies and 2.0-3.2 mm for depth electrode placements. However,
application accuracy is outside of the scope of the present study which centered
on technical accuracy. The latter must be assured as one of the physical bases of
application accuracy.

In accuracy assessment of surgical guidance devices, technical accuracy is the
segment of accuracy that can be improved solely by better equipment. By
developing devices that have higher standard components and more confident
operation, the accuracy of the device may be improved dramatically. Technical
accuracy is also possible to be assessed and improved before the actual operation.
Registration accuracy may be improved by correct imaging modality and optimal
imaging parameters. Also the decision of registration technique affects the overall
accuracy. The acceptable range of error and tolerable accuracy of a device
depends on the procedures for which surgical guidance devices are used
(Alakuijala 2001). The tolerable error range is naturally affected by the surgical
scene and possible devices and instruments used. For example, if the
neurosurgeon has a clear view of the operation zone and the object operated, the
need for accuracy of the guidance devices is lower than in the case of an object
deep in the brain. Also, if endoscopic cameras are used, the accuracy requirement
may be considered to be lower. Thus, it is unnecessary to give a number for
accepted application accuracy in millimeters. However, the accuracy of the
devices is intended to be improved and maintained in general. To improve the
accuracy of the surgical guidance devices and thus make the IGS procedures safer,
Nolte and coworkers have listed usability requirements for a position sensing and
tracking device (Alakuijala 2001, after Nolte er al. 1994):
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1. Established surgical procedures should be principally preserved
The existing surgical tool set should remain the same

3. The system's technical accuracy should be at least one order of magnitude
better than the desired overall accuracy

4. The positioning system should be fast enough to allow real-time instrument
control and visualization in the medical image.

These are basic rules under which the IGS will remain under high standards and
the operation will remain safe. The rules also state the most important factors that
define the accuracy of surgical guidance devices. In general 3—5 mm RMS
accuracies for indirect IGS are considered acceptable, but for IG neurosurgery the
recommendation is 2 mm. For direct IGS assisted with a robot, the
recommendation for the RMS accuracy is less than one millimeter (Grunert et al.
2003).

In the current literature and publications of accuracy assessment for IGS
systems, there is a wide variety of experimental result analyses. This was realized
already at the CAOS International Society annual meeting held in Chicago in
2004 where a group of leading engineers and physicians began the process of
writing standardization guidelines (Clarke et al. 2008, Haidegger et al. 2010,
Kroneif et al. 2011, Stiehl et al. 2007, Wiles et al. 2004). International
organizations such as the American Society for Testing and Materials (ASTM)
and other international organizations are making efforts on standardizing IGS
devices accuracy assessment (Haidegger ef al. 2010, Kroneif et al. 2011, Stiehl et
al. 2007, Zoppi et al. 2010). As a result of the CAOS annual meeting in Chicago,
ASTM initiated a standards committee (ASTM F04.05) in 2004 under the title
“Standards Practice for Measurement of Positional Accuracy of Computer
Assisted Surgical Systems (CAOS)” with the goal of developing an international
standard for metrology, validation and performance of CAOS systems (Clarke et
al. 2008, Haidegger et al. 2010, Stiehl et al. 2007). In 2007 ASTM F04.05, a
committee initiated by the ASTM for standardizing positional accuracy of
computer assisted orthopedic surgical systems (CAOS), defined and developed a
draft generic measurement board. Later, multi-institutional technical committees
have presented white papers and articles calling for tools for standardizing many
applications and areas of IGS and CAS (Chiao et al. 2008, Haidegger ef al. 2010,
Kazanzides 2006, Kroneif et al. 2011). The first draft, presented in 2007, deals
with the localizer functions of navigation systems of OTS, EMTS and mechanical
digitizers.
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Based on the efforts and with support from the ASTM, a multi-national
technical committee presented a white paper calling for the standardization of
many areas of IGS (Clarke ef al. 2008, Haidegger et al. 2010). The areas for need
of standardization include especially the following areas of medical devices,
which are also studied in this thesis:

- Computer assisted navigation and surgery
- Surgical robotics
-~ Medical imaging.

This process of standardizing the accuracy assessment of the IGS devices led to
the ASTM standard F2554-10 that was approved and published in 2011 (ASTM
2011). As the standard focuses on orthopedic procedures and mainly in spinal
navigation, the proposed phantom is roughly planar. Thus there remain open
questions regarding accuracy assessment of IGS systems in general. In the
standard, a phantom is presented, but the design of the used phantom was left for
consideration as normative information to investigators. The draft phantom
consisted of a 150x150x20 mm base plate with two additional levels with a single
level at a 30° slope (Nebraska University phantom, Figure 10).Thus, the proposed
phantom may be suitable for spinal procedures accuracy assessment, but since the
basis of the phantom is a board, volumetric analysis is difficult to perform.
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Fig. 10. The draft phantom in the ASTM F2554-10 (ASTM 2011).

The accuracy assessment holes of the Nebraska phantom were machined using a
vertical computer numerical controlled (CNC) machine to the depth of 1.2 mm.
As the phantom was machined from stainless steel with a total of 47 accuracy
assessment points, there are limitations for its application as a universal accuracy
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assessment tool for IGS devices. The phantom cannot be used for comprehensive
volume or depth analysis due to the limited spatial arrangement of the holes. Also,
the material chosen, namely stainless steel is not ideal for assessing the accuracy
of medical imagers.

In this thesis, the ISO 5725-1 standard is applied for the accuracy analysis of
surgical navigators and these standards together with ISO 9238 for the accuracy
assessment of the prototype surgical robot. Accuracy relates to the terms absolute
position accuracy and repeatability. Absolute position accuracy is a measure of
the device’s pointer tip in space with respect to the calculated coordinates and is
defined as the qualitative assessment of the measured value to the true measured
value. Thus, the use of a verified phantom with known coordinates for accuracy
assessment is accepted as a method of verification of the overall accuracy analysis.
The ASTM F2554-10 was used as a comparative tool in the analysis of the
presented methods.

2.2.2 Accuracy assessment of surgical guidance devices

Accuracy assessment of medical devices has been a vital part of the product
development of surgical guidance devices. The accuracy of the used surgical
guidance device during operations has to be verified. The surgeon needs to know
if the navigator is still as accurate as when the device was built or how much the
accuracy has decreased and in which direction, i.e. horizontal or vertical. This
gives the surgeon a more comfortable state of mind and makes the operation safer.
To address this issue surgical navigator companies give a range of error in which
the navigator operates (Frantz et al. 2003, Wiles et al. 2004). To make the
understanding of the accuracy of the surgical guidance devices even better,
accuracy assessment phantoms and protocols for special purposes have been
developed. (ASTM 2011, Clarke et al. 2008, Linte ef al. 2010, Masood et al. 2002,
Moretti et al. 2000, Yamura et al. 2005). A phantom is an object used for a variety
of purposes to replace a human in the development of new techniques and
methods in the medical and surgical field. All of the above errors can be solved
with more precise manufacturing and better understanding of mechanics and
software. For this reason, a variety of phantoms as presented in the current
literature have been developed to better understand the error caused by the
navigational modalities and thus help improve the performance of future surgical
navigators. If the surgeon and the technical staff know the error caused by the
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navigational device, they can take this into account when performing an operation,
giving a better basis for successful surgery.

The devices are calibrated before they enter the market. When the navigator
leaves the factory, the accuracy is tested and assessed by the navigational device
company e¢.g. BrainLab GMB (Munich, Germany), Medtronic Inc. (Louisville,
CO, USA) and Stryker Inc. (Kalamazoo, MI, USA). The navigator’s accuracy can
be degraded due to many factors while in use in the hospital. For example rough
handling may decrease the accuracy (Wiles et al. 2004). Thus a post-industrial
phantom and an accuracy assessment protocol are needed (ASTM 2011,
Haidegger et al. 2010, Stiehl et al. 2007, Wiles et al. 2004). Recent issues
presented also in the MAUDE database with accuracy errors encountered in the
routine use of surgical guidance devices serve to emphasize the need for periodic
accuracy assessment of these devices as a part of quality assurance (MAUDE
2012). The MAUDE database is an online portal of the FDA, where all medical
device users and manufacturers post errors encountered with medical devices.
When browsing the database for injuries caused by stereotactic guidance devices,
which in this database search are navigators and robots, a total of 203 cases can
be found within the last five years. All of these error cases were encountered
during a surgical procedure.

Stiehl et al. (2007) and Heidegger et al. (2010) have addressed the issue of
the different accuracy analysis methods and results. They listed two significant
issues regarding the analysis found in the literature. According to their review,
there is serious lack of consistency both in terminology and validation methods
used in the statistical measurements of the accuracies of the guidance devices.
Wiles et al. (2004) also discussed the difficulty in comparing different accuracy
assessment results, and claimed that a large variety of spatial measurement
technologies and expected applications was the reason why manufacturers have
not agreed on standardized methods for surgical guidance device accuracy
assessment. They also suggested that users of these surgical navigators should
periodically check the accuracies and called for development of user oriented and
developed accuracy assessment tools and protocols for ‘real world’ use (Wiles et
al. 2004).

In the field of IGS, a variety of accuracy assessment phantoms and protocols
has been presented. As stated in the Introduction (Section 1.2), even though an
early stage standardized method and tool for periodic assessment for these
guidance devices was recently published, a number of open questions remain
unanswered. The ASTM F2554 standard focused on orthopedic procedures and
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thus a lack of common standardization has led to a variety of accuracy assessment
analysis and different aspects of results have been published.

Wiles et al. have presented methods for assessing the accuracy of the
commercial OTS, the NDI Polaris (NDI Medical, Waterloo, ON, Canada) (Wiles
et al. 2004). They covered aspects regarding the entire volume covered by the
optical camera pair. Their study also contained comparison between the so-called
active and passive optical tracking. They found that the accuracy of OTS does not
depend on the tracking method. In their experiment the mean accuracy of an OTS
was 0.255 mm and the RMS error was 0.193 mm, with standard deviation (SD) of
0.167 mm. 95% CI was found to be 0.451 mm. The presented study was highly
industrial and involved special accuracy assessment equipment that does not
necessarily suit the analysis done in a hospital setting. Instead, the analysis was
done in the factory and thus the methods were limited to analysis involving
laboratory and experts in accuracy assessment. Other research groups have also
assessed the accuracy of different navigators using the OTS in laboratory
experiments. Hassfeld & Miihligh reported a mean accuracy of 0.8 mm with 0.8
mm SD (Hassfeld & Miihlig 2000). Mascott (2005) analyzed the application
accuracy of an OTS during routine surgical procedures and published a mean
error of 1.4 mm with 0.8 mm SD. Ringel ef al. (2009) have also reported an
accuracy of 0.7 mm as the mean target point deviation using the VarioGuide
(BrainLAB, Feldkirchen, Germany). Wittmann ef al. (2011) reported an accuracy
of the Navigation Panel Unit (NPU) (Karl Storz GmbH & Co, KG, Tuttlingen,
Germany) in the surgical scene at 1.44 mm with SD of 0.09 mm and in ideal
conditions at 0.63 mm with SD 0.035 mm. Simon (1997) and Alakuijala (2001)
compared the difference between the different tracking methods, finding the
accuracy of the OTS to be in the range of 0.1-0.5 mm depending on the accuracy
assessment method.

The other widely used tracking method is EMTS as presented in Section 2.1.2
in this thesis. In the literature there are some studies of analysis done for this
tracking, but as with the OTS, no single standardized method has been presented.
Thus the analysis results are not totally comparable but they give a range in which
the accuracy has been reported. Frantz ef al. from the NDI covered the analysis in
detail containing different methods presented in the literature. They published the
accuracy of the EMTS to be within 1.1 mm (Frantz ef al. 2003). Hummel (2006)
reported the EMTS mean accuracy to be 0.17 mm with 0.19 mm SD. Schneider &
Stevens (2011) found a mean accuracy of 0.46 mm (-1.03 mm) for the EMTS.
Mascott (2005) compared the application accuracies of the OTS and the EMTS in
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his paper and found the accuracy of the EMTS to be 1.4 mm with 0.6 mm SD. In
a recent study, de Lambert et al. (2012) also reported a mean error of 1.3 mm
using the Aurora Magnetic Tracking System (NDI Digital Inc., ON, Canada). In
the comparison tables of Simon and Alakuijala, the accuracy of the EMTS was
shown to vary within 1 to 5 mm. Accuracies of the other modalities in the field of
IGS have been reported to be in the range of 1 mm for acoustic tracking and 0.1
to 2.5 mm for mechanical arm based navigators (Alakuijala 2001, Simon 1997).

Earlier research results on the accuracy analysis of commercial robots have
been published (Grunert et al. 2003, Drake et al. 1993, Kwartowitz et al. 2000).
Haidegger ef al. (2010) collected the accuracy analyses of the most widely used
commercial robots (The Puma 200, the ROBODOC, the NeuroMate and the da
Vinci) with the following results: technical accuracy had been reported in the
range of 0.5-1.35 mm with a repeatability of 0.05-0.15 mm. Ringel et al. (2012)
published a study comparing the accuracy of placement of lumbar and sacral
pedicle screws using the SpineAssist robot and conventional freehand screw
implantation. The results showed that in fact in this special case, the freehand
implantation was superior compared to the robot assisted procedure. They showed
that in 93% of cases freehand implantation was within the desired accuracy range
while the range was achieved in 85% of the cases when assisted by the robot. This
is a study that clearly shows that the use of robots in particular should be
evaluated and the accuracy of the systems assessed.

The total number of MIS procedures worldwide has been estimated at 3
million cases annually (MaRS 2010). The use of the presented IGS devices has a
share of 6% of the total number. Thus, roughly 180 000 procedures are guided
using these devices annually and the use of these devices is clearly increasing
(MaRS 2010).

As can be seen in the reports on accuracy analysis in the literature, there is a
range of accuracy analysis methods and thus deviation in the results. The fact that
there are no standardized methods for accuracy assessment of surgical guidance
devices and navigators in detail has led to broad definitions and analysis methods
for surgical guidance device accuracy assessment. The aspects regarding the
importance of assessing the accuracy of surgical guidance devices have been
published by many international research groups (Clarke ef al. 2008, Haidegger et
al. 2010, Kroneif et al. 2011, Stiehl et al. 2007, Wiles et al. 2004).

This thesis addresses the issues regarding the different terminologies,
validation methods and results analysis by evaluating the used surgical guidance
devices using the same accuracy assessment phantoms and protocols. The results
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are also presented in a uniform manner providing tools for quick and
comprehensive comparison between the different IGS devices.

2.2.3 Instrument tracking error theory

Instrument tracking error is an important component of IGS systems and the focus
of this thesis. The main source of this error lies in the technical accuracy of the
system. Depending on the used IGS system, instrument tracking error may be
derived from the localization of fiducial markers (OTS), the localization of the
coils (EMTS), or the kinematic construction of the device (surgical robots). The
common subject with these IGS systems is that the tip or axis of the used
instrument is mapped in space with respect to the object tracked. The used
instrument is calibrated to the object using registration techniques.

The instrument tracking error has been divided into three main categories
(Fitzpatrick et al. 1998, Haidegger et al. 2010, West & Maurer 2004):

1. Fiducial Localization Error (FLE)

— FLE is the error resulting from the misalignment of the fiducial positions.
FLE is the calculated distance between the true positions of the fiducials
and the measured positions. FLE gives the localization error in the
precise point within the fiducial. The FLE may be calculated using (1).

1 Nrial M Fiducial o
FLE=————3% % &(i,)), (1)
nTriul *nFiduciul =1 j=1
where ¢ is the error measured at each fiducial.

2. Fiducial Registration Error (FRE)

— FRE is a commonly used fiducial marker localization error. This is the
number that most of the IGS devices return after the registration of the
object to the reference coordinate system. In the ideal case, the FRE
equals zero and the connection between the FRE and FLE has been
shown to follow (2) (Fitzpatrick et al. 1998):

(FRE)= (1 —LJ<FLE2>, )

2n

where n is the number of fiducials used during the registration.
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3. Target Registration Error (TRE)

— TRE is the error of misalignment of the fiducials that results from the
registration error. The TRE may be calculated using (3):

<TRE2(r)>:<M—E2>[1+%Z3:d—Ej, ©)

n k=1 Jk

where n is the number of fiducial markers, d; is the distance of the target, and f; is
the RMS distance of the fiducials from the principal axis &.
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3 Development of advanced materials and
methods based on statistical formulation for
the region of surgical interest

In this section, the advanced accuracy assessment phantoms and protocols
developed in the present work are introduced as methods and tools for periodic
“real world” analysis of surgical guidance devices in the region of surgical
interest (ROSI). The tools and methods for accuracy assessment were utilized in
all of the present experiments. The process of development was begun already in
2008 when the need for these types of accuracy assessment tools was realized.
The purpose of the phantoms was to function as tools for assessing the
accuracies of surgical guidance devices, namely neuronavigators using OTS and
EMTS and a surgical robot. Due to the routine use of the guidance devices and
possible rough handling, the accuracy of the devices can decrease over time. To
periodically check the accuracy, a model with accurately machined accuracy
assessment points was needed. Together with material selection, the main
criterion given for the phantom was the need to provide more than one surface for
measurement points in the ROSI. The solution for these criteria was a phantom
designed to have three separate levels with accurately machined beveled
calibration holes to render a sufficient volume for testing and to make the
phantom volume easily accessible. The levels also needed to be ecasily
disassembled to reach the calibration holes on the lower levels. The first task in
the development process was to determine the volume of the ROSI. The
approximate size of the human head was chosen as the volume for the ROSI.

3.1 Accuracy assessment tools

The accuracy assessment tools included two phantoms and protocols. The
developed phantoms and protocols are a response to the suggestion by industry
for “real world” methods for routine hospital use (Stiehl et al. 2007, Wiles et al.
2003).

Accuracy assessment phantoms

The design process of the first phantom started with understanding of the MR
imaging principles and scanner system architecture. In navigation the most
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commonly used MR image protocol is the 3D-T1 weighted sequence (Katisko
2012). This method shows liquid in gray and acrylic material in black. For this
reason the first phantom (Phantom I) needed to be filled as completely as possible
with liquid to discriminate between liquid and plastic. The result was to design
separate levels containing calibration pegs so that these pegs were visible in black
against the gray background of the liquid. The second phantom (Phantom II) had
similar criteria, but as this phantom was intended for CT imaging, there was no
need for liquid use. Thus, the phantom was designed so that the accuracy
assessment points were machined directly on the surface of 40 mm thick accuracy
assessment levels.

Acrylic plastic (PMMA - polymethylmethacrylate) was used as the material
for both phantoms. PMMA has been used for a variety of products since the
1930’s. It is an amorphous thermoplastic, which can be used as a replacement for
glass. PMMA has eight times greater shock resistance than glass. PMMA is easily
machined and has very strong weather resistance. The temperature range in which
PMMA can be used without deformation is -40°C to +70°C (MatWeb 2012).
Since the linear coefficient of thermal expansion of PMMA at -30 to 30°C is
6*10-5/°C (ASM International 1988), the deformation of the phantoms in
controlled experimental testing is marginal. PMMA has very good environmental
characteristics and only strong acids and esters may cause deformation (ASM
International 1988). PMMA has also been shown to cause hardly noticeable
image abnormality on either spin-echo or gradient-echo MR imaging (Schenck
1996). It has also been commonly used for CT image artefact studies (Barrett &
Keat 2004). To prevent possible deformation issues, the phantoms should be
stored in dry and clean premises.

Both phantoms were machined using a NC-machine (Yasda Precision,
Okayama, Japan) at the University of Oulu Mechanics Laboratory (Phantom I)
and at a commercial machining company (KL Mechanics, Kempele, Finland;
Phantom II). The phantom levels contained beveled holes industrially machined
with a verified £0.015 mm displacement error and used as the accuracy
assessment points. The displacement errors of the accuracy assessment points of
the phantoms were verified by Oulu PMC (Oulu, Finland), a company
specializing in 3D accuracy analysis, using the Mitutoyo Strato 9166 (Mitutoyo
Corp., Kawasaki, Japan) coordinate measuring machine (CMM).

The points were machined identically forming a 7x7 matrix giving 49
accuracy assessment points on each level. The total volume approximated the
dimensions of the human head which was chosen as the ROSI target volume.
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Specifically, the first phantom (Phantom I, Fig. 11, left) was designed as a
tool with three 10 mm thick levels on which were placed 6 mm diameter accuracy
assessment pegs on top of which the beveled holes were machined. As this
phantom would later also be used to assess the image quality of the MRI scanner,
the phantom was designed so that it could be placed inside a container that could
be filled with liquid. As the basic principle of MR imaging is based on the spin
effect of the proton of the hydrogen atom (Hendee W & Morgan C 1984), the
phantom was designed so that as much liquid as possible could be added into the
container with the phantom for image scanning. The use of pegs made it possible
to fill the container with enough liquid to make the accuracy assessment points
visible in the image data sets. In the experiments regular tap water with dish
washing solvent (Sodium Laureth Sulphate, CH3;(CH,)10CH,(OCH,CH,),0S0O;
Na) was used as the liquid. Water can be used as a substitute liquid for human
tissue, as both materials are similarly MRI compatible and produce hardly
noticeable torques or forces; negligible image distortion occurs even close to the
imaged region in the human anatomy (Schenck 1996). Human tissue is also
considered to have the same MR susceptibility parameters as water. The
dependence of water susceptibility and temperature has been shown to be
marginal in controlled conditions and thus no real image degradation will be
detected (Schenck 1996). The assessment points were machined at 22 mm
intervals in lateral and longitudinal directions in planes set at 50 mm intervals
vertically. This gave the phantom an accuracy assessment volume of
132x132x100 mm? (Koivukangas et al. 2009).

The second phantom (Phantom II, Fig. 11, right) was designed as a tool
containing levels of 40 mm thickness on which the accuracy assessment points
were machined directly. This phantom would also be used for image quality
assessment of CT scanners. As the basic principle of CT imaging is based on X-
ray being absorbed by the object (Goldman 2007), the phantom was designed to
have suitable material for making the accuracy assessment points visible on the
image data. The accuracy assessment points were machined at 20 mm intervals in
lateral and longitudinal directions in planes set at 50 mm intervals vertically,
giving a total accuracy assessment volume of 120x120x100 mm® (Koivukangas &
Katisko 2010).
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Fig. 11. Phantom | (left) and Phantom Il (right) with the three accuracy assessment
levels combined.

Accuracy assessment protocols

The accuracy assessment protocol and the shape of each level are illustrated in
Fig. 12. Numbers 1 to 49 show the accuracy assessment points that were touched
in the corresponding order. Data was collected from each point and analyzed to
see the error trend and the accuracy of the surgical navigator in the analyzed
volume. The optical camera in the OTS assessment and the magnetic field
generator in the EMTS assessment together with the patient trackers of the
navigators were placed in a typical surgical configuration as indicated by the
navigator software.
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Fig. 12. Phantom | (left) and Phantom Il (right) CAD models of the accuracy
assessment levels of the phantoms with accuracy assessment protocol numbers
indicating the accuracy assessment points.
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The accuracy assessment experiments were done according to two protocols

based on the common accuracy assessment phantoms forming the ROSI. The two

protocols were:

I

II

The basic protocol for the entire ROSI volume contains all 49 accuracy
assessment points on each level, thus providing a total of 147 points. In this
protocol the accuracy assessment was done in 22 mm increments with
phantom I and in 20 mm increments with phantom II. This protocol shows the
accuracy in detail with the goal of detecting deviation and error trend within
the ROSI volume. This protocol is illustrated in Figure 12.

The modified accuracy assessment protocol for the ROSI contains 17 points
on each phantom level, providing a common accuracy assessment volume
with 51 assessed points. With this protocol, the assessment was done in 40
mm increments using phantom II. The assessments were verified by five
experiments according to this protocol when the results under protocol I
showed no significant deviation (L.e. Eyz v < 0.50 mm). As the environment
for accuracy assessment was specified to be the hospital premises, quick yet
accurate and reliable methods were needed. The 40 and 44 mm increments of
the phantoms proved to be adequate as shown above for performing the
accuracy assessment of the IGS devices. This protocol was utilized as the
single method in assessing the SIRO robot since the method proved to be
suitable in earlier experiments with the commercial navigators. This protocol
is illustrated in Figure 13.
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Fig. 13. A modified accuracy protocol for accuracy assessment in the ROSI.
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Figure 14 illustrates the common accuracy assessment protocol and order of
tracking each point. The Figure illustrates each assessed point on each
corresponding level. The order of assessment was started at the bottom level, at
the furthest corner from the observer and concluded at the closest corner to the
observer on the top level.

Accuracy Assessment Protocol in 3D
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Fig. 14. Accuracy assessment protocol for the experiments. The Figure represents the
assessment protocol used to reach each point throughout the ROSI volume. The
arrows illustrate the order of assessment from point number 1 on the bottom level at
the furthest corner from the observer at ( 60, 60, -50) to point number 49 at the closest
corner of the top level at (-60, -60, 50).

3.2 Accuracy assessment analysis

The data was collected according to the accuracy assessment protocol and the
middle point (accuracy assessment point 25) of the middle level on the phantom
was chosen as the reference point of origin. The collected data from the
navigators and the robot for each accuracy assessment point and the true points on
the phantom were compared to point number 25. The data analysis for the
accuracies of the navigators was based on the ISO 5725-1 (ISO 5725) standard
and the robot also on the ISO 9238 (ISO 9238), and their fundamental
requirements. The accuracy in the study refers to trueness according to the
standards. The error was calculated as the displacement error between the known
phantom points and the collected data from the surgical guidance devices. Figure
15 illustrates the procedure for the accuracy assessment.
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Fixation of phantomto the
measurement platform

Registration of phantomto the
IGS device’stracking space

Accuracy assessmentdata
collected from the device
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Fig. 15. The utilized method for error calculation.
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The results analysis was done using Matlab for the 3D error surface
representations and the numerical analysis representation was done using
Microsoft Excel 2010. The robot analysis included also the Robotics Toolbox for
Matlab (Corke P 1996). Figure 16 illustrates the corresponding directions used in
the analysis.

Fig. 16. A 3D CAD model of Phantom Il and the error analysis directions used in the
experiments: the X-direction represents the lateral displacement on the phantom, the
Y-direction represents the longitudinal distance from the IR camera and Z-direction
the vertical displacement with respect to the IR camera in the OTS assessment.
Correspondingly, the Y-direction is the direction from the EMTS field generator to the
phantom in the EMTS assessment and similarly the direction from the robot base to
the phantom in the SIRO assessment.
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Mathematical theory applied in this thesis

The errors mentioned in Section 2.2 (FLE, FRE, and TRE) occur both in image
and each tracking modality space. However, as this work presents universal
methods for periodic assessment of the IGS devices, the analysis covers the
technical accuracy within the ROSI. Thus, the mathematical analysis used in this
thesis was modified from these published IGS device error representations.

For each accuracy assessment point, the error £; was calculated using (4)
(Koivukangas et al. 2009):

2 2

By (X = Xura) (V) (20~ 2u0)

2 2 2 (4)
—\/(Xij—XR) +Y,-Y,) +(2,-2,) .

where Xj;, Y; and Z; are the ‘true’ values on the phantom and X);;, Y and Zy;
are the i-th accuracy assessment point coordinates measured on the phantom and j
corresponds to the analyzed level on the phantom, i ¢ [1,49], j € [1,3]. R
corresponds to the chosen reference point of origin on the phantoms.

The technical accuracy was calculated as the mean of the displacement errors
(Eyean) using (5). The root mean square (RMS) error, ¢, was obtained using (6).
In the equations, the Ej; are considered positive. The 95% CI was used as a
statistical method for the accuracies of the different guidance systems to cover the
total technical accuracy and the effect of high errors in the assessed region (7).

1 n
E\pin :;Z(Eij)k’ (5)
k=1
€= lZ(E,),Z , and (6)
N
95% CI =E, .,y +20, @)

where E; indicates the mean error at each corresponding accuracy assessment
point gained using (4), n indicates the number of assessed points and ¢ indicates
standard deviation.
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4 Results of accuracy assessment

In this chapter, the developed tools and methods are utilized in accuracy
assessment of the IGS devices. Section 4.1 concentrates on optical tracking
system (OTS) accuracy analysis with the error trends and possible sources for this
phenomenon. Section 4.2 contains the accuracy assessment of the electromagnetic
tracking system (EMTS). Section 4.3 presents a comparison study of the OTS and
the EMTS modalities. Section 4.4 shows the results of accuracy analysis of the
surgical robot (SIRO). Finally, Section 4.5 is a study of the spatial accuracy of a
surgical 3D CT scanner within the common ROSI.

Section 2.2.2 presented the different accuracy assessment methods and accuracy
results for the surgical guidance devices that have been published. This has
resulted in a comprehensive, but also complicated description of the accuracy of
the devices. Depending on the setting and analysis methods, the results of similar
cases vary extensively. Chapter 3 introduced the present tools and methods for
quick and reliable accuracy assessment of surgical guidance devices in the
hospital setting. They were used to analyze the technical accuracies of the devices
in a uniform manner, so the results are comparable and adequate.

4.1 Accuracy assessment of OTS

This section concentrates on the OTS accuracy assessment of two commercial
surgical navigators. The navigators used were the StealthStation Treon plus (Fig.
17) and the StealthStation S7, both manufactured by Medtronic Inc. (Louisville,
CO, USA). The analysis was done using both of the designed phantoms for a
comprehensive evaluation of the accuracies. The data was collected from both
navigators as the position of the tip of the instrument in x, y and z directions. The
results were collected and analyzed in four separate OTS experiment sets and then
combined to see the trends of error:

Experiment 1: StealthStation Treon plus —navigator with phantom I
Experiment 2: StealthStation Treon plus —navigator with phantom II
Experiment 3: StealthStation S7 —navigator with phantom I
Experiment 4: StealthStation S7 —navigator with phantom II.
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Both of the assessed navigators had been in routine use at the Oulu University
Hospital, Oulu, Finland. The StealthStation Treon plus had been taken into use in
early 2008 and the StealthStation S7 in 2010.

Fig. 17. The StealthStation Treon plus —navigator and the accuracy assessment setup
with systems in place. (1) Accuracy assessment phantom, (2) Navigator’s optical
camera, (3) Tracking instrument, (4) Patient tracker, (5) StealthStation Treon plus —
navigator’s CPU, (6) Surgeon’s monitor.

The results obtained in the four experiments using the two accuracy assessment
phantoms show that the displacement error of the OTS in the surgical navigators
has a tendency for growing with the distance from the center of the common field
of view of the optical cameras increases. This tendency is shown in Fig. 18 as the
error increase toward the edges of the navigated phantom. The figures thus show
the tendency of the error to be highest at the fringes of the field of view of the
OTS camera pair. Figure 19 collects the accuracy assessment data in a sequence
plot representation and Figure 20 as a histogram of the experimental results.
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Technical A y (OTS), 57, Phantom | ical A y (OTS), ion S7, Phantom Il

(c) (d)

Fig. 18. (a) illustrates the results of Experiment 1, (b) the results of Experiment 2, (c)
the results of Experiment 3 and (d) the results of Experiment 4, respectively. In the
figures, the orientation of the phantom levels is such that accuracy assessment point
25 is in the center of the grid at each level. Point number 1 is in the back corner and
number 49 is closest to the observer. The color bars can be used as tools to see the
error in millimeters. Point number 1 is in the back corner and number 49 is closest
to the observer.
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Fig. 19. The error sequence plot of Experiment 1 (top left), the error sequence plot of
Experiment 2 (top right), the error sequence plot of Experiment 3 (bottom left) and the
error sequence plot of Experiment 4 (bottom right). The first point in the sequence
diagrams represents the first accuracy assessment point and point number 147 the
147", respectively. The dotted lines divide the diagrams into three areas labeled 1, 2,
and 3. These areas represent the errors on each phantom level in such way that area 1
is the bottom, area 2 is the middle and area 3 the top levels, respectively. On each
graph, the error scale is from 0 to 1.60 mm. The dashed lines with labels ‘E’ and ‘CP
represent the mean position error and 95 % confidence interval (Cl), respectively.
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Histogram of the Displacement Errors [mm]
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Fig. 20. A histogram of the displacement errors. The first bar indicates the results of
Experiment 1 and the fourth indicates Experiment 4, respectively.

Directional analysis was done by evaluating the total area covered using the
accuracy assessment points of each accuracy assessment level. The obtained data
was evaluated in the x-, y-, and z- directions. As the assessment was done for a
phantom with the shape of a square, the plotted data should also form a square
with straight lines, each containing seven plots, with accuracy assessment points
separated by 22 or 20 mm depending on the accuracy assessment phantom used
as illustrated in the accuracy assessment protocols.

A regression line was calculated for each seven-point line on the accuracy
assessment levels and the slopes of the lines were collected. The value of the
slope on the first line was standardized to 1 by dividing the slope’s value by itself.
The other lines’ slope values were then compared to this initial value. These
results are displayed on directional error analysis diagrams. The dispersion of the
values from 1 shows the actual error in each direction. The same method was
used for both navigators evaluated with both phantoms. The corresponding
directions illustrated in the 3D CAD model of phantom II in Figure 16 were
utilized in this study. Figure 21 illustrates the directional error analysis. In the
Figure, each experiment set is analyzed in its own error chart. The top row of
each graph represents the x-direction, the middle row presents the y-direction, and
the bottom row the z-direction respectively.

67
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Fig. 21. (a) illustrates the directional analysis results of experiment 1 with Phantom |
and StealthStation Treon plus —navigator, (b) illustrates the directional analysis results
of experiment 2 with Phantom Il and StealthStation Treon plus —navigator.
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Directional Error Analysis, Experiment 3
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Fig. 21. (c) illustrates the directional analysis results of experiment 3 with Phantom |
and StealthStation S7 —navigator, and (d) illustrates the directional analysis results of
experiment 4 with Phantom Il and StealthStation S7 —navigator.
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A significant dependence of the displacement error was found in the y direction.
This was a systematic error and it was found in all experiments. The phenomenon
is illustrated in Figure 21. This is a finding that should be taken into account when
setting up the operating room when surgical navigators using OTS devices are
present. The present study shows also that the other component that has
systematic error for the overall accuracy is the vertical, z-direction. Moreover, it
can be seen from the Figure that the vertical direction error is present at all
experiments, but the major error occurs when the distance from the camera pair is
not optimal. This is seen especially in Figure 21 (a), where the y-component has
an extensive deviation.

The results obtained in the four experiments using the two accuracy
assessment phantoms gave a displacement error of 0.30 to 0.45 mm as shown in
Table 2. The results also show that the displacement error of the OTS in surgical
navigators has a tendency for growing as the distance from the center of the
common field of view of the optical cameras increases. There is also a tendency
for error increase toward the edges of the navigated phantom. These errors
remained small, however, because the volumes of the present phantoms mimicked
that of the region of surgical interest as compared to the larger volumes studied by
a manufacturer of OTS (NDI 2012, Wiles et al. 2004). Also, the phantoms were
placed in optimal positions indicated by the navigator.

Table 2. A table of the accuracy results of the OTS.

Experiment Results* 1 2 3 4

Mean Error, Eyean 0.32 0.34 0.33 0.43
RMS Error, € 0.42 0.45 0.39 0.53
95% CI 0.84 0.94 0.74 1.05
Standard Deviation, o 0.26 0.30 0.20 0.31
Variance, p 0.07 0.09 0.04 0.10
Maximum Error, Eyax 1.20 1.50 1.20 1.20

*Units in mm, Experiment 1: StealthStation Treon plus —navigator with phantom |, Experiment 2:
StealthStation Treon plus —navigator with phantom Il, Experiment 3: StealthStation S7 —navigator with
phantom |, Experiment 4: StealthStation S7 —navigator with phantom II.

4.2 Accuracy assessment of EMTS

This section presents the accuracy assessment analysis for the EMTS modality of
the two surgical navigators, the StealthStation Treon plus and the StealthStation
S7. The analysis was done using phantom II and the data was collected from both
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navigators as the position of the tip of the instrument in x, y and z directions
(Figure 22).

Fig. 22. Accuracy assessment setup of the Stealth Station S7 EMTS modality. (1) EMTS
field generator, (2) Patient tracker, (3) tracking instrument, (4) accuracy assessment
phantom.

The results obtained in the EMTS experiments show that the displacement error
was quite scattered. This noticeable tendency is seen clearly in the 3D
representations (Fig. 23) and in the histogram (Fig. 24). It is also seen that there
are more relatively high outlier errors especially with the StealthStation Treon
plus experiments with the EMTS at the furthest edges of the ROSI (Fig. 23, top).
The reason for this phenomenon is that the furthest accuracy assessment points
are located in the outmost range for the EMTS field generator and the produced
magnetic field does not have enough strength for sensing the coils on the
instrument. This furthest range of approximately 35 cm from the field generator
should thus be avoided when performing IGS operations with the present EMTS.
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Technical Accuracy (EMTS), StealthStation Treon plus

Z [mm]

Fig. 23. The error representation in 3D surfaces. The top figure illustrates the results
of the StealthStation Treon plus navigator’s EMTS, and the bottom figure the results of
the StealthStation S7 navigator’s EMTS. In the figures the orientation of the phantom
levels is such that, respectively, in the middle level the center coordinate point
(0,0,0) corresponds to accuracy assessment point 25, coordinate point
(60,60,0) to assessment point number 1 and coordinate point (-60,-60,0) to
assessment point number 49. The color bars can be used as tools to see the
error in millimeters.
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Fig. 24. The error sequence plot of the results of the StealthStation Treon plus
navigator’s EMTS (left), and the results of the StealthStation S7 navigator’s EMTS
(right). The first point in the sequence diagrams represents the first accuracy
assessment point and point number 147 the 147™, respectively. The dotted lines divide
the diagrams into three areas labeled 1, 2, and 3. These areas represent the errors on
each phantom level in such way that area 1 is the bottom, and 2 is the middle and 3
the top levels, respectively. On each graph, the error scale is from 0 to 1.40 mm. The
dashed lines with labels ‘E’ and ‘CI’ represent the mean position error and 95%
confidence interval (Cl), respectively.

Table 3 presents the accuracy details of the assessed EMTS modalities. The
technical accuracy of the EMTS was found to be 0.30-0.50 mm.

Table 3. Accuracy Assessment Results of the EMTS.

Experiment Results* 1 2

Mean Error, E 0.50 0.30
RMS Error, € 0.84 0.42
95% ClI 1.76 0.82
Standard Deviation, o 0.63 0.26
Variance, y 0.40 0.07
Maximum Error, Eyax 3.20 1.50

*Units in mm. Experiment 1: StealthStation Treon plus —navigator's EMTS with phantom II, Experiment 2:
StealthStation S7 —navigator's EMTS with phantom II.

In the present study, accuracy assessment done using the designed phantom and
accuracy assessment protocol show that the error increased as the distance from
the origin of the navigated volume grew. The results also show that the RMS
displacement error is highest on the furthest edge of the assessed volume and the
error increases as the function of the cubic radius of the EM field generator. The
error trends are best seen in the 3D error representation (Fig. 23).
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4.3 Comparison of the OTS and EMTS

The results show that the assessed navigator tracking modalities are nearly equal
in their accuracies. Thus, the most suitable method of instrument tracking for
surgical procedure can be chosen by criteria other than the technical accuracy.
The greatest difference between the tracking modalities was found to be regarding
the instruments used. For the EMTS modality, the instruments can be quite
flexible. If the instruments are forced to a place so that they are subject to bending,
it may result in high accuracy errors. Since the navigation is based on tracking the
coils on the instrument, the relative position of the coils must not be changed.

As presented in the previous sections, the absolute technical accuracy for the
StealthStation Treon Plus —navigator’s OTS was found to be 0.34 mm + 0.15 mm,
with 95% CI of 0.94 mm and for the StealthStation S7 —navigator’s OTS it was
0.43 mm + 0.15 mm, with 95% CI of 1.05 mm. The absolute accuracy of the
EMTS with the StealthStation Treon Plus —navigator was 0.50 mm # 0.32 mm,
with 95% CI of 1.76 mm and of the EMTS of the StealthStation S7 —navigator it
was 0.30 mm =+ 0.14 mm, with 95% CI of 0.82 mm. The following histogram
(Figure 25) and Table 4 collects the comparison data of the OTS and the EMTS.
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Fig. 25. A histogram of the accuracy assessment of the OTS and the EMTS of two
commercial navigators.
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Table 4. A comparison of the accuracies of the OTS and EMTS modalities.

Experiment Results* 1 2 3 4

Mean Error, E 0.34 0.43 0.50 0.30
RMS Error, € 0.45 0.53 0.84 0.42
95% CI 0.94 1.05 1.76 0.82
Standard Deviation, o 0.30 0.30 0.63 0.326
Variance, y 0.09 0.10 0.40 0.07
Maximum Error, Eyax 1.50 1.20 3.20 1.50

*Units in mm, Experiment 1: StealthStation Treon plus —navigator's OTS, Experiment 2: StealthStation S7
—navigator's OTS, Experiment 3: StealthStation Treon plus —navigator's EMTS, Experiment 4:
StealthStation S7 —navigator's EMTS.

4.4 Accuracy assessment of the SIRO

This section presents the results of applying accuracy and repeatability
assessment of the prototype surgical robot (SIRO) that was introduced in Section
2.1.3. As the position of the instrument tip in the experiments was received
relative to the position of the base of the robot, this relative coordinate system
needed to be matched to the absolute coordinate system of the ROSI. This
matching of the coordinate systems is the basis of the position measurements in
IGS (Kwartowitz et al. 2006). In order to accomplish the requirements, the most
optimal working volume was first determined for the robot. The technical
accuracy assessment in the ROSI for this study was then done in the following
manner. (1) The developed accuracy assessment phantom (Phantom II) was fixed
on a measurement platform in the pre-determined working volume. (2) The joint
variable data from each encoder at each DOF were collected from the robot and
with forward kinematics the position of the tip of the instrument was calculated
using the Denavit-Hartenberg (DH) —parameters received from Matlab with the
Robotics Toolbox. (3) The position at each point was compared with the known
positions on the phantom. In these experiments an interval of 40 mm between the
assessed points was used. A total of 17 points on each level was assessed in order
from 1 to 49. Thus, a total of 51 accuracy assessment points were analyzed within
each experiment according to the presented accuracy assessment protocol II.
Figure 26 illustrates the wrist and the tracked instrument touching the phantom II
during the accuracy assessment experiments.

75



Fig. 26. The wrist and the instrument of the SIRO touching an accuracy assessment
point (Koivukangas T et al. 2012, published with kind permission of Springer
Science+Business Media).

The repeatability of the robot was assessed in the following manner. (1) The robot
was driven to the base position and, with the noted angular positions, driven back
to each accuracy assessment point using the robot’s software. (2) The difference
between the pre-recorded position and the driven position were compared to
verify the repeatability. The points chosen for the repeatability tests were 1, 7, 25,
43 and 49 on each level of the phantom according to the protocol. The test was
repeated five times for each chosen point on the phantom and the mean of the
results collected.

The results for the technical accuracy of the assessed SIRO are represented in
the following figures. First, a 3D error surface representation (Fig. 27) shows the
trend of the error within the ROSI. A sequence plot diagram (Fig. 28) shows the
error in detail at each corresponding point. The histogram (Fig. 29) shows the
error as number of instances within 1.0 mm increments. Fig. 30 illustrates the
repeatability of the robot. Table 5 collects the data of the accuracy analysis.
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Fig. 27. An illustration of the mean error on each level of the phantom. The top surface
represents the mean error on the top level, the middle surface represents the mean
error on the middle level, and bottom the mean error on the bottom level, respectively.
In the figure, the orientation of the phantom is such that accuracy assessment point
25 is in the center of the grid at each level. Point number 1 is in the back corner and
number 49 is closest to the observer. The color bar can be used as an indicator for the
error in millimeters at each point on the levels.
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Fig. 28. A representation of the error of the SIRO as a sequence plot. The first point in
the sequence diagrams represents the first accuracy assessment point and point
number 51 the 51%, respectively. The black vertical dashed lines divide the diagram
into three areas labeled LEVEL 1, LEVEL 2, and LEVEL 3. These areas represent the
errors on each phantom level in such a way that LEVEL 1 is the bottom, LEVEL 2 is
the middle and LEVEL 3 the top levels, respectively. On the graph, the error scale is
from 0 to 2.50 mm. The red dashed lines with labels ‘E’ and ‘CI’ represent the mean
position error and 95 % confidence interval (Cl), respectively.
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Fig. 29. A Histogram of the displacement error of the SIRO.
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Fig. 30. A surface representation of the repeatability of the prototype SIRO. The
colorbar on the bottom can be used as a tool for the repeatability error at each point
on the ROSI volume. The three levels on the phantom are at their corresponding
positions with a 50 mm interval between the levels.

The accuracy assessment results of the SIRO are presented in Table 5. The mean
technical accuracy of the SIRO in the assessed ROSI was verified to be 1.26 mm
+ 0.25 mm with absolute position accuracy (RMS) error of 1.38 mm, 95%
interval of confidence of 1.76 mm and repeatability within 0.5 mm.

Table 5. Accuracy assessment results of the SIRO.

Error [mm]
Mean Error, E 1.26
RMS Error, € 1.38
95% CI 1.76
Standard Deviation, o +0.25
Maximum Error, Eyax 2.30
Repeatability <0.50
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4.5 Spatial accuracy results of the O-Arm

This section concentrates on the image quality of a surgical 3D CT scanner (O-
Arm, Medtronic Inc., Louisville, CO, USA) and the possible errors in the region
of surgical interest (ROSI) that should be taken into account when using this
device for image acquisition.

The O-arm had been taken into routine use at Oulu University Hospital, Oulu,
Finland, in 2009. Figure 31 illustrates phantom II in the gantry of the O-arm.

Fig. 31. Phantom Il set in the gantry of the O-arm. (1) The O-Arm, (2) the phantom, (3)
the surgeon’s monitor.

Phantom I was scanned using the O-arm with 80 kVp voltage and 40 mA current
with 160 mAs. From the O-arm software the patient parameters were chosen to be
medium and spinal canal as the imaging target. Phantom II was scanned using the
O-Arm with 120 kVp voltage and 40 mA current with 156 mAs and the same
patient parameters as with phantom I imaging and the images retrieved for
inspection.

Since the O-arm produces a conical scan, there are no gaps between the slices.
The screen of the O-Arm computer unit shows the image data in coronal, sagittal
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and axial views (Fig. 31). The view on the screen may be frozen so that as any of
the views is scanned, the other views refresh simultaneously. This made it
possible to perform the image quality assurance in the following manner:

Phantom |

I  The image data was collected using the O-arm, and screenshots of the image
data were saved to the scanner’s database. A screenshot was taken at
approximately 25 mm intervals containing the tips of the calibration pegs and
the middle layer of the calibration levels giving a total of nine slices from the
phantom.

IT Visual detection of the accuracy of the images

The images were inspected by connecting lines from each corner of the
calibration pegs on each image layer (Fig. 32). The angles of the connection
lines were calculated (Fig. 34) and the results collected.

The screenshot images were combined in layers so that the bottom level was
made red and the upper layers slightly transparent (Figures 32 and 33). Thus,
the position of the accuracy assessment pegs could be seen with respect to the
upper layers. Also the connection lines on the outer edges were visible and
the difference in the positions could be verified by visual inspection.

By visual inspection, we can see that the image quality of the ascertained area in
the ROSI volume seems to have no noticeable distortion or image artefact using
the parameters for phantom I. The connection lines’ perpendicular angles were at
90 + 0.5 degrees proving that there is no cone-beam artefact or image distortion
on the outer area of the ROSI volume from the center of each phantom level.
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Fig. 32. Combined image data of phantom I. The red colored shading represents the
bottom level slices and the slightly transparent grey shading the upper levels slices,
respectively.

Fig. 33. Combined image data of phantom | image data with all of the images of each
layer combined. This is the sagittal view from Fig. 32.
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Fig. 34. A closer look at the phantom | images with the connection lines and the
corresponding angles added on each of nine layers and then combined to see the
possible difference in the outermost edges of the ROSI volume.

Phantom |1

I  The image data was collected using the O-arm, and screenshots of the image
data were saved to the scanner’s database in the same manner as presented
with phantom I.

II  Visual detection of the accuracy of the images
The images were inspected by drawing a red circle with a diameter equal to
the accuracy assessment hole (Fig. 35 and 36). The diameter of the machined
holes was verified at 6 mm + 0.015 mm and the image distortion can be
detected as the visible black area around the red circles (Fig. 36).
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On the phantom II images, with higher voltage and a more attenuating object, we
can see minor cone-beam artefact at the outermost corners of the axial view. The
accuracy assessment holes seem to become ellipsoidal and the pattern has
distortion.

Fig. 35. Phantom Il image data obtained using the O-Arm. The screenshot is taken
from the bottom level of the phantom. The phantom was placed in the optimal position
in the gantry, as the middle level was placed the middle of the scanner. The red circles
are attached to the image to verify the accuracy of the image in the fringes of the ROSI.
The image seems to have noticeable cone-beam artefact, but as the common circle is
attached to the shown positions, actually there is only minor difference in the size of
the accuracy assessment points. Two M6 screws made of stainless steel (AISI 316)
were used and are highly visible in the sagittal image on the upper right corner.
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Fig. 36. A close-up image of phantom Il with the slight cone-beam artefact shown
using the red circles. The artefact is seen at the fringes of the phantom. This drift
occurs at 89.5 mm radius from the center of the phantom.

This study presents a method for image quality inspection and detection of
possible geometrical distortions due to mechanical misalignments (Barrett & Keat
2004, Henry et al. 1989, Kelly 1991, Zylka & Wischmann 1996) in the region of
surgical interest (ROSI) (Koivukangas et al. 2003, Koivukangas et al. 2009,
Koivukangas & Katisko 2010).

The method presented a quick and reliable way for image quality and spatial
accuracy assessment of 3D CT scanners by inspecting the quality of O-Arm
scanner images. The results show that in the pre-determined ROSI there is no
visible image distortion or artefact and thus the O-Arm causes minimal error for
the IGS accuracy. However, minor cone-beam artefacts were visible in the fringe-
fields of scanning volume.

These results are within the range of error of the published values of 0.1 to 3
mm regarding the technical accuracy and the registration accuracy of common
IGS systems. Image quality affects both the technical and registration errors of
IGS systems as presented by Grunert et al. (2003) and Haidegger et al. (2010).
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4.6 Summary of the research contributions

The systems and methods developed in this thesis as research contributions are:

1.

4.

5.

86

The concept of accuracy testing to meet the needs of quality assurance of
navigators and robots in a hospital environment based on the developed
tracking error theory.

A ‘real world’ universal accuracy assessment phantom and protocol for
periodic quality assurance of surgical guidance devices for use in the hospital
setting.

— A phantom
— An accuracy assessment protocol based on statistical formulation

Accuracy analysis and evaluation of the two most widely used tracking
modalities and the issues that should be taken into account when setting up
the OR for IGS procedures using these navigators.

— A method for assessing the accuracy of the navigators in the total
ROSI volume

—  The dependence of accuracy on the distance from the optical camera
pair to the patient in OTS

— The dependence of accuracy on the distance from the EM field
generator to the patient in EMTS

— Based on the comparison of the results, possible new IGS procedures
for the EMTS modality

Accuracy analysis of the surgical robot and the development of the SIRO

— The developed accuracy analysis tools and methods utilized in
accuracy assessment of surgical robots

— Methods and development guides for a 6 DOF surgical robot for use
in MRI

Spatial accuracy detection of the O-Arm

— The developed tools and methods utilized in detecting spatial
accuracy of a surgical 3D imager in the ROSI volume.



5 Discussion

The discussion of this thesis is divided into four sections. Section 5.1 is a
discussion of the developed tools and methods that were designed for use as
routine hospital accuracy assessment tools and that were utilized in the accuracy
assessment of the surgical guidance devices. Section 5.2 contains the discussion
of the accuracy assessment results of the studied navigators. Section 5.3 discusses
the accuracy assessment of the prototype surgical robot (SIRO). Finally, Section
5.4 contains discussion of the spatial accuracy results of the studied surgical 3D
CT scanner, the O-Arm.

5.1 Accuracy assessment tools and methods for periodic testing of
IGS devices

In IGS surgical navigators are used as the main localization technique for
instrument tracking. The most commonly used technique is the optical tracking
system (OTS) (Grunert et al. 2003, Mascott 2005, Wiles et al. 2004). For the
present research, accuracy assessment phantoms and protocols were developed
for periodic assessment of the accuracy of surgical navigators and other IGS
equipment while in routine hospital use (Koivukangas et al. 2009, Koivukangas
& Katisko 2010). The developed phantoms and protocols are a response to the
suggestion by industry for “real world” methods for use in hospitals and designed
for use in the region of surgical interest (ROSI) (ASTM 2011, Haidegger et al.
2010, Stiehl et al. 2007, Wiles et al. 2004). Furthermore, the method satisfies the
requirements of, first, a comprehensive set of statistics representative of the
accuracy and, second, a clear definition of the accuracy assessment protocol
(Stiehl et al. 2007). As this thesis answers to the need of accuracy assessment
tools and methods for periodic evaluation of IGS devices, the technical accuracy
of the devices was represented as mean accuracies in the ROSI. The tools and
methods for the technical accuracy assessment within the studied ROSI provide
essential information for hospital users to contact the manufacturer of the device
if a clear indication of inaccuracy has been detected. The purpose of the tools and
methods is to verify the performance of IGS devices and to indicate the possible
need for re-calibration.

Possible occurrence of image artefact of the phantoms was minimized by
using the chosen material, PMMA. The phantoms were designed for commonly
used surgical CT and MRI scanners, the latter producing magnetic fields between
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0.15 T to 3 T, and regular tap water with common dish washing solvent was used
as the liquid. Thus, heating effects and gradient field related and chemical
artefacts could be minimized. Naturally increasing the MRI field strength for
example, would cause these artefacts to worsen. Since the tools were utilized in a
common hospital setting, this effect was considered to be outside of the scope of
this thesis.

As demonstrated in the accuracy analysis done for the two commercial
navigators that are in use at Oulu University Hospital, the method can be
universally applied to periodically confirm the quality of IGS guidance devices
such as surgical navigators and medical robots designed to function in the region
of surgical interest. Furthermore, slight cone-beam artefact was detected when the
phantom was scanned with the surgical 3D CT —scanner.

Due to the nature of surgical procedures, anatomic changes occur in the
patient’s anatomy. These changes (e.g., brain shift) in the anatomy are highly
likely to occur during IGS, which is based on preoperative image data acquired
before the procedure. Thus the application accuracy is not uniform within
different assessments even when using common procedures and tools. Based on
these facts and the accuracy assessment of several IGS devices, it can be
concluded that the analysis of technical accuracy is in fact the most necessary
error component that can be periodically verified and improved. Naturally the
errors in the imaging scanners that are related to registration accuracy can cause
significant error for the total IGS procedure, but the testing of these devices has
already been standardized and is a mandatory maintenance procedure.

In the results analysis, the 3D models showed the error dependence on the
location of the accuracy assessment points within the ROSI volume. The
sequence plots show further in detail the error in millimeters at each point. The
histograms of each modality and device show the distribution of the error as
instances within certain tenths of a millimeter. The histograms are tools for seeing
the dependence of the outlier errors with respect to the mean and RMS errors.
These graphs by themselves may not be the best way of presenting the error since
there is no real dependence factor for any other statistics, because of the nature of
the error being distance values, which by definition are presented as positive
numbers. These errors are shown to be systematic and similar within the different
IGS devices, namely the OTS and EMTS of the navigators, and the SIRO robot.
The 95% CI further clarifies the accuracy of the tested device and strengthens the
mean and RMS accuracy results by showing the user the effect of highest errors
on the total accuracy. This is seen especially in Figure 24, where the means of the
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errors of the two EMTS navigators have a difference of 0.20 mm (0.30 mm for
the S7 and 0.50 mm for the Treon plus), but the difference in the 95% CI error is
0.94 mm (0.82 mm for the S7 and 1.76 mm for the Treon plus). Naturally
extensive temperature and humidity changes could cause errors to deviate even
more, but the effect of these aspects was minimized by testing the IGS devices in
common ambient conditions.

5.2 Accuracy assessment of surgical navigators

After operationalizing the concept of accuracy of image-guided devices, and
consideration of materials and machining to fulfill these requirements, the study
continued with assessment of the accuracy of surgical navigators being used in
the hospital setting. The phantom accuracy assessment points were machined
symmetrically and in three levels to obtain an accuracy assessment volume
mimicking that of the human head, i.e. the region of surgical interest (ROSI) and
specifically in the neurosurgical region (Koivukangas et al. 2009, Koivukangas &
Katisko 2010).

Compared with previous reports, one of the features of the present study was
that the phantoms and study protocol were designed to be used periodically to
verify accurate functioning in the actual hospital setting during routine use of the
surgical navigators. Earlier accuracy assessment studies of surgical navigators
have concentrated on the overall accuracy of the system in general and on the
error sources leading to inaccuracies (Ringel et al. 2009, Hassfeld & Miichling
2000, Kiicker et al. 2006, Mascott 2005, Mosges & Schlondorff 1998, NDI 2011,
Simon 1997, Wiles et al. 2004). The present accuracy assessment results on the
comparison of the two tracking modalities are in the range reported by these
groups.

During this research, the accuracy of the OTS was assessed in detail using
also directional analysis to find the source of error in the surgical procedure setup
and the factors that need to be taken into account when placing the camera with
respect to the patient. The results show that in placing the surgical navigator
equipment using OTS, the most important factor for minimizing displacement
error is the distance from the optical camera to the object.

The overall results for the OTS, being 0.30-0.45 mm, are clearly in the
tolerable error range for safe operations. Groups assessing the OTS have reported
accuracies in the range of 0.1 mm to 1.4 mm, again depending on the assessment
procedure and the device assessed (Alakuijala 2001, Hassfeld & Miichling 2000,

89



Kiicker et al. 2006, Mascott 2005, Mosges & Schlondorff 1998, NDI 2011,
Ringel et al. 2009, Ruohonen & Karhu 2010, Simon 1997, Wiles ef al. 2004,
Widmann et al. 2012, Wittmann et al. 2011). Also, a company making
commercial optical cameras for surgical navigators (NDI) gives their new
products, the Polaris Spectra® and Polaris Vicra® RMS accuracies of 0.25 mm
with a 95% CI of 0.5 mm (NDI 2011).

The present study also showed that the direction resulting in increasing error
was the distance from the optical camera pair to the navigated object. This was
seen to be systematic also in the error sequence plot diagrams (Fig. 19). One
possibility for this phenomenon can be seen in the basic stereo camera model
(Schenenberger 2004). There is a tendency for lens distortions using the optical
cameras as the tracking method (Schenenberger 2004, Weng et al. 1992). It has
been shown that the overall technical accuracy of infrared camera based optical
tracking may be influenced by the following different error components: 2D
calculation of the patterns accounts for 0.02 mm of the error, residual image
distortions account for 0.17 mm of the error, thermal drift with up to 0.11 mm
error, scaling which accounts for 0.26 mm error and noise with an additional 0.01
mm error component, with the total error summing to 0.47 mm (Schenenberger
2004). These error components seem to explain the RMS errors obtained also in
the present study.

This finding is comparable to an optical camera manufacturer’s results in
earlier studies in the literature (Wiles et al. 2004). The group assessed the
accuracy of the NDI Optotrack and the Polaris measurement systems that were
used in OTS and they found a notable systematic overall RMS error increase in
the direction from the optical camera to the object. These results further indicate
that the main factor contributing to the RMS error throughout the entire assessed
volume in fact comes from the error in the longitudinal y direction (their z
direction).

The technical accuracy of the EMTS was found to be 0.30-0.50 mm. Thus,
the accuracy of the devices was found to be acceptable for surgical procedures.
Earlier accuracy assessment of the EMTS has been reported to be in the range of
0.17 mm to 1.4 mm depending on the devices and assessment procedures
(Alakuijala 2001, de Lambert ef al. 2012, Frantz et al. 2003, Hummel et al. 2006,
Mascott 2005, Schicho et al. 2005, Schneider & Stevens 2005, Simon 1997). The
results also show that the error is highest on the furthest edge of the assessed
volume and the error increases as the function of the cubic radius of the EM field
generator.
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Also, these results show that the assessed navigator tracking modalities were
nearly equal in the accuracies. Thus, the most suitable method of instrument
tracking for a particular surgical procedure can be chosen by criteria other than
plain technical accuracy. The greatest difference between the tracking modalities
was found to be regarding the instruments used. For the EMTS modality, the
instruments are quite flexible. If the instruments are forced into a place so that
they are subject to bending, it may result in high accuracy errors. Since the EMTS
navigation is based on tracking the coils on the instrument, the relative position of
the coils must not change.

As the difference between the accuracies of the OTS and EMTS was marginal,
this study showed that EMTS is a very suitable method for surgical navigation.
The possible limitations of use when compared to the OTS are in some
interventional procedures. Because of the nature of EMTS tracking, this tracking
method may not be suitable for iMRI procedures. On the other hand, EMTS has
unique advantages compared to OTS that have received little notice in previous
studies. The coils in the instruments are placed near the end of each tip. As a
comparison, the sensing spheres or LED-markers on the OTS instruments are
placed so that they are visible (Figure 7). This is a significant difference between
the tracking methods and means that surgical navigation based on EMTS may be
used more accurately and closer to the ROSI (region of surgical interest) and that
the instruments may be guided closer to the sensitive structures in the human
anatomy. Also, since the patient trackers are light and may be attached to the
patient without for example skull clamps, the immobilization of the patient during
procedures is not as critical as with OTS based navigation. Another noticeable
aspect concerns small children in pediatric procedures. The use of EMTS makes
navigation possible even for babies as rigid immobilization is not necessarily
required.

Based on the experimental analysis of the navigator accuracies it was shown
that EMTS is very suitable for a variety of surgical procedures and its use may be
extended to specialties in which OTS may not be as suitable.

5.3 Accuracy assessment of the SIRO

The accuracy assessment results of the prototype surgical robot (SIRO, Heikkila
et al. 2012, Koivukangas ef al. 2012, Virtanen 2006) were within the range of
error accepted in the literature (Grunert et al. 2003) and also within the range of
error of commercial robots in the surgical field (Haidegger et al. 2010). Thus, the
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robot’s performance is clearly tolerable and promising for further study and
enhancement. The accuracy assessment protocol together with the phantom also
proved to be a suitable way of accuracy analysis of a surgical robot in the region
of surgical interest (ROSI).

A total of 51 points on the phantom were localized in both of the two
experiment sets with the robot according to the accuracy assessment protocol, and
the mean error of each corresponding point analyzed. The distances measured
from a fixed origin with the robot were compared to the known phantom accuracy
assessment point distances on the phantom giving the mean error for the robot
within the ROSI. The repeatability was assessed by using the collected angular
data of the robot to drive the tip of the instrument from base position back to each
pre-determined accuracy assessment point. The mean difference in the location
between the five experiments on each point is considered as the repeatability.

The mean technical accuracy for the SIRO in the assessed ROSI was verified
to be 1.26 mm =+ 0.25 mm with absolute position accuracy (RMS) error of 1.38
mm, 95% interval of confidence of 1.76 mm and repeatability within 0.5 mm. In
the 3D representation of the results we can see that the error tends to be
systematic at the furthest area of the studied ROSI. Also the systematic error in
the vertical direction could be seen (Koivukangas et al. 2012).

The reason for this phenomenon is that the cables on the transmission of DOF
5 and 6 crept slightly due to the tension during the long test drives of the accuracy
assessment. Another reason for the systematic error may have been that the robot
base level slightly differed from that of the phantom level. Also, the basic error
sources in the mechatronic construction of robots in general have an effect on the
total and systematic error. These error sources include possible instrument errors
due to the encoders, elasticity in the structure and the measurement errors in joint
positions. Joint position measurement errors have a tendency of multiplying
through the DH-chain (Kwartowitz et al. 2006, Shiakolas et al. 2002). As
presented, the construction of the present robot, SIRO, was intended to be used in
the MRI environment. This objective naturally set restrictions in using common
technologies and components; thus a number of these parts were designed and
developed during the research project solely for this purpose. The technical error
is thus partially affected by these components.

The results presented in this study reflect these basic phenomena of accuracy
and sources of error of robotic systems. The error trends shown in 3D surfaces
demonstrated that the error increases as the distance from the robot base increases.
Thus, the farther the joint is from the base, the larger is the localization error.
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It has been shown that the largest effect on robot accuracy is based on its
mechanical construction (Shiakolas ef al. 2002). The encoder resolutions of the
joints on the SIRO were 0.006 degrees (joint 1), 0.09 degrees (joint 2), 0.09
degrees (joint 3), 0.006 degrees (joint 4), 0.06 degrees (joint 5), and 0.0125
degrees (joint 6). Based on these resolutions of the encoders, the repeatability of
the position of the tip of the tool is at the level of £0.26 mm, £0.24 mm, and
+0.37 mm in X, y and z directions, respectively (Heikkild ef al. 2012).

Based on the requirements for RMS accuracy of IGS, 3—5 mm is generally
considered acceptable as is 2 mm for neurosurgical IGS (Grunert et al. 2003).
Also, submillimetric error has been recommended for robot assisted IGS
procedures (Grunert et al. 2003, Haidegger et al. 2010).

Earlier research results have been published with similar findings of
commercial robots (Grunert et al. 2003, Drake et al. 1993, Kwartowitz et al.
2006). Haidegger et al. collected the accuracy analysis of the most widely used
commercial robots (The Puma 200, the ROBODOC, the NeuroMate and the da
Vinci) with the following results: technical accuracy has been reported in the
range of 0.5—1.35 mm and repeatability of 0.05-0.15 mm (Haidegger et al. 2010).
Bell et al. (2012) recently reported an accuracy of 0.56 mm +0.41 mm for a robot
that was specially built for stereotactic cochlear implantation by their group at the
ARTOG Center, University of Bern, Switzerland. Also, Song et al. (2009) and
Yong et al. (2010) reported accuracies of 0.89 mm (Song et al. 2009) and 1.77
mm (Yong et al. 2010) for their custom built surgical robots.

The accuracy assessment may seem to have been done with rather compact
data containing two experiment sets of 51 analyzed points from which the
analysis error was done. However, since there was no noticeable deviation within
data received in the experiment sets, and since the repeatability tests of a total of
15 points driven five times each gave such remarkable results, it was concluded
that the accuracy tests were extensive enough for the accuracy assessment of the
robot. Also, as the SIRO robot is a prototype platform, a goal for the accuracy
assessment was to collect information on the maneuverability and limiting factors
of such a construction for future research. Thus, the lack of more extensive data
for the accuracy assessment was justified.

After these encouraging accuracy and repeatability results, future work will
include enhancement of the link and joint power transmission of the current robot.
Especially, the cable driven power transmission for the wrist movements (5™ and
6™ DOF) are under study with the goal of a more rigid, MR compatible, and
affordable technique for replacing the current cable drives.
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The accuracy assessment exercise using the SIRO, a prototype surgical robot,
also demonstrated the flexibility of the present phantom and protocol, whose
original intents also included quality assurance of surgical guidance devices
invented and developed in research groups.

5.4 Spatial accuracy of the O-Arm

Image artefacts can decrease the spatial accuracy of CT images making them
useless for diagnosis and thus for use in IGS procedures (Barrett & Keat 2004). It
is necessary to understand possible causes for image artefact and also to have
useful tools for inspecting the spatial accuracy.

It can be seen that using a less attenuating phantom (i.e., less material) with
relatively low imaging parameters, there was no noticeable image distortion or
other image artefact that could result in a noticeable decrease in the accuracy of
IGS procedures. On the other hand, using a more attenuating phantom (i.e., more
material) with higher voltage, the cone-beam artefact became visible at fringes of
the imaged volume.

Thus, the object being scanned should be taken into account when choosing
parameters and positioning the object in the gantry for image acquisition using a
CT-scanner.

Future research on image quality inspection contains evaluation of the
accuracy assessment of the surgical navigators using the image data acquired with
the O-Arm using direct registration. Also, other sources of image artefact will be
studied using surgical instruments such as retractors and implantable fixation
screws commonly used in orthopedic procedures.
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6 Conclusions

The process of developing reliable tools and methods for accuracy assessment of
IGS devices for this study began in early 2008. At that time there were no
standardized methods available and the research was begun by understanding and
determining the region of surgical interest. As this research arose from the needs
of neurosurgeons and scientists at the Neurosurgical Research Unit in Oulu
University Hospital, Oulu, Finland, the region of surgical interest was chosen to
roughly mimic the size of a human head.

As stated in the introduction and literature review, the multi-national
committee led by the ASTM began their work in standardizing tools and methods
for accuracy assessment of IGS devices. Their scope was to publish a preliminary
standard with orthopedic procedures as the main field of application. This process
led to the ASTM F2554-10 standard that was accepted in December 2010 and
published as a standard practice in 2011. This preliminary standard however left
open questions in other fields e.g. neurosurgery. The standard states that the
practice provides recommendations for the processes of accuracy assessment.
The open questions that may lead to subsequent standards will address the IGS
system along with any necessary imaging modality. Additional standards are also
needed for specialty specific procedures and surgical specialties such as
neurosurgery, including brain tumor biopsy and so forth.

The present study was focused on IGS systems in neurosurgical procedures.
The specified and developed tools and methods were utilized in accuracy
assessment of two commercial navigators, both enabling the OTS and EMTS
modalities, and a prototype surgical robot (SIRO). The developed tools and
methods are intended for periodic accuracy assessment to verify the device
performance, rather than for actual re-calibration. Thus, the mathematical
representation of the technical accuracy was determined as the mean accuracy in
the ROSI. Also, a study on the spatial accuracy of a commercial, surgical 3D CT
scanner (the O-Arm) was performed using both developed phantoms. It is clear
that the accuracy assessment of the IGS devices in the pre-determined ROSI
could be performed and the total ROSI volume analyzed. The 3D error surfaces
show the trend of error of each tracking system in the overall volume. If the
assessment was done in a single surface, the error trend could have been
dramatically different. This is the main difference between this study and the
abovementioned standardized method. Furthermore, since the present phantoms
were made of PMMA, the spatial accuracy of the imager could also be evaluated.
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Finally, as the phantoms were developed as three level devices, the volumetric
assessment in the ROSI could be reliably assessed.

The results indicate that the two most used tracking modalities in the fields of
IGS, namely the OTS and EMTS, have nearly identical accuracy. Since these
tracking methods are based on different physical phenomena, also the surgical
setups of both modalities are unique and the error dependence on placing the
systems was demonstrated. Based on this fact, suggestions were made in placing
the devices for surgical procedures. Also, suggestions on using either modality for
special cases were discussed. It was found that OTS accuracy was highly
dependent on the distance from the optical camera pair array to the navigated
object. On the other hand, the EMTS magnetic field generator and patient tracker
placement with respect to the navigated object was shown to be critical. The
accuracy assessment results and performance of the SIRO robot showed the
dependence on the placement of the robot base with respect to the object being
critical. The detection of the spatial accuracy of the O-Arm showed noticeable
image artefact in the fringes of the scanned phantom.

The accuracy assessment phantom and protocol satisfied the need expressed
in the literature for a way to periodically check the accuracy of surgical navigators,
robots and other IGS guidance devices, especially those functioning within a
defined region of surgical interest (ASTM 2012, Haidegger et al. 2010,
Kazanzides 2006, Kroneif ef al. 2011, Kwartowitz et al. 2006). The importance of
assessing IGS devices and evaluating the performance of robots in particular was
also stressed by Ringel et al. (2012). They showed that for example in some cases
free-hand assisted pedicle screw implantation may be more accurate than that
assisted by the robot.

Recently, the growing number of issues related to the accuracy and
functionality of surgical image-guided devices underscores the need for methods
that can be routinely used to assess the accuracy of these devices in the hospital
setting (MAUDE 2012). Had the accuracy of the devices been assessed routinely,
probably a great number of these errors could have been detected pre-surgically.

The presented methods for accuracy assessment of surgical guidance devices
could be utilized in the following cases:

When the IGS guidance device is taken into routine use
Periodically for quality assurance
When the device indicates accuracy decrease

L=

When the user suspects accuracy decrease



5. In all clinical research environments in which new IGS technology is being
developed.

The accuracy assessment was done to verify the error in the region of
neurosurgical interest (ROSI). Thus, the assessed volume was limited to mimic
the size of the human head. Increasing the ROSI volume may result in greater
deviation in the results.
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