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ABSTRACT

Neurosurgery is one of the highly intricate tasks. To avoid the complications associated with
craniotomy (open brain surgery), neurogags prefer Minimally Invasive Surgery (MIS). In
MIS, the neurosurgical task can be performed through a small burr hole drilled on the skull of
the patient. The robdiased neurosurgery enhancessbepeof the MIS by providing better
accuracy, higher regatability, detailed internal visualization through multiple cresstional
images, 3D patierdpecific modeland realtime tracking of the surgical tool. The reahe
tracking of the surgical tool with respect to the patient's skull is also referres to
neuronavigation or stereotactic surgery. The neegistration is a prerequisite for
neuronavigation. The neuregistration relates the physical robot space to the medical image
space (virtual space) by measuring the corresponding reference pdiatk the spaces. The
frameless neuroegistration is steadily replacing frafbased stereotactic surgery. The
accuracy of overall robdtased neurosurgery depends on many factors like robot accuracy,
imaging accuracy, the measurement accuracy of refepines in medical image space as
wel | as robot sd6 seeastaton méded and dragtice playhaevitahr@euinr o

achieving high accuracy neurosurgery.

The objective of this work is to achieve autonomous, liziglocurade, andfaster robotased
frameless stereotactic neurosurgery. The primary objective is to eliminate human errors and
enhanceheaccuracy and reliability of robditased neurosurgerline of sight is the straight

line along which camera has unobstructed visionwall-mounted stereocamera system,
navigation stops if somebody obstruct the line of sight of stereocafather, the objective

is to eliminate the line of sight problem associate with the frameless stereotactic neurosurgery
and achieve quick newregistration and timeptimal neurosurgical procedgré o serve the

objectives,the design of the algorithms operating in réiate and methods robust to the

Xiii



varied ambiance of the operation theatre for conducting successful autonomous neuro
registrationis consideredA 6 Degree of Freedom Parallel Kinematic Mechanism-Pa{M)

based robot is used for netmggistration, neuronavigation and neurosurgery. It can be noted
that there is no separate robot for the neegistration. The robot comprising of tere
translational, and three rotational DOF can approach a point in workspace from multiple
directions. Also, the platform of the robot can be positioned in multiple posture at a point in
the workspace. The 6BKM robot is a compact portable system, weighib@ N, and it can
manipulate a payload up to 200 N. The repeatability of the robot is 10 um, and absolute
accuracy is 60 um. The algorithms related to nemgistration and neuronavigation are

implemented in python and C++.

Multimodality imaging compalile glass jar, glass skuland PVC skull phantoms with
artificial targets and bur holes are developed. The autonomous -megistration is
conducted on the phantoms to establish performance characteristics in terms of repeatability,
accuracy, and operadé time. The performance characteristics are evaluated for many
combinations of t he patient pose, burr hol
registration points, surfacand deegooted targetsand varied operation theatre ambiance

The validaion of autonomous neunegistration is presented through several case studies.
The autonomous newregistration is also conducted and validatechmegetable specimen

with artificial targets, to simulate the tissue and needle interaction. All theirepes are
repeated several times. In all the cases, the accuracy is found to be less than 1 mm. The
robustness of the algorithns tested for reatime detection and measurement of markers
under the varied ambiance of the operation theaffée executiontime depends on the
surgical task. The average execution time of the autonomous-registration algorithm is

found to be less than 5 minutes.
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The frameless robdiased neurosurgical procedure is further enhanced in terms of autonomy,
accuracy, and timeThe algorithms are validated through case studies of phantoms and
vegetable specimenThe case studies show the high capability of accessingrdetsal,
smaltsized tumor with high accuracy. The results of robust-tieed fiducial marker
detection algrithm prove very high consistency despite variation in marker visual property
and operation theatre ambiance. The rdiasted neuroegistration eliminates the line of

sight problem.
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CHAPTER |
Introduction

1.1 Motivation

Brain ailments may have to be often treated with surgery. Neurosurgery despsuits

skills in terms of insight, accuracy, alertnessd navigation control. Though humans attain
these qualities, there exist complications associated with open brain surgery or craniotomy.
The option to isolate the problem region from the rest aedw® minimum invasion will
lessen the complications. In Minimally Invasive Surgery (MIS), the surgical task can be
performed through a small burr hole drilled on the skull of the patient. Less risk, minimum
invasion, reduced healing time, and fewer charafehe infection are some of the benefits of
the MIS. In conjunction with these advantages, MIS has some downsides like narrowing of
the field of view of the surgeon and difficulty in tool handling through a burr hole. MIS often
coupled with stereotactiseurosurgery, where the 3D coordinate system is utilized to locate
the problem region and to navigate the surgical tool within the brain. In -bases
stereotactic neurosurgery, a physical frame is fixed to the skull of the patient prior to the
scanning Later in the image, the localization of the problem region is made with respect to
the frame.n framebased stereotactic neurosurgery, a frame is mounted on the skull of the
patient. The patient has to maintain the frame from the time of scanningetdéind of the
surgery. Wearing and maintaining the frame for longer duration is uncomfortable to the
patient. In framdess stereotactic neurosurgery, requirement of wearing the frame is
eliminated The radieopaque fiducial markers are attached at thgpsuafathe patient prior to

the CT/MRI scan (medical imaging). The markers would be visible in the medical image and
are used as landmarks for localizing the problem region. Localizing the problem region
within the brain and image guided ré@he trackingof the surgical tool with respect to the

patient skull is referred to as neuronavigation. The neggstration is a prerequisite for



neuronavigation. It relates the physical brain space to the medical image space by measuring
the corresponding referenpeints (fiducial markers) in both the spaces. Thergulation of
stereotactic neurosurgery from frafpased to the frameless method is possible through

neurgregistration.

The accuracy of frambased stereotactic neurosurgery is high compared to theldssme
method but lacks in patient comfort. Generalhg frameless system works in combination
with a stereo camera. The stereo camera, mounted atOteration Theatre Q(T),
continuously tracks the surgical tool by computing the location of reflectivikensaattached

to the tool. The reflective markers should always be visible to the stereo camera to avoid the

line of sight problem.

‘ Neurosurgery ‘
[

3
Minimally Invasive
y Surgery (MIS)

Stereotactic
surgery

|

Autonomous neuro
registration-based

Figurel.1l: Evolution of methods in neurosurgery



The frameless robdiased neurosurgery is a stereotactic MIS. It takes care of patient comfort
and enhances the possibilities of the MIS by providing detailed internal visualization through
multiple crosssectional images, 3D patiegpecific model, and ettime tracking of the
surgical tool. Further, it can achieve better accuracy, higher repeatability, tremor free
operation, and highly focused miniature surgery. The overall accuracy of-babed
neurosurgery depends on many factors like robot accurewgging accuracy, the
measurement accuracy of reference points in
Majorly the neureregistration method and the practice play a vital role in achieving high
accuracy in neurosurgery. Figure 1.1 shows the seugery based on the techniques of
localization. The motivation for the current research is to provide advantages of MIS along
with enhanced accuracy, precision, patients comfort, minimal human intervention, and time

optimization associated with robasssted surgery.

1.2 Objective of the work

The objective of this work is to minimize the manual intervention associated with the neuro
registration and to avoid human errors. Further, the objective is to develop and validate robot
based autonomous neuregistraion and neuronavigation for the neurosurgical procedure.
The aim is to develop methods of autonomous neggstration and neuronavigation for the
neurosurgical procedure, which functions in +@@le and robust to the varied conditions of

the OT. The osrall research includes:

1. Development of algorithms to autonomously locate fiducial markers and to measure

reference point at the markers in rpatient space.

2. To automate point correspondence between medical image aipatiealt space.
3. To eliminate thdine of sight problem associated with the frameless neuronavigation.
4, To enhance the accuracy and repeatability of reegstration and neuronavigation.



5. Development of redime and robust marker detection and coordinate measurement
algorithm.
6. To validae the autonomous neuregistration by phantom and vegetabbsed

experiments

1.3 Organization of the thesis

The thesis is organized infd chapters. Figure 1.2 gives the sequence of the work. The

highlight of each chapter is presented below:

Chapterl: Introduction

v

Chapte®: LiteratureReview andState of theArt in
NeuroregistrationNeuronavigation anbleurosurgery

v

Chapter3: DataPreparation foRobotbased\Neurosurgery

v
Chapted: Modeling and Algorithm Design for Autonomous Neul

registration
h 4

Chapter5: Robust Marker Detection and High Precision
Measurement for Redlime Anatomical Registration using Taguc
Method

v

Chapter6: Phantom and Vegetable Specimen based Case Stud
Modeling and Algorithms Evaluation

I

Chapter7: Conclusion andrutureScope

Figurel.2: Organization of the work

Chapter 1: Introduction The ongoing chaptediscuss the progression of MIS due to the
risks of craniotomy and advantages of the MIS. The chapter describes stereotactic

neurosurgery, neurgegistration, and neuronavigation. The advantages of the-baised

4



neurosurgery are stated. The sequence of procesess obasieot neurosurgery and the
sources of error associated with each process are discussed. The chaptersdiseribe
motivation behind the development of methods and algorithms related to thebaskdt

autonomous neusregistration and neuronavigation for neurosurgery.

Chapter 2: Literature review and state of the art in neuraregistration, neuronavigation

and neurosurgery

The evolution of stereotactic frap@sed and framkess neurosurgery has been presented.
State of the art in neunegistration, marker detection, and modern imaging modalities has
been presented. The detailed application of rblased neurosgery is explored. The
classifications of the registration errors like TRE, FRE, and FLE are discussed. The literature
is reviewed for the methods to validate rebased neurosurgery like phantoms with artificial
targets, cadaver studies, vegetable expemts, and human trial runs. Advancements in
practice, current research in the field of image fusion and registration is presented. The
application of imaging, image processing, computer vision and optimization theory in the
field of robotbased neurosurge is discussed. Further, various ogsurce image
processing libraries and DICOlBsed software are explored. Based on the literature review,

the progressive and gap area of research is presented.

Chapter 3: Data preparation for robot-based neurosurgery

This chapter discusses the data preparation based on a medical image from the scan for robot
based neurosurgery. Importance of medical image and data preparation febasdubt
surgery has been considered. The DICOM standards are exploredsefuotlDICOM tags

are listed and discussed in detail. The method to develop the data visualization, i.e., axial,

coronal, sagittal, oblique views, and 3D model of the patient, is presented.



Chapter 4: Modeling and algorithm design for autonomouseuro-registration

This chapter discusses the overall conceptualization, modeling, and algorithm design of
robotbased autonomous newmegistration and neuronavigation for neurosurgery. The
patient postures for the neurosurgery, imaging coordinate systéonmation from the
DICOM tags, and its importance for the development of the algorithm are shown. The steps
of autonomous neusegistration, i.e., measurement of the markers in the medical image
space, autonomous measurement of the markers in thpatsaht space, and mapping of
markers between the spaces. The detailed analytical formulation of the algorithm for the

localization and the precise measurement of the markers are presented.

Chapter 5: Robust Marker Detection and High Precision Measurementor Real-Time

Anatomical Registration using Taguchi Method

The need for robust and reahe marker detection and coordinate measurement algorithm
for autonomous neusregistration is discussed. The influence of several noise factors on the
marker detectin and coordinate measurement are shown. The design and implementation of
reattime and robust marker detection algorithm based on the Taguchi method are discussed.
The proposed method is presented with three different case studies. Each study peesents th
reattime markers detection and coordinate measurement in the various realistic situations of

the OT.

Chapter 6: Phantom and vegetablespecimen basedcase studies for modeling and

algorithm evaluation

In this chapter, the implementation of the method and algorithms developed for the robot
based autonomous neurosurgery is presented. The preparation of the phantoms for the

purpose of validation is discussed briefly and shown. Detailed case studiesvafidiation
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of autonomous neusegistration are presented on PVC skull phantom fixed in three different
postures. The validation is also shown for glass jar and glass skull phantom. Further, the case

study of autonomous neuregistration conducted on thegetable specimen is presented.

Chapter 7: Conclusion and future scope

Conclusions are drawn based on the methods that are developed for the purpose of
autonomous neurregistration and neuronavigation. Conclusions on the basis of results from
case stugs are listed. The summary of the work has been presented. The scope of the
present work and progressive topics, wherein research interest being generated are also
discussed.

1.4 Contribution of the work

The contribution of the thesis is in development amglémentation of the robdtased
autonomous neufregistration and neuronavigation methods for neurosurgery. The method

includes following features:

1. Autonomous neuroegistration and neuronavigation.

2. Single surgical robot is utilized to serve newegistation and neuronavigation for
neurosurgery.

3. No line of sight problem.

4. No need to remember correspondence of the points between the both the spaces.

5. Reattime and robust marker detection and coordinate measurement algorithm.

6. Accuracy comparable to franbmsed system without compromising the patient
comfort

7. Overall error is less than 1 mm.

8. Method is tested for multiple phantoms and vegetable specimen



Following two main algorithms are implemented the process of achieving the set of

objectives.

1. Autonomousneuraregistration is the extensive algorithm comprising of features like

autonomous pair point correspondence, elimination of line of sight problem and

positioning of needle.

2. Robust fiducial marker detection and coordinate measurement in the real patient

space.



CHAPTER Il

Literature Reviewand State of Art in Neuro-registration,
Neuronavigation and Neurosurgery

2.1 Introduction

This chapter reviews the literature leading to the sifitbe-art theory and practices in three
important components of neurosurgerylhe neurceregistration, neuronavigation and
neurosurgenhave individually attracted persistent attention and sequigntipbraded the
surgical practice and operatioi.he technology and adaptation of technology has played a
significant role. The fram&ess procedures have provided new direction in research and

development.

Introduction

LiteratureReview andState of theArt in Neuroregistration
Neuronavigation anbleurosurgery

v

DataPreparation foRobotbasedNeurosurgery

v

Modeling and Algorithm Design for Autonomous Neuwegistration

v

Robust Marker Detection and High Precision Measurement for |
Time Anatomical Registration using Taguchi Method

A

Phantom and Vegetable Specimen based Case Studies for Mg
and Algorithms Evaluation

v

Conclusion andruture Scope

Figure2.1: Flow of the chapters of the thesis

The constraints of framleased surgery due to which, shift in research toward the fiesae

surgery is seen. Image based planning, guidance and rolamécpioneering stages in



neurosugery. The contributions leading to image guided surgery from conventional surgery
has been discussedrigure 2.1shows the flow of the chapters of ttieesisin context with

the present chapter.

2.2 Evolution of Stereotactic neurosurgery

Some of the neurolacal ailments like brain cancelP, a r k i diseaspepikpsyl], brain

stroke, brain clot, etc may require neurosurg&ancej2] involves the abnormal growth of

cells. The growth produces a lump of cells called tumor. The tumor can be benign or
malignant. The benign tumor does not spread to other part of the body thus; it is considered

as noncancerous tumor. The malignant tumpresads to other parts is a cancerous. The very

first step is to diagnose the disease by means of medical imagirgoMR scan is mostly

used in case of brain imaging. After medical scannngpsycan be done, where a small

sample of the target tisssiare cut and extracted for the pathology teBhere are several

ways to treat the brain tumor, the most common methods are radiotherapy, chemotherapy and
neurosurger?]. Parkinsonds disease is generally <ca
responsible for the production of chemical called dopamine. Dopamine act as a messenger in
brain. Due to lack of dopamine brain starts working abnorj@llypeep Brain Stimulation

(DBS)is one of thesurgicalt r eat ment s of PRnaDBR a pulseogen&rator i s e a s
placed inside the chest which sends electric signal to a thin wire placed atithéhtmagh

surgery4].

The opening of the bigger portion of the skull for surgery is referred to as open brain surgery

or craniotomy[5] (seefigure 2.2).The craniotomy involves multiple risks to the patient,

which, if feasible should be avoided by restricting the size of invasion of the skull.
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(b) Zoomed view bcraniotomy
(wssfn.org

(a) Craniotomy
(iowaclinic.com)

Figure2.2: Craniotomy or open brain surgery
Minimally Invasive Surgery (MIS)s a technique to operate within the br#nougha tiny
burr hole.The MIS reduces the healing time and trauma. The various agdociated with
the craniotomy is also avoided by MIS. The technological advancement in medical imaging
modalities and image visualisation also enhances reliability and capabilities [@&] MIS
The computation of position of target and tracking of surgical tool by utilising the 3D
coordinate system for the application of surgery isikmas stereotactic surgery. It is a kind
of MIS. This section presents the history of stereotactic neurosurgeryhanihpact of
technologies on development of rolassisted neurosurgery. Figur® 8hows the year wise
development of stereotactic neuragery apparatus along with the neurosurgical robots. The
first stereotactic apparatus was developed by the Horseley and[®lakel908. The
cartesian system was used by the apparatus for the localization of the targets within the brain.
Horseley and Clake assumed that the cerebral targets have a rigid relationship between body
structures thus, experience values contbiimto an atlas. The special relations provided by
the atlas were having high variation and were not suitable for the human patient. The most

successful frambased stereotactic apparatus was developed by Prof. Leksell in 1947. The
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latest version of the lksell stereotactic apparatus is in use till date. Originally, LgB$ell
apparatus was designed to work with the brain atlas. In 1970, Hounsfield and Cormack
invented Computed Tomograpf@T) imaging techniqu®]. The CT was a revolution in the
medical imaging. CT scan uses the X rays to create-semi®dnal images of the body part.

The crosssectioral images then can be processed to make a patient specific 3D model. In
1970, Magnetic Resonance Imadit@] (MRI) technique was inventedhe latest version of

the Leksell stereotactic frame is compatible with @l imageand theMRI. A CT guided

brain biopsy vas performedii 985 wusi ng Uni mditl]i 199 snte@dteA r o b
surgical gstems introduced the ROBOD@2] for hip replacement surgery. PUMA and
ROBODOC both have serial mechanism architecture. Thus, have the advantage of huge
wor kspace but suffers in terms of robot 6s
Vinci[13], [14] surgical system in 2000 for MIS through few small incisionshe stomach.

It has a master console and a slave robot with multiple arm. Da Vinci is mostly used by
surgeams for the urological and abdominal surgeries.

Table 2.1 shows development activity of neurosurgical robots in application space and their

groups.
Table2.1: Summary of active neurosurgical robots and groups
Surgical robots/Navigator Region of Working group Task
approval
CyberKnife US, FDA,CE, ISO Accuracy Inc. (USA) Imageguided
radiotherapy
NeuroArm Health Canada IMRIS & U of Calgary Stereotactic
(Canada) neurosurgery
Neurostar No NeurostaGermany) Stereotaxy
iISYS CE, FDA ARC Research (Austria  CT & US-guided
biopsies
ROSA US FDA, CE Medtech S.A (France) Stereotactic
neurosurgery
NeuroBlate FDA, Health Montreris Medical MRI-guided neuro
Canada (USA/Canada) tumor ablation

Renaissance/SpineAssist  CE, US FDA Mazor Robotics (Israel) Spinal and brain
neurosurgery
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(Meng et al) SCMM & 6DPKM
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(Intutive surgical)
1994
CyberKnife 1992
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MRI PUMA robot
(Unimation)
1972
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(Hounsfield & Cormack)
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Leksell
stereotactic apparatus
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1947
Stereotactic apparatus
(Speigel & Wycis)
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Stereotactic surgery
(Horsely & Clarke)

1 1900
Figure2.3: Timeline of stereotactic neurosurgery and relevant technologies
Frame based neurosurgical procedureStereotactic neurosurgery is also termed as Image

Guided Surgery (IGSdr neuronavigation based on the context. Victor Horsley and Henry
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Clarkd7] invented first stereotactic system in 89@rof. Lars Lekse|B] developed and
successfully used a polar coordinate based filaased stereotactic device to locate the
target. The device came to known as Leksell frame, with several modifications over the
decades is still being used. In frafn@sed stereotic neurosurgeny’], [8], a frame is
attached on the head of the patient and the medical scan (CT/MRI) is taken to find the
relaive position of Region of Interest (RONith respect to the frame. Figuredzhow the
Leksell fram¢8] setup. During imaging, only frame is attach€te wearer should take care

that the frame does not get disturbed till the surgical procedure is coniietecalegolar

arch is fitted during the course of the surgery. The fraamed system is accurate but due to

attached frame, they are not patient friendly.

lf,
¥
| 4J§
1 3y '
HL

Figure2.4: Leksell stereotactic frame and getekta.com)

Frameless systems for Image Guided Surgery (IGS)In frameless stereotactic
neurosurgernl5], [16], the location of the target region is foundt dased on either
anatomical landmark, surface matching or attaching the-gique multimodality fiducial
markers. The prerequisite of stereotactic neurosurgery and neuronavigation is neuro

registration (contextually, also referred as registrationg Meaning of neurcegistration in
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general from thditerature[/-15] is the process of establishing the relationship between
medical image space and real patient space. The real patient space refers to the 3D space of
the patient, the surgical tool, naviiga system and the robot (in case of robotic surgery). The
medical image space refers to the 3D space of the image data acquired by the imaging
modalities.

CT[17], MRI[1Q], [18], Ultrasound Imagind.9], Positron Emission Tomography PRU],

Single Photon Emission Computed Tomography, SHEQTare some of the widely used
imaging modalities. As already discussed, the CT uses the X rays to form theemtcsal
images whereas the MRI uses the magnetic field terg¢e the images. The MRI provides
better gradients at lower density range, like soft tissue and does not invabas Xas
compared to the CT imaging. Thus, MRI is preferred for the brain sdaittasound
imaging[18] utilizes sound waves to detect tissues and produces the images of the body
part. Ultrasound is widely used for soft tissue imaging and intraoperative imaging during the
IGS. Syed et gR2] presented the effect of merging intraoperative ultrasound data with the
MRI data for neuronavigation for IGS ofdghi grade gliomas. They demonstrated that Gross
Total Resection (GTR)f tumor has improved from 336% to 74.3%. The fusion of
preoperative images (CT/MRI) and intraoperative -teaé ultrasound is mostly done to
correct the brain shift or tissue sf2f8] during the resection of tumor in IGS. However,
merging of intraoperative ultrasound imaging data with the MRI/CT data requires advanced
image fusion techniquft], [25].

Most of the imaging modalities are compatible with the Digital Imaging and COmmunication
in Medicine (DICOM]J26], [27]. It is an international standard ¢over almost all aspects of
imaging like image acquisitiorstore, transmit, imaging format, image display and print.
Most of the software for medical image processing and computing also follows the guidelines

of DICOM. 3D slicef28]i[30] is one of such widely used open source software developed by
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funding support through National Institute of Health (USA). The software provides tools for
image visualization of slices and 3D model, tools for mininggenmformatics and tools to
conduct image processing. Other medical image processing software that are commonly used
are Visualization Toolk|B81] (VTK), Insight Toolkif32] (ITK), OsiriX[33] and RadiAni34]

DICOM viewer. The VTK and ITK are the open source medical image processing and
computing libraries and are compatible with most of the programlanguages. It is always
preferred to develop custom software basing on these open source libraries. AnuVi software
was developed at BARC, India. A portion of medical image processing and image
registration software is supplemented to AnuVi to suit thetrbhsed autonomous neuro
registration. The application of image processing and computer vision concepts have become
essential component of any IGS. Lucio ef3&l] presents the human anatomy visualization

and navigation system. They discussed the advantages of visualization of conventional
medical images, 3D model, slicing and cropping of the ima@esvei et al[36] developed

an augmented realityvisualization system for stereoelectroencephalograchy (SEEG)
electrode implantation. The system can be used for visualization of internal structure of the
patient in medical image space and real patient space. The localization of entry point and
computatbn of the registration accuracy can also be found out using the system. This system
is based on projector camera system. This development involves numerous image processing
and computing functions. Severdike the image segmentation, image thresholding,
cropping, morphological operations are used for image enhancement. While, circle and
ellipse fitting to the contours, corner detection, image template matching and histogram
equalization are used for acquiring geometrical attributes from the images. kaadwprs

image processing algorithms are provided by open source imaging and computer vision
libraries like OpenCyB7]i[39] and scikitimagd40]. These algorithms have several

parameters to beined which makes them sensitive to the parameters. The parameters have

16



to be tuned for a certain task. Limited literature on the auto tuning of the parameters are
available and none to optimize these parameters irtire@lespecially in the area of IGS.

The design of robust algorithm to optimize the parameters of image processing functions is
made in one of the chapters in the thesis. Further, detection and measurement of the fiducial
markers for autonomous anatomical registration in real time is addreBse Tagucfd1],

[42] method is used to optimize the parameters of the image processing algorithms used in
the sequence. It is one of the most versatile statistical technique used in robust design and
guality engineering to improve the process or producteolyicing the variance even in the
presence of noise factp4®]. Several reseanhers have applied the Taguchi method in
Engineering43]i [47], Biotechnology48]i [50] and Marketingp1]. All of the above research

dealt with the offline processes wiein reattime was not a consideration. For rofassisted
surgery, the parameters have to be optiminagattime to reduce the surgical time and to
design robust process under the presence of several noises:I€sameuraegistration is
practicedin multiple ways. The type of practices can be classified in to two broad categories,

the development is discussed.

Point based registration: Pair point registration is the process of measurement of at least
three points in medical image space and measeme of corresponding points in real patient
space and one to one mapping of the corresponding points to find the homogenous
transformation matrix to establish the relationship between the medical image space and real

patient space.
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Fiducial markers

Figure2.5: Fiducial markers attached at the scalp

Markerless pair point neurcegistratiofil6], [52]i[57] is also known as anatomical
landmarkbased pair point registration. There is no need to fix any external marker for the
reference but this kind of registration suffers from low registration accuraeyialweak
geometric definition of reference point.

Markerbased pair point newni@gistratiofl5], [55], [58] can be nosinvasive skin mounted

and invasive bone implanted types. Nowasive type involves the pasting of ragdipaque
multimodal fiducial markers on the scalp of the patient. The invasive type involves the
implantation of fiducial markers on to the bone of the patient before the medical scan. Figure
25shows typical radi o opaque fi duci5qfl[6llmar ker
pair-point-based neuronavigation system has watlunted stereo camera and eetbrs. The
reflectors are attacheon the surgical tool anan the couch to establish the relationship
between medical image space and real patient space. Hunschi4dt cainducted MRI
guided stereotactic neurosurgery. They investigated the fiducial based (skin mountad marke
based) and anatomic#@ndmarkbasedregistration for their standard imaging protocol,

including t2weighted spirecho as well as contrast enhanceevé&ighted gradienécho
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imaging. Fiducial based method shows better result fareighted spirecho. Whereas for
t1-weighted gradienrecho imaging, performance of anatomical based registration was found
to be better.

The pair poirtbased registration depends on number of known corresponding points in both
the spaces. Mathematically, three points are reduio establish the relationship between
two coordinatesystems and obtain the close form solé@iji [65]. In three poinbased
registration, the three nesollinear points should be measured in botbdical image space

and the real patient space. The image space is a virtual space whereas the real patient space
apart from the patient may consist of the robot, and the other devices.

There are multiple factors that contribute to the error in measuateshéiducial points both

in the image and in the real patient space. In image, the sources of errors are due to medical
imaging modality, human error in manual measurement, image reconstruction, etc.
Registration using more number of points is highlyoremendef62], [63], [65]i [67].
Measurement of more than three points is an overdetermined systenkisilidi system

can be solved by method of least sq{&2F [63], [68]i [71].

Most of the registration system for IGS gives some measure to check thacgcotithe
registration. West and Fitzpatri@6], [67], [72], [73] divided the error associated with the
registration into 1) Fiducial Localization Error (F)Evhich is the error in localization of the
fiducial markers 2) Fiducial Registration Error (FRE), which is the distance between
corresponding fiducial points after registration &d arget Registration Error (TRE), which

is the distance between corresponding points other than points used fgidtratren. Later,

West and Fitzpatridé6], [67], [72], [73] concludes some of the critical aspect of pair point
based registration to improve the target registration accuracy and to eliminate the Ipotentia

dangers of the unsatisfactory practices in I&G&ne of their findings are given below.
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1) Most of the commercially available neuronavigation system provides measure of error in
terms of FRE., This only indicates the error in geometric alignment of paetsio the
registration. TRE is the true measure to check the accuracy to reach particular target after
registration. TRE can be checked, after registration, by locating or pointing the surgical
tool tip at the targets.

2) The accuracy of image guidance systdepends on the number of fiducial points,
accuracy of localization of fiducial markers points and geometrical configuration of the
fiducial points used for the registration. The accuracy of the registration is independent of
characteristics of the regesed object. The FRE is independent of fiducial configuration
and number of fiducials used for the registration whereas, TRE depends on them.

3) TRE can be minimized by using as many points as possible for the registration, avoiding
near collinearfiducial configurations and by placing the fiducial markers such that the
target is at or close to the centroid of the fiducial points.

Surface registration: The surface registratiprd]i [77] involves the mapping of surfaces

generated in medical image space and real patient space. This method avoids the use of

markers bugivesrelatively lesser accuracy as compared to the pair-baisgd registration.

In 2018, Fanle et 48] developed an autonomous marker less surface registration method.

Most common surface registration method works on matching the surface landmee8k i

patient space with the imaging space. Surface features can be captured only in supine

posi ti ol[r4 methednagténsates the registration method and does not constraint the
patient in supine position. The method works on extracting a mark on the head of thie patie

The final registration is achieved by combination of course and fine registration.

Most of the image guided surgical system and surgical robots rely eimvasive pair point

based registration technique. The accuracy of skin mountedhwasive pai point based
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registration technique is better than surface registration and anatomical landmark based
registration but less than bone implanted fiducial marker based regigtra}i¢n9], [80].
Woerdeman et 4l5] compared the application accuracy of three pati@ithage
registration methods using optical tracking system based on adhesive marker, anatomical
landmarls andsurface matchingpased methods. The TRE was found to be 2.49 + 1.07 mm
using adhesive markdrased registration.The other two methods i.e. anatomical landmark
and surfacdased method, TRE was found to be 4.97 £ 2.29 mm and 5.03 + 2.30 mm
respectiely. There results show adhesive maikased registration is most accurate after
bone implanted markdrased registration which is rarely used because of its invasive

procedure of fixing the fiducial markers.
2.3 Robot-based neurosurgery

Robotbased systemsof neurosurgery also makes use of same medical technologies like
CT/MRI, imageguidance, neuroegistration, visualisation and neuronavigatidhe overall
accuracy of the robdiased neurosurgery not only depends on the individual accuracy of
each technalgy but also depends on the accuracy of transformation from one space to the
othef81]i [83]. The robotbased neurosurgery enhances the capabilities of the MIS by linking
several technologies. In additidhgives better accuracy, rigidity, reliability and dexterlty.

1997, Integrated Surgical Systems commercialized first image guided, compuieled

robot for stereotactic functional neurosurgery called Neuromate. Currently Neuromate is
owned by Rnishaw84]. It includes the 5 Degree of freedom robotic system and poisig

and visualization software (ref@gure 2.6).
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Figure2.6: Neuromate robot with phantom sk(iénishaw.com)

Figure2.7: Da Vinci master slave surgical rokattuitive.com)
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Figure2.8: ROSA surgical robozimmerbiomet.com)

Figure 27 shows the da Vin{l3], [14] surgical robot. This robot has multiple arms and can
be controlled by a remote console. It is by far most used and highly sophisticated surgical
robot and mostly used for the abdominal and urological surgeries. Since da Vinci is a Master

Slavemanipulatorthus it cannot be used for the autonomous surgeries.

Figure2.9: PathFinder neurosurgical robot with reflective mark@6s.

Zimmer Biomet Robotics, a French company, developed R88Aechnology for various

cranial and spine interventions. As seerigure 28, ROSA is a serial 6 DOF robotic arm
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and dedicated visualization and image processing softR&@S&A is being used in various
parts of the world. The device can bsed for the frameless stereotactic proced86sith
high accuracy and less operative time. SEEG, endoscopic procedures, resection of brain

tumor and DES are primary applications of ROSA.

Another robot designed for the neurosurgery is PathHBitlerThe PathFinder (seféggure

2.9) is a mobile robot and can be move in and out of the operating room. The base of the
robot can be fixed to the Mayfield clanmphe robotic arm has 6 DOF. The major difference
between PathFinder and other neurosalgrobots is localization of the fiducial markers.

The PathFinder system comes with the unique radamue and reflective material coated

fiducial markers.

Figure2.10: Parallel mechanism and SCMM baselirgregistration and
neuronavigatiof88]

The fiduci al mar kers have to be attached at
CT and MRI images and can be detected by camera attached at the end effector of the robot.
Bhutan[88] (see figure 2.10) developed the surgical coordinateeasuring mechanism
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(SCMM)[88]i[90] based neurregistration method and parallel mechanisased surgical
robot[88]. The SCMM is used for the anatomical registration. The coordinates recorded by
SCMM s transformed to the 6BKM surgical robot through rigid transformation matrix.

The use of SCMM eliminates the line of sight problem and SCMM canb&lsased as a
standalone neuronavigation device.

Methods to validate robotbased neurosurgery: Robotbased neurosurgery has the
potential to be highly accurate and reliablée robotic neurosurgical suite is subjected to
rigorous tests for validation of fedly, accuracy and practicability before operating on human
patient. The validation involves stagése progressive tests starting from simulation
studyj91]i[94], experiments on multiple phantof@s]i[98], experiments on
fruit/vegetablef9], [100] to mimic the material density and tissue interaction, anji@13,

[102] and cadaverfLO3]i [106]. Georgi et a]107] (2017) developed novel miniature robotic
guidance device for gteotactic neurosurgical interventions. To compare the accuracy of
needle positioning to the target, between robotic and manual method, a preclinical phantom
trial and cadaver biopsies was conducted by them. Later, tumor biopsies and intracranial
catheter [acements were also conducted to check the feasibility and accuracy. The literature
related to the preclinical phantom and cadaver studies are available but no published
literature is available to mimic the real tissue. This thesis presents the case sfudie
validation of robofassisted methods for intracranial application using a vegetable specimen.
Each newly developed IGS system, algorithms, methods and surgical robotic system has to
undergo rigorous tests for validation of safety, accuracy and hititi before operating

on human patient. This thesis also presents the preclinical phantom and vegetable specimen
tests.

Efforts to eliminate the human errors and to improve the quality of robot assisted

surgery through automation: Robotbased neurosuegy largely rely on multiple techniques
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like medical scanning, image reconstruction and visualization of medical data, image to
patient registration (pair point based or surface based) and robots. All of these techniques are
progressively evolving becausétechnology enhancement and continue to present scope for
improvement. The overall quality of robbased neurosurgery is outcome of quality and
reliability of each technique. The quality of rodmsed neurosurgery can be improved by
reducing the humdh08]i [110] errors and improving the accuracy of each technology. In
pair pointbased egistration, the measurement of fiducial markers in medical image space
and corresponding markers in real patient space is one of the sources of error. In 2009,
Manning et a[111] developed an algorithm to autonorstulocate the centre of the fiducial
markers in medical (CT/MRI) image space. The algorithm compares the model of the
markers with the surface patches obtain from the medical images. GiovanifilE2]ain

2012, implemented a novel method based on surface processing and geometric prior
knowledge to autonomously locate the fiducial marke®siligoj et al[113] developed an
autonomous markers localization in planning phase in real patient spaeealgorithm

works with specially designed retreflective spheres attached physically at the crania¢bo

The sphere is visible in both medical image and real patient space.
2.4 Gap areas, Progressive areas and scope of work

Modern frameless, stere@wamerabased neuronavigatif8?], [88], [114], [115] and
neurosurgical practice largely replaced the frdrased stereotactic n@suigely[88]. The
research and practice are now steadily shifting toward femsievisualizatiosbased research

and practice. The objective of the thesis is to address the following novel and progressive
work towards frameless stereotactic neurosurgery.

1. To enhance the accuracy and precision of freese stereotactic neurosurgery.
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. To automate the manual procedures associated with the -keamestereotactic
neurosurgery for elimination of human errors and utilize the high precision capabilities of
the technology.

. To eliminate the line of the sight problem associated with themalinted stereo camera.

. To achieve quick neurregistration and time optimal neurosurgical procedure
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CHAPTER Il

Data Preparation for Robot-based Neurosurgery

3.1 Introduction

The robotbased neurosurgery utilizes inputs from the medical images to design algorithms,
generate crossectional views like axial, coronal, sagittal, oblique view (perpendicular to the

tip of the surgical tool) and 3D patient specific models. Furtherprocessed images are

used to identify entry point, target point and compute robottipopath. This chapter
presents the preparation of data from the medical images and forms the basis for proposed
objectives of the thesis. The imalgased data prepion in the workflow chart shown in

figure 3.1. As can be seen this chapter builds the foundation fortvabetl neurosurgery.

The crosssectional images and 3D models will aid in neregistration, neuronavigation and

overall robotbased neurosurgery.

Introduction

LiteratureReview andState of theArt in Neuroregistration
Neuronavigation andeurosurgery

DataPreparation foRobotbasedNeurosurgery

v

Modeling and Algorithm Design for Autonomous Neuegistration

v

Robust Marker Detection and High Precision Measurement for |
Time Anatomical Registration using Taguchi Method

A

Phantom and Vegetable Specimen based Case Studies for Mg
and Algorithms Evaluation

v

Conclusion andruture Scope

Figure3.1: Data preparation in context of the workflow.
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3.2 Patient preparation and medial scanning

The first step toward the robbased neurosurgery is patient preparation. The fiducial
markerbased registration (skin mounted pair pdiased registration) involves the pasting of
radio-opaque multimodality fiducial markers on the shavedihedahe patient. After pasting

the markers, the patient would undergo the medical scan i.e. Computed Tomography (CT) or
Magnetic Resonance Imaging (MRI) based on the imaging resolution as suggested by the
neurosurgeonThe markers should be kept intadt the time of surgery. These fiducial
markers would be visible in the medical images along with the other details of the head like
bones, vanes, arteries and problem region. The fiducial markers should encompass the region
of interest and is validated iohapter 6. The higher neuregistration accuracy can be
achieved for the target close to the centroid of the volume created by the reference points at
the fiducial markefd16]. The crosssectional views and 3D model generated from medical

scan would be used for neuregistration and neuranavigation.

3.3 Preparation of medical data for robot-based neurosurgery

The medical data generated by the medical imaging modalities follows the Digital Imaging
and Communication in Medicine (DICOM) standards. DICOM is a set of standards
formulated to maintain the standardization among the various stack of images, datadypes a
the communication between various modalities, workstations and other devices. It records
imagerelated parameters such as patient 3D position, sizes and orientations, slice thickness,
modality used, information related to the patient, the doctor antda@tal[26], [27]. All

these information makes patient information unique throughout the globe and is stored in
DICOM data tags. The DICOM data tags are meticulously identified and utilized fousar

aspects of robdbased neurosurgenA software module is developed to performs the

following operations:
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1. The segregation of images based on DICOM.tags

2. The placement of images at appropriate location.

3. The generation of 3D model and oblique view fribra 2D slices.

4. Isolation of ROI (Region of Interest) in transparent patient specific skull based on MR

or CT images.

Most of the features are independently developed in the institute. Some features of the
software are developed by modifying and custontgithe open source medical image

processing libraries like: V,IKKand OpenCV

3.3.1 Visualisation of crosssection images and 3D model of the patient

The crosssectional images obtained from CT/MRI scan has to be arranged appropriately.
The images are segregdtbased on the DICOM Unique Identifiers (UIDs). As can be seen
from the figure 3.2, a patient can have multiple scans like multiple MRI scan of the neck or
separate CT scan of the head. In DICOM compatible imaging modalities and software, all
scans of thgpatient come under one unique patient ID (UID). The patient can have multiple
studies and allotted different study instance UIDs (0020, 0Q@¢h is unique for each
study. Further, study can have multiple series based on directions like axial, cordnal a
sagittal or basedn a scan with contrast medium or without a contrast medium. In DICOM,
each series is assigned wshries instance UIDs (0020, 000E) which is unique for each
series. Each series may have multiple images and each image has aSemigeeObject

Pair SOP) instance UID (0008, 0018).

A software module based on the given classification is developed to read the UIDs of the
images and arrange them in their-gesignated locations in the series and study. Generally,

images belonging to aapticular series have the same orientation. Basically, a 3D coordinate
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space in medical image space [l] is used in the acquisition of 2D medical imdgess that

the terminologies like medical image space, patient coordinate system, anatomical coordinate
system and DICOM coordinate system are all same 3D space with a coordinate system and in
the rest of the texthe term, medical image space [I] will be usddhe medical image space

is fixed and fully defined by the lying postuséthe patient on the image scanner couch. The
medicalscanner generates a regular rectangular array of images. From this areyiathe

coronal and sagittal views can be generated

PatientUID

StudylInstantUIDs

SeriednstantUIDs -

L
- -
1

Images of Images of  Images of Images of
axial series Coronal seriessagittalseries Contrast mode

SOP instance UIDs

Figure3.2: Segregation of medical images based on UIDs

Images acquired by the scanner are in 2D and it is required to map the position and
orientation of these 2D images with reference tontteglical image space][IFor this, the
procedure given in the DICOM standa3.(J27] is adopted. The image plane and the pixel
spacing attributes of the DICOM standards, mentioned below are used to map the position
and orienation of the 2D images with respect to [lThe important DICOM tags are

discussed below:
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l.  Image Position DICOM Tag (0020, 0032): This tag provides the coordirates, (
S) of the centre of the first voxel (at the top left corner of the image) negpect to
the ).

[I.  Image Orientation DICOM Tag (0020, 0037): This tag provides the direction cosines
of horizontal Kx, Xy, Xz) and vertical ¥x, Yy, Yz) axes of the 2D images with respect to
the ).

lll.  Pixel Spacing DICOM Tag (0028, 0030): This tag prositiee column and row pixel
spacing $H 3E in mm.

IV. Slice ThicknessDICOM Tag (018,0050: This tag providesthe nominal slice
thickness, in mm.

V. Slice LocatiorDICOM Tag (0020,104): Relative position of themage plane

expressed in mm with respect[th

/,,"
(v XZ)
Xy,

Figure3.3: Mapping of position and orientation of stack of 2D image with respédethcal
Image Spacql]
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The coordinates of the voxel (i, j) in the image plarid respect to the [I] (in mm) is given

as:

0 30 O8&& OsED Y 31
0 3O H8&ED MO8 ED Y 32
0 HQ Haw&ED O3 &ED Y 33

Wherei, j are the column and row index to the image plane. The DICOM tags, structure of
voxels and slices are used to develop the medical image visualization software module for
neuronavigation. Figure 3.3 shows the mapping of position and orientation of the @& ima
with respect to the 3D Image coordinate system [I] in medial image dpdugure 3.3,the
Cartesian coordinatdX, Y, Z) of the medical imag space is a-8imensional orthogonal
coordinate system, The axes are the coordinate axes of medical image space [l]. The 2D
images are obtained from the CT/MR scanning and mapped to the 3D coordinate system in
the medical image spac€éhe DICOM tags, decribed above, are used to map the images.
Figure 3.4, figure 3.5 and figure 3.6 shows the implementation of above mention procedure to
develop three crossectional views, oblique view, 3D model and isolated skull surface with
the highlighted tumor resptiagely. Along with the three standard views, an oblique view is
also generated. The section at the tip and perpendicular to the axis of the surgical tool is the
obligue view. The oblique view is a re@he image and changes as the surgical tool
progresses As the surgeon moves the tool, the oblique view generates the image
perpendicular to the tool at the tip. Thus, the oblique angle is not constant. During the
surgery, the view normal to the surgical tool provides critical feedback about the right
localization to the surgeonin figure 3.4, the oblique view shows the crssstional images

perpendicular to the tip of the surgical tool pointing.
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- Oblique

Sagittal

Figure3.4: Axial, coronal, sagittal and oblique views generated from the medical imaging
data (red dot indicates the measured reference points at the markers)

The crosssectional views and 3D model (see figure 3.5 and figure 3.6)dnMoeilused to
measure the coordinates of the markers with respect thledecal image spacef[l]. After
selecting the markers in the 3D model, the precise measurement can be donegtbyrfine

the measurement in the cressctional views. Figure 3.6 show® isolated visualization of

the region of interest along with the skull surface for the reference. The views can be rotated

and magnified to ease the measurement.
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reference pol
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Figure3.6: Isolated tumor and skull surface model
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Figure3.7: The multiple ROl marked in the generated image

The crosssection views shown in figure 3.4 and 3.7 will be useful to measure the markers,
Region Of Interest (ROI), entry point and target points. All the views and 3D mwillebe

useful for the neuroegistration and neuronavigation (discussed in subsequent chapters).

3.4 Conclusions

The importance of patient preparation for rebased neurosurgery is lies largely on image
assessment. The acquisition of medical images vdticial markers is a basic step towards
frameless stereotaxy. The DICOM standard is explored. The DICOM tags are meticulously
identified and utilised to build the visualization module of the software to support the further

aspects of the robditased neurasgery.
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CHAPTER IV

Modeling and Algorithm Design for Autonomous Neure
registration?

4.1 Introduction

Robotbased neurosurgery involves integration of various tools and devices to locate,
visualize and operate at the problem area within the confines of the brain. The convergence of
robots, medical imaging and valization has led to highly enhanced and newer practices in
neurosurgeryThis chapter presents a novel method for autonomous -negisiration and
neuronavigation. The imagesed data, i.e. crosgctional views and 3D models would be
extensively usedni the algorithm presented in this chapter. The modeling and algorithm
design for autonomous nedregistration in the workflow (shown in figure 4.1) is one of the

core objectives of the thesis.

Introduction

LiteratureReview andState of theArt in Neuroregistration
Neuronavigation anNeurosurgery

!

DataPreparation foRobotBased\eurosurgery

v

Modeling and Algorithm Design for Autonomous Neuegistration

v

Robust Marker Detection and High Precision Measurement for
Time Anatomical Registration using Taguchi Method

I

PhantomBased and/ egetableSpecimenBasedCaseStudies for
Modeling andAlgorithmsEvaluations

v

Conclusion andruture Scope

Figure4.1: Connectivity ofModeling and algorithm design for robloased neurosurgemy
contextof the workflow in tle thesis.
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The method automates the newegistration process to enhance the overall accuracy of the
robotbased neurosurgery. The algorithms in the method deals thi# robotbased
autonomous measurement of fiducial markers in the real patient space. The algorithm
autonomously locates the markers. The coordinates of the reference center points on the
markers are autonomously measured using the images captured danmtée and inverse
kinematic solution of the robot configuration. Correspondence with the same points on the
medical image is autonomously applied to obtain the mapping of the image points with
respect to the robot for high accuracy registration in tloetest time. The method improves

registration accuracy, eliminates line of sight problems and results in faster registration.

4.2 Methodology

A 6 Degree of Freedom Parallel Kinematic Mechanism-P&M) robot is used for neuro
registrationneuronavigation and neurosurgery; the robot in surgical mode is shown in figure
4.2. It can be noted that there is no separate robot for the-registration. The 6EPKM

robot is a compact portable system weighing 150 N, and it can support and marapulate
payload of 200 N. The repeatability of the robot is 10 um, and absolute accuracy is 60 pum. It
has a three translational, and three rotational DOF, which can approach a point in its
workspace from multiple directions or in other words the end platfortheofobot can be
positioned and oriented at the desired postlitee detailed workplace, work volume
synthesis andensitivity analysis is given in the thg8@] of the earlier researcher from the

same institute.

The neureregistration isa multithronged process (1) Measurement to determine the
coordinates of the markers, the centre point of Region Of Interest (ROI) and the feasible entry
points in the medical image space. (2) Measurement in the real patient space to determine the

coordindes of the physical markers with respect to a physical space (in this case with respect
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to the robot). (3) One to one mapping of the points in the medical image space to the real
patient space to establish the correspondence between the medical imdyeraatigatient

space.

Visualization

Medical Image Real Patient Space

Space

. | Measurement of | ! Algorithm for Algorithm for

i | markersinthe | || localization of the| | measurement of th |

i | medicalimage | ' | markers markers

Lo space . I I |
A 4

Mapping between medical image space and real patient space

Autonomous neuiigegistration

Figure4.3: Flowchart of neurgegistration process
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Figure4.4: CT scan of skull phantom in supine posture

Thus, any action in the real patient space can be shown in the medical image space with
identical correspondence. Various virtual reference frames are established, and relationships
are developed during the physically disconnected process of (1) andh@)st@ps of
autonomous neusegistration are shown ifigure 4.3, and the stepwise procedure is
described below. The description of case studies is based on the CT scan data, and the

method is independent of imaging modality.

4.2.1 Medical Scanning:

The CT scarof the skull phantom has been taken in the supine posture (see figure 4.4) with
CT parameters of 0.625 mm slice thicknedsad First Supine (HFS) position and axial

mode. Optima CBb40, CT machine of Generglectric Medical Systems has been used (the
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method is independent of the machine type). The CT data has been stored in the DICOM

format.

4.2.2 Measurement of coordinates of the markers, entry and target points in medical

image space [l]:
The PatientCT data has been loaded in the neuronavigation softwareloped at the
aut hordés | aboratory (as discussed in the <c¢hi
the coordinatesof the centre of the markers in the medical image space [l]. Figure 4.2
presents thenapshot of the neuronavigation software ytilwhich provides standard three
views, viz, axial, the coronal, the sagittal. Additionally, the oblique view along with a patient
3D model generated from the CT data is provided. The centres of the markers can be selected
by browsing the slices from any the views or 3D model, the selection can be verified in
multiple views, and then the coordinates can be recorded. An isolated ROI is available (as
shown in figure 3) to visualise the location, region of spread for seleatibtarget points

and to plarthe possible entry points.

4.2.3 Measurement of coordinates of the markers in the real patient space:

Apart from measurement of markers in the [l], the other process is to measure the coordinates
of the markers in the real patient space [RBhigh-resolutiondigital camera and a surgical

tool are mounted on a platform of the robot (see figure 4.5). A digital camera-l{[Déno

Edge AM7115MZTL) of size 10.5 cm (Height) x 3.2 cm (Diameter) has been used in the
present work. The resolution is 5 MP, the workingtalice is 150 mm, and the field of view

is 19.6 mm x 15.6 mm. The phantom is locked in the place using a Mayfield clamp for
measurement of the markers. In the real patient space, the markers are measured
autonomously by the robot in two stages: Initialdlazation, for the gross localization of the

markers and then the precise measurement of the coordinates of the reference points on the
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Figure4.5: Surgical robot with tool and camera, skatiantom placed in HFS pose, [RB],
[RP], [F], [ 1], [SC] representsthe Robot Base, Robot Platform, Fiducial, Image and Surgical
Couch Coordinate System respectively

Algorithm for the localization of the markers (Initial localization):

The algorithm for hie localization of the markers is developed to locate the markers in the

real patient space, with respect to the robot base coordinate system [RB] before precise
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coordinate measurement, the markers are localized on the basis of thargicel

informationas stated in the following steps:

I. Coordinates of the centre of the markers are known with respect to the medical
image space [l].

As discussed isection 4.2.2the coordinates of the centre of the markermedical image

space [l],are alreadyneasured

II. Posture of the patient during neurosurgery is known.

Patient positioning for neurosurgery and the majority of spine procedures begins with
positioning of the head. Special attention is paid to the skeletal fixation of the head with the

pins fixation device, providing both immobility of the head and surgical convenience. The
head can be safely rotated between 0 and 45
sagittal axifl17]. Next is positioning of body of the patient. There are five basic body
positions utilized in neurological surgery: (1) supine, (2) lateral, (3) prone, (4) sitting, and
threequarter§l17], [118] Thus, positioning of the head and body of the patient will be
decided as a part of the psargical planning and would be known before nenegistration

and neurosurgery. Figures 4.6 and 4.7 show the patient is lying in the smpinateral

positions respectively arftjure 4.8 shows the patient in the sitting position.

[ll. Orientation of [I] is known with respect to the Surgical Couch coordinde system

[SC].

A coordinate system is attached at some suitable location on the surgical couch and is
referred as the surgical couch coordinate system [SC]. As already discussed, the medical scan
of the patient was taken in DICOM standard. The stack ah2iges was arranged in the 3D

coordinate system of the medical image space [l]. The definition (position of origin and
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orientation of axes) of [I] is based on the patient posture (listed above) and the guidelines of

DICOM 3.0 standardg6], [27].

[sc]

Figure4.6: Patient lying in supine position

[sC]

Figure4.7: Patient lying in lateral position
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Figure4.8: Patient in sitting position

As per theDICOM standards, the X axis is defined from right to left hand side of the patient,
while the, Y axis is defined from the anterior to posterior of the gaten Z axis from the
inferior (foot) to the superior (Head) of the patient. Hence the orientation of [I] is
approximately known with respect to [SEHigure 4.6,figure 4.7 andigure 4.8 show the
orientation of [I] in supine, lateral and sitting postinespectively during robdtased

neurosurgery.

IV. Posture of Fiducial coordinate system [F] is approximately known with respect to
[SC]

A coordinate system with identical orientation as that of the coordinate system of medical
image space [l] is attached tbe centre of one of theducial markers. This coordinate
system is referred as the fiducial coordinate system [F]. As described earlier, the coordinate
system attached on the surgical couch is referred as [SC]. The marker whose position can be

easily meaured with respect to [SC] will be selected for fixing the coordinate system [F].
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The position of one of the markers for fixing the [F] with respect to [SC] is approximately
measured using a graduated scale on the surgical couch. Accurate measurement of th
position and orientation of [F] with respect to [SC] is not necessary. The orientation of [F]
with respect to [SC] is already known because [F] is parallf] end orientation of [l] is

known with respect to the orientation of [SC] (as discussedejm ¥K). Thus, the patient
posture during neurosurgery decides the orientation of [I] as per the standards and as a
consequence decides the orientation of [F]. Figurefifyére 4.7 andigure 4.8 show change

in orientation of [F] due to change in [l].

V. Posture of the Robot Base coordinate system [RB] is known with respect to the
Robot Platform coordinate system [RP]

Since the 6D PKM robot is already installed, posture of [RB] is known with respect to [RP].

Also [RB] is known with respect to [SC] as they dixtures in the OT.

The mathematical relationships formulated based on the above knowledge and data is
represented in Equatiodsl, 4.2 and 4.3Thus, if the coordinates of any point are known in

[1], its coordinates can be calculated (approximately) with respect to [RRjlation 4.1is

being used to calculate the coordinates of markers with respect tolfRBIis chapter, alP

represent thposition vectors and all represent the homogenous transformation matrices.

||.4 I . ‘Ijl ||J|1| F .JI |. 4.1
J|4 I o 11 ||J| 4.2
%h JI|=|I= 43

Where,

||- are the coordinates of titeselected marker point with respect to the medical image spax
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1| sis the transformation of [I] with respect to [F]

4 is the transformation of [F] with respect to [SC]

1| is the transformation of [SC] with respect to [RB]

||- are the approximate coordinates of the selected marker paoiith respect to the robc

base coordinate system [RB].

Thus, the above algorithm utilizes the equation 4.1 (mentioned above) to locate the markers.
The purpose of the initidocalization is for the coarse localization of the markers. The idea is

to get each marker (one by one) within the field of view of the camera attached to the robot
when moved to the approximated points. Thus, the input need not be very accuratetend can
a coarse estimate without any measurement. Since the input of Equatiothd domrdinates

of the markers, in certain sequence, with respect to the [I]. Thus, the robot will also follow
the same sequence and establish the correspondence automaiigally 4.9 shows the

validation of initial localization algorithm (equation 4.The robot has reached the markers

one by one.
sl & {
P N
\ @ =) sy
5 _f
Markerl Marker2 Marker3 Marker4

Figure4.9: Markers within the viewing window of the digital microscope. The field of view
of the camera is 19.6 mm x 15.6 mm
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Algorithm for the Measurement of the coordinatesof the markers (Precise

measurement):

The initial localization is conducted to ensure that the robot can be autonomously navigated
close to the marker, both in position and orientation in order to facilitate high precision
camera measurement. Once thekeais found to be in the field of view of the camera and
within the predetermined range of position and orientation, the precise measurement is
carried out using this algorithm. The emphasis of the algorithm is to determine the 3D

coordinates of the refence points on the markers using the camera with high precision.

Figure4.10: Coordinates of one of the markers is precisely measured by the camera mounted
at the platform of the surgical robot. [I], [HEAM], [RP] and [RB] are the patient, fiducial,
camera, robot platform and robot base coordinate system, respectively

The algorithm sets the robot to traverse in both position and orientation, such that the field of
view of the camera would reach the first marker based on the initial localization algorithm
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(refer equation 4.1). After reaching the first marker the robdt peiuse, and the precise
measurement algorithm will initiate the capturing and processing of the images (captured by
the camera) from the set position and orientation. The images are processed to match and fit a
contour identical to the size of the markeéthin a minimal preset error. If a match is found,

it is interpreted as the marker, and the two coordinates of the centre of the circle or ellipse
(contour) of the markernn the camera imaging plane (normal to thexds of the camera
coordinate systemare determined. The illustration of determining two coordinates of the
centre of themarker in the camera imaging plane is shown in Figure 4.10. It can also be seen
from figure 4.10; that the camera has a 3D coordinate system called camera coordinate
sygem [CAM]. The projection of circular marker would be ellipse on the imaging plane of
the camera. After fitting the ellipse at the imaging plane, the centre of the ellipse is computed
with respect to the imaging plane. Equatiegnd and 4.5 are used to find theo and

w coordinates of thé" marker as a function of the distance of marker from the origin of

the camera coordinate systein ( ).

6 & & 4.4

Where
Subscript is the counter of markers used for the registrativaxfmum of 4s useq,

0 and U are the coordinates of the centre of the fitted circle/ellipse (based o
orientation of the marker) on the markers in the camera image plane coordinate sy:

pixels).
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W ,@  anda are the coordinates of the centre a tharkers with respect to tt

camera coordinate system [CAM].

The values 0b hé ;"QA T 'R are intrinsic parameters of the cameia A1 & are the
principal points andQA T "Q are the focal lengths expressed in pixel units. Thes@sic
parameters are determined by <imee calibration of the camera using checkerboadtte
intrinsic camera calibration error is 0.03702 nifhe camera is calibrated using algorithm

provides in OpenCV (opesource computer vision librafgp], [119], [120]

After measuring the two coordinatefstioe first marker, the robot is released by the algorithm

to traverse to the next marker in the sequence and measure its two coordinates using
eguations 4.4 and 4.5. The steps are repeate
camera angbrocessed by the algorithm. It can be noted that the robot moves to each of the
four markers in a sequence using initial localization algorithm. The sequence of measurement

is the same as that of the sequence followed in conducting the medical imageemeasur

A supplementary DICOM tag pertaining to the sequence is generated. It stores the order of

the markers measured in the [I] and will serve as the traversing sequence for the robot in the
autonomous real patient registration. Thus, chances of mismgtohthe markers between

the two spaces is eliminated.

After completing the measurement of two coordinates of the centre of each participating
marker, the next step is to measure the third coordinate of the centre of each marker. Since
real patient (phaotn, in this case) is in thre#mensional space, the centre of the marker in

the 3D camera coordinate system is referred to as position ve|r|st6ﬁ”. w h

w AT @& are the coordinates of the position vector givergnation 4.6. Notehat,

@ andw  areobtained interms of  (referequation 4.4 and 4.5).
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Fr=" o R R fp 4.6

Equation4.7 is extended to transform the position vector of the centre of the marker from

[CAM] with respect to [RB].

||-§l;;;_".+i{§<computed for all théour (=1,..,4) markers. Note that, in vectcﬂég_”.%q is
still unknown ando  and &  are functions ofx

4.7

Py A e

Where:

A1ty is the transformation matrix of [CAM] w.r.t robot platform coordinate syst@P®]
attached at the platform of the robot.

1l |is the transformation matrix between [RP] and [RB]

||-4_ I +JLs a position vector representing the exact coordinates of the centre of the marker,

with respect to [RB]. Unlikeequation4.1, equation4.7 will give the exact coordinates of the
markers with respect to [RB] after finding the valuesiof .

For measurement of each marker, there is a unique transformation matjx |ishich is an
Inverse Kinematic Solution of the robot.

Transformation of [CAM] with respect to [RPii.5 is a rigid transformation since the
camera is rigidly mounted on the platform of the robot. Thus, establislﬁﬁpbu is a one

time procedure (discussed later). The coordinates of the centre of all the four markers with
respect to [RB] are obitzed using equatiod.7. However, the vectoﬂ-4 I =|=JLls in terms of

Q which is unknown. The invariant marker distances are utilised to calculate The

distances between markers aleadymeasured in the image space. By equdtieghorms
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Figure4.11: Equating the distance between corresponding markers to find the depth of the
markers
of corresponding vectors in the [l] and the real patient space [RB], values ofare
determined (refefigure 4.11 andequation 4.8). The depth of one of the markers is also
required to fully solve the set efjuations 4.8 thus, it is measured using laser sensor attached

at the platform of the robot

1

Bl Bl B

for (i, )) = (1,2), (2, 3), (3, 4), (4. 1) 4.8

Where, ||-4_|| 42nd |F ‘are the position vectors of the centre of itfienarkers with respect to

[RB] and [I] respectively.

|. =|=(;;rld ||- are the position vector of the centre of fienarkers with respect to [RB] and

ar

[I] respectively. The set of Equations @& solved to obtaia
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Note that, the position of vectors of the centre of the four markers are measured in the [l],
|- "The order in which the markers are selected and measured in the [I] is imitated by the
robot to localize and measure the esponding markers in the real patient space. Thus, the
correspondence between the markers is established since the localization algorithm uses
equation 4.1 to locate the markers. The transformation matrix which relates [I] and [RB] is

computed aollows:

beioh ek ikt qtls) st o - s

The matrix at the left and the rightind side oequation 4.9 contains the coordinates of the
four measured markers centres in the real patient gRigfeand corresponding markers in
the [I] respectively. Usingequation 4.9, the transformation between [I] and [RB]*is
determined. Now, coordinates of any point can be transformed from theli teal patient
space using the homogenous transformation matrix obtaineduayion 4.9. The method is

validated for three standard poses of the phantom (discussed in chapter 6).

Computation of Transformation of [CAM] with respect to [RP]:

As alreadydiscussed, the transformation of [CAM] with respect to [REIL, is a rigid
transformation, since the camera is rigidly mounted on the platform of the robot. TFhe one
time procedure to find the extrinsic properties of the camera is done witthétkerboard

and coordinate measuring machine (CMM). The extrinsic properties of camera are nothing
but the position and orientation of the camera coordinate system [CAM] with respect to the

L

robot platform coordinate system [RH];; 5 [CAM] with respect to the checkerboard,

[CHK] is obtained using pose estimation algorithm provided in the Opdi@y], [121].
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TTERET
Furthers| L= i iehd

1 k. ;g€ obtained by attaching a checkerboard of size 10 mm x 7 mm on a

standard block (sefggure 4.12 andigure 4.13).

Y Block

Z Block

Figure4.12: Zoomed view of tk block with attached small checkerboard
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Figure4.13: Onetime setup to fing|1t,using CMM

Each square of the checkerboard is Imm x 1mm. The checkerboard is fixed on the standard
reference blockigch that, the relationship between the checkerboard coordinate system and
block coordinate system is defineg|L 1 }EThe block coordinate system is measured, with
respect to the [RP], using high precision Coordinate Measuring Machine (CMM) (to

establishy

1}. }Fquation 4.10 is used to find e L,

Ptk AL s il 4.10

4.3 Conclusions

A method has been developed to automate the wregristration process. The data extracted
from the medical scan of the patient and the preoperative plaabhmg patient posturing is

used to develop a method to navigate to the markers prior to the actuareggst@tion.

The patient is successfully registered with respect to the robot using the above method. After
successful neurcegistration the overallaccuracy of the robdiased neurosurgery is

considerably improved. The other benefits of the above method are: eliminates line of sight
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