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Abstract

This thesis presents a novel image-guided system for precsutomatic targeting in
keyhole minimally invasive neurosurgery. The system cosss of a miniature robot
tted with a mechanical guide for needle/probe insertion. htraoperatively, the robot
is directly a xed to a head clamp or to the patient skull. It automatically positions
itself with respect to prede ned targets in a preoperative C/MRI image following
an anatomical registration with an intraoperative 3D surfae scan of the patient facial
features.

We describe an e cient method that extracts head's outer suace from CT/MRI
images, and aligns it with a 3D facial scan in the operating oom. Then, the spatial
relation between preoperative data and intraoperative giation is calculated.

We also describe an intraoperative robot positioning mode] which helps the surgeon
place the robot base close (within 5mm) of its planned positn.

In our experiments, the proposed method proved to be accumtfast and robust,
with an average accuracy of Imm RMS error.

We conclude the thesis with suggestions for improvements ¢ar methods and future
work.
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Chapter 1

Introduction

Surgery is the science and practice of treating injuries ardisease by cutting the body
open and removing or mending part of it. At present, with the ise of computers,
interdisciplinary research groups are developing new mettis and tools in the growing
eld of Computer Aided Surgery (CAS). The goal of CAS is to enlance the surgical
process with computer capabilities such as three dimensairdisplays, planning, real-
time intraoperative monitoring and localization, and more Today, surgeons use the
computer for training, diagnosing, planning and feed-baakg, enjoying the bene ts

of the computer's imaging, graphical and computing abiligs [65, 66].

1.1 Minimally invasive surgery

Large incisions enable surgeons to see and manipulate théhmdogical tissue directly.
The signi cant damage done to organs in the surgical path caes pain to the patient,
entails long recovery time, and causes complications duedorgical trauma. The goal
of Minimally Invasive Surgery (MIS) is to prevent unnecessg trauma by reducing
the size of incisions to a few centimeters or less. The beng of reduced trauma, less
pain and shorter recovery time, make MIS the technique of clee of many surgeons
around the world [16, 18]. Free-hand MIS su ers from reducedexterity, limited
perception, increased error, and longer procedure time. onately, contemporary
computer aided technologies help reduce these limitatioasd enable a better access,
dexterity, perception and accuracy [17].

1.2 Keyhole neurosurgery
Neurosurgery is a surgery of the brain. Whenever feasiblegurosurgery should be

MIS, to minimize patient discomfort, improve cosmetic redts and shorten hospital
stay and recovery time [19].

A keyhole neurosurgery is a MIS technique of the brain, in which a needle or a
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probe is inserted through a slot to the pathological tissuera is manipulated. The
insertion path should be as short as possible to avoid unnssary brain damage. The
bene ts are minimization of brain retraction and reduced denage to normal tissue
[19, 24].

Operations performed with the keyhole neurosurgery appro include:

1. Brain biopsy with a needle

Biopsy is the process of removing tissue from living patiesitfor diagnostic ex-
amination. Brain needle's biopsy is a biopsy of material obtned from the brain
by means of a hollow needle inserted through the body and intbe a ected

part [59]. This type of biopsy is widely used for sampling cebral lesions, brain
stem lesions, multiple small lesions, or for patients medilly unable to tolerate
general anesthesia for open biopsy [62].

2. Catheter placement

Catheter placement is a xation of a tubular instrument that allows the passage
of uid from or into a body cavity or channel [59, 60]. It is uséul for drainage of
lesions, indwelling catheter placement for intratumoral kemotherapy, radioac-
tive implants for interstitial radiation brachytherapy, and shunt placement for
cyst drainage [62]. One example is the Ommaya reservoir tte@nt, in which
a permanent ventricular catheter interfaces a small bag witoncological drugs
(Ommaya reservoir). This solution increases drugs e cieng as the drug is
placed directly to the site and remains there, thereby elimating the need of
repeated surgery. [63, 64].

3. Electrode placement

An implantation of electrical terminal specialized for a péicular electro-chemical
reaction, elicits response in a muscle, nerve, or other eatile tissue, or causes
an augmenting action upon any function or metabolic proce459]. In neuro-
surgery, electrode placement is an e ective treatment fopdepsy, parkinsonism,
dystonia and hemiballismus [62]. Parkinsonism, for exangl is a progressive
disorder of the central nervous system, in which a degenei@i of dopamine-
producing neurons, and the severe reduction of dopamine ihet basal ganglia
brings about most of the symptoms: tremor, impaired motor p&rmance, rigid
facial muscles, impaired walking, poor posture, autonomdaysfunction, and sen-
sory complaints [61]. When anti-parkinsonian drugs have ne ect, electrical
stimulation at the damaged area, should be used to relieve Rinson symp-
toms [62].

4. Evacuation of intracerebral homerrhage

Intracerebral homerrhage is bleeding into the substance thie cerebrum, usually
in the region of internal capule by the rapture of the lenticlostriate artery [59].



1. Pre Imaging
Prepare patient for imaging
2. Preoperative
a. Images acquisition
b. Planning
c. Preoperative calculations
3. Intraoperative
a. Preparation
b. Localization
c. Insertion
i. Planned path
ii. Planned depth
lii. Planned force
d. Operation

Table 1.1: A typical keyhole neurosurgery protocol schemd&his scheme is the com-
parison basis of current approaches.

A keyhole neurosurgery targeting instrument, enables theemoval of the hem-
orrhage. Stereotactic technique uses Archimedes screw idewvith adjunctive
urokinase or recombinant tissue-plasminogen activator2@

5. Minimal invasive craneotomy

In this neurosurgery technique, a small opening into the sKu(craniotomy)
enables the whole operation procedure [59], in which vertular-type catheter,
a blunt biopsy needle or introducer are typical tools [62]. &yhole neurosurgery
system targets the tools and guidance their insertion durgnthe operation.

Following a careful analysis of the most common keyhole n@surgery procedures in
the literature and at the Hadassah Hospital University, Jansalem, Israel, we compiled
a protocol scheme that describes a typical keyhole neurogery procedure, as shown
in Table 1.1.

1. Pre-imaging

Patient preparation before imaging is necessary for sevetachniques to align
the preoperative images with the situation in the operatingoom. In the stereo-
tactic frame technique, four screws are a xed to the skull. Bcause those screws
are xed during the preoperative and intraoperative stagesthey form a refer-
ence frame and achieve alignment. A special frame is attach® the screws
during the preoperative imaging, and enables the alignmebietween the preop-
erative images and the intraoperative situation. For navigtion, skin markers
are attached to the patient's head before imaging. In the opating room, the



alignment is achieved by contact based registration on thearkers and anatom-
ical landmarks. At least four landmarks (markers or anatongs) are necessary
for contact based registration.

. Preoperative

The preoperative stage consists of acquiring the patient mges, planning the
surgery and calculating some relevant information beforehé surgery. After
acquiring patient's images from CT or MRI, the surgeon planthe surgery with

the assistance of the computer. Usually, target points anché possible trajec-
tories are selected on preoperative images. Additional meerative operations
are performed: when a stereotactic frame is used, the regaton information

is extracted from the preoperative images. When a navigatiosystem is used,
landmarks locations for contact based registration are daed.

. Intraoperative
The intraoperative stage consists of:

(a) Preparing the patient and the operating room for keyhole nesurgery.

Patient preparation includes sterilization and head xaton. Stereotactic
surgery, navigation system or robotic unit requires operatg room prepa-
ration and manual frame adjustment, tracker localization brobot place-
ment, respectively.

(b) Locating the correct entry point and trajectory.

After a stereotactic frame has been adjusted according toéhpreoperative
images and plan, it is attached to the skull screws and adjusd to the
prede ned target and in the right trajectory.

Other techniques require to perform intraoperative regisation with the

preoperative data. Most navigation systems, for exampleequire follow-
ing a contact based registration protocol in the operatingaom. In this
protocol, the surgeon manually aligns the markers and anatocal land-
marks de ned in the preoperative images and their locationsas obtained
from the tracking system in the operating room.

(c) Inserting the needle or the probe.

A needle insertion support instrument is necessary for sweges that re-
quire high accuracy, precise small movements, needle xati, depth con-
trol, or force feedback. For example, in Deep Brain Stimulain (DBS) the

surgeon looks for a suitable location for electrode implaation with the

help of a special needle that measures electrical activitwWhen the ap-
propriate location is reached, an electrode is implanted. HE movements
of the measuring needle are small and delicate, the electeomnplantation

requires accurate repetitive abilities and needle xationlt is impossible
to make those procedures by hand, even for an experiencedgaan. Me-
chanical guidance instruments, such as thEasyTaxis™ , support shift
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avoidance, needle xation and depth control other mechatrc tools also
enable precise small movements, depth control and forcedback [17].

(d) Pathological tissue manipulation

Biopsy, aspiration, evacuation and stimulation are routie operations on
pathological tissues, as described in section 1.2.

Stages (a) to (d) are repeated as necessary, either to treaher tissues or due to
complications.

We will use this generic protocol as the basis of comparisortiveen existing solutions.

1.3 Goals and speci cations

The goal of this thesis is to design a practical, automaticarget and guidance system
for keyhole neurosurgery. The goals are to have a system thataccurate, fast-to-
align, robust, safe, inexpensive and intuitive to use.

Safety can be achieved readily, as the miniature robot is alady used for spine surg-
eries, and has proved to be safe. The miniature robot is lesgensive than navigation
systems or other medical robotics units. Following a cardfanalysis of the most com-
mon keyhole neurosurgery procedures, we compiled the fallng speci cations for the
rst three factors.

The system requirements are:

1. Accuracy: A target registration error of 1.5 mm on averagé mm worst case).
An angle error of 1.5 degrees on average (2 degrees worst ase

2. Time: The registration process takes at most 10 minutes the operating room.

3. Robustness: The registration between the preoperativath and the intraoper-
ative situation succeeds at least 95% of the time within thepgci ed error and
speed.

Typical characteristics of the MRI image: pixel size of:1 1:1,,2 or less.

1.4 System and method overview

The system consists of a miniature robot tted with a mechardal guide for nee-
dle/probe insertion. The key idea is to establish a common flerence frame between
the preoperative CT/MRI image and the intraoperative patient head and robot lo-
cations with an intraoperative 3D surface scan of the pati¢'s facial features. Once
this registration has been performed, the transformationhat aligns the planned and
actual robot targeting guide location is computed. The robois then automatically
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(a) MARS robot mounted

g

on the skull (c) robot mounting base

Figure 1.1: System concept: MARS robot mounted on the skull.

positioned and locked in place so that its targeting guide @xcoincides with the entry
point/target axis (Figure 1.1).

The system hardware consists of: 1) the MARS robot and its cooller; 2) a custom
robot mounting base, a targeting guide, and a registrationg; 3) an o -the-shelf 3D
surface scanner (accuracy of8nm or less and density of 1@;‘@# or more), and; 4)
a standard PC. MARS is a sterilizable 5 5 8cn?®, 250{gram six-degree-of-freedom
parallel manipulator with work-volume of about 15cm and accuracy of 0.1mm. It
operates in semi-active mode; when locked, it is rigid andrcavithstand lateral forces
of up to 10N. The adjustable robot mounting jig attaches theabot base to either the
head immobilization frame or to skull-implanted pins. The gstem software modules
are: 1) preoperative planning; 2) intraoperative executig 3) surface scan processing;
and 4) three-way registration.

The surgical protocol is as follows. A preoperative, markeand frame-less CT/MRI
image of the patient is acquired. Next, with the preoperati® planning module, the
surgeon de nes on the image the entry points and target locains, and determines
the robot mounting type (head clamp or skull) and the desiredobot location. Intra-
operatively, guided by a video-based intraoperative modey the surgeon places the
robot approximately in its planned location. When the robotis mounted on the head
frame, the robot base is attached to an adjustable mechanlam a xed to the head
clamp. When mounted on the skull, two 4mm pins screwed undeodal anesthesia



into the skull and the robot mounting base is attached to themNext, the registration

jig is placed on the robot mounting base and a surface scan shig both the patient

forehead and the registration jig is acquired. The registt@n jig is then replaced

by the robot with the targeting guide on it, and the three-wayregistration module

automatically computes the o set between the actual and thelesired targeting guide
orientation. It then positions and locks the robot so that the actual targeting guide
axis coincides with the planned needle insertion trajectgr On surgeon demand, the
system automatically positions the robot for each of the poe ned trajectories.

The proposed system is a MIS technique, as the two possibldood mounting tech-
niques are: 1) on a frame, which is xed to the patient (like imavigation systems);
and 2) on the patient's head, with two screws drilled to the pigent skull in the oper-
ating room (same invasiveness as mounting the patient to avigation system frame).
For sterility, a special plastic sleeve that covers the roltas currently available and
already in use for spinal surgeries. Preoperative data totraoperative situation reg-
istration is possible via patient's facial landmarks, as aturrent navigation systems,
preoperative to intraoperative registration proceduresra based on facial landmarks
alignment on both datasets. The MARS robot has proved to be pctical for targeting
and guidance tasks in the spine, therefore, the proposed mesurgery targeting and
guidance system is also expected to be practical.

The suggested system advantages are: 1) better accuracytlas robot mounted near
or on the surgical site; 2) low cost with respect to other sysins, as the robot and some
3D scanners are inexpensive; 3) simple and intuitive usages the system supports
automatic targeting and guidance; 4) short registration prcess, because it is fast and
automatic; and 5) robustness, as the registration algorith is robust.

1.5 Novel aspects

The proposed system improves several aspects of existingtimogls and successfully
overcomes the major drawbacks of current systems: accuracgst, simplicity, speed
and robustness.

For accuracy, the miniature robot is mounted near or on the sgical site. The robot
structure and close proximity to the surgical site resultsn better accuracy [11].

For cost e ectiveness, the system consists of the relatiyelnexpensive MARS robot
and an o -the-shelf 3D scanner. In this work we used a high aa@acy scanner to
validate our methods and to explore the system's accuracy bidaries. Because
this scanner is expensive, cheaper scanners with lower aeay (0.2-0.5 mm) will be
considered in later systems.

For simplicity, the registration transformation between peoperative data and intra-
operative situation is completely automatic. The surgeonrdy has to x the robot
with a registration jig on the patient's head or on the frameand scan the face and
jig with a 3D scanner. Unlike other techniques, such as st@tactic frame or navi-



gation system, no patient preparation is required in the prémaging step (step 1 in
table 1.1).

For speed, the transformation between the 3D scanner facislirface and the corre-
sponding CT/MRI surface is computed by rst computing a coase correspondence
between them in a short time (one minute for landmarks extrdion). This corre-
spondence is then re ned with robust Iterative Closest Poin(ICP) registration [14],
which is performed between a small (1,000{3,000) subset dfet surface scan points
and the CT/MRI points on the face/ear surface to reduce compation time.

For robustness, the coarse correspondence computationrideépendent of the spacial
properties of the datasets, as it is computed from the extréed landmark eye points
in both datasets. The re nement done with a robust version ofCP, which converged
accurately in all our experiments.

Given the small robot workvolume and the lack of anatomicabihdmarks on the skull,
a coarse positioning module is necessary to avoid deviatsoof 10-20mm or more from
the planned position. We implemented an intraoperative rodst positioning module
to help the surgeon place the robot base close (within 5mm) $ planned position.

The surface registration algorithm, which nds the transfemation between the face
surface scanner cloud of points and the corresponding CT/MRurfaces, was imple-
mented and validated in two experiments. In the rst experinent, three pairs of CT

and MRI images, which acquired from di erent patients, weraised. The MRI images
were used for the planning and the surgery of those patient®A 3D surface recon-
struction of the face had extracted from CT images, and is udeto simulate a 3D

scan. For the second experiment, the author and a colleaguegaired MRI scans of
their heads following a routine neurosurgery imaging protml| at the Hadassah hospi-
tal. The facial surface scans acquired with eye-safe of-tekelf 3D laser scanner. The
author and colleague tried di erent facial expressions thagpatients in this situation

may have. The situations we expressed are: 1) sleep; 2) awakel calm; 3) awake
and disturb. Some MRI images, with disturbed expression, weto noisy and useless.

Given the small robot workvolume and the lack of anatomicabindmarks on the skull,
a coarse positioning module is necessary to avoid deviatsoof 10-20mm or more from
the planned position. We implemented an intraoperative rott positioning module
to help the surgeon place the robot base close (within 5mm) $ planned position.

A conference paper version of this thesis was published in7]3
For related ongoing work, [38, 39].

1.6 Thesis organization

The thesis consists of seven chapters. Chapter 2 is a survéyhe current state of the
art in keyhole neurosurgery, and describes the MARS robot. hapter 3 introduces
the mathematical background about transformations, desitres the proposed keyhole
neurosurgery protocol, the preoperative data to intraop@tive situation registration
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protocol and algorithm, and the preoperative images to ingoperative scan regis-
tration algorithm. Chapter 4 describes the generation of lal's outer surface from
preoperative images and the automatic anatomical landmaskdetection algorithm.
Chapter 5 describes the coarse positioning module for the gitooning of the robot
base. Chapter 6 describes the experiments and results of tlegistration algorithm.
Chapter 7 concludes with summary and topics for future work.



Chapter 2

Literature overview

This chapter reviews existing systems for keyhole neurog@ry and presents the
MARS robot. Section 2.1 reviews the current state of the artni keyhole neuro-
surgery and examines each method bene ts and limitations. he protocols for each
technique are described as observed in operations at the dadah hospital. Section
2.2 reviews the MARS miniature robot for surgical applicatins, and discusses its
bene ts and limitations.

2.1 State of the art for keyhole neurosurgery

In this section we describe three keyhole neurosurgery tewhues: 1) Stereotactic
frames; 2) Navigation systems and mechanical arms; and 3) Iitgic systems. Intra-
operative imaging systems are also described in the last paf this section, as they
can be used to enhance each of these techniques.

1. Stereotactic frames

Initiated by Clarke and Horsley in 1906, the stereotactic nteodology has been em-
ployed by neurosurgeons to map image space onto physical gpaln this technique,

the mapping is achieved by mounting the frame based on anatawriandmarks, such

as external canals and inferior orbital rims. Since the fraenis identically mounted on

each subject based on those landmarks, previously obtainethps are used to place
electrodes, make lesions, and take tissue samples [28, 58, 5

Stereotactic frames solve the localization and path inseoh guidance issues (steps 3b
and 3c-i in Table 1.1). Optionally, when a needle insertionaVice is attached to the

stereotactic frame they also perform the insertion depth diorce control (steps 3c-ii

and 3c-iii in Table 1.1). Using this approach the protocol iss follows (stages which
are not relevant have been omitted):

1. Acquire the preoperative MRI data.

2. Make the preoperative plan on MRI data.

10



1. screws 2. frame
implantation attachment

6. perform surgery 5. stereotactic frame 4. registration
adjustment calculations

Typical protocol scheme for stereotactic neurosurgery.

Figure 2.1: A typical protocol scheme for stereotactic neasurgery. After acquiring

preoperative data (usually MRI) and planning the surgery te surgeon (1) implants
screw to the patient's skull, (2) attaches special registten frame on the screws and
(3) acquire registration images (usually CT). With the helpof the computer, some (4)
registration calculations are done. In the operating roomhie (5) stereotactic frame
adjusted manually by the surgeon and then (6) attached to thecrews and surgery
can be performed.

3. Implant screws in the skull and attach special frame to theatient.
4. Acquire the preoperative CT image.

5. Calculate the stereotactic frame position adjustment Jaes based on CT and
MRI images, and on the preoperative plan.
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(a) contact based registration (b) needle insertion

Figure 2.2: After (a) registering the patient preoperativedata to the intraoperative
situation the surgeon (b) navigates a physical tool acconadg to a (c) real time feedback
on the screen.

6. Adjust the stereotactic frame as calculated.
7. Attach the stereotactic frame to the patient.

8. Perform surgery according to the guidance of the stereatic frame.

The advantages of using this approach are: 1) this is a testedtandard method
of treatment; 2) it is relatively accurate (< 2mm); 3) it provides a rigid and robust
support and guidance for needle insertion, and; 4) it has edlve low cost with respect
to other systems.

The disadvantages of using this approach are: 1) non-intive, mathematically in-
tensive; 2) does not localize structures in real time; 3) po@cceptance by patients
and neurosurgeons, and; 4) plan cannot be changed.

2. Navigation systems

Navigation systems show the surgeon the location of the haild tool with respect
to the preoperative CT or MRI image onto which targets have ben de ned. Usually,
the preoperative data is aligned with the intraoperative $uation by contact based
registration via skin markers or screws attached to the patnt's skull before scanning.
In a recent innovation of Medtronic, a 3D facial scanning ofite patient in the operat-
ing room enables to perform a contact-free registration. Nagation systems provide
a solution to the localization (step 3b in Table 1.1). When agmented with a tracked
mechanical arm, such as the EasyTaxis arm, they also providesolution for path and
depth insertion guidance (steps 3c-i and 3c-ii in Table 1.1]29, 30, 31, 32, 33, 28].
BrainLAB (www.brainlab.com) and Medtronic (www.medtronic.com) are commercial
companies that sell neurosurgery navigation systems.

With these systems, the typical protocol is as follows (Fige 2.2) (stages which are
not relevant have been omitted):
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Attach markers to the skin of the patient (optional).
Acquire the preoperative MRI or CT data.

Make the preoperative plan.

R

Align preoperative data to the intraoperative navigatimm system using contact
based registration, or surface registration.

o

Attach mechanical arm for mechanical support during thewsgery.

6. Perform surgery according the feedback of the navigati@ystem, and, option-
ally, with mechanical guidance.

The advantages of using this approach are: 1) it provides reame feedback during
positioning and needle insertion; 2) modi cation of the pla is possible during the
surgery; 3) not restricted insertion angles, and; 4) rigid rad robust support and
guidance for needle insertion (with the assistance of a meefhical arm).

The disadvantages of using this approach are: 1) most systemequire head immo-
bilization; 2) requires hand-eye coordination; 3) it reques line-of-sight; 4) require
manual registration which consumes time and requires leang; 5) it might require
manual passive arm positioning, which can be time consumintgss accurate, and
requires learning, and; 6) it has relative high cost with rgeect to other systems.

3. Robotics systems

Robotics systems are frameless and have the potential to adds the intraoperative
localization, guidance, and insertion steps with a single/stem. They provide steady
positioning, mechanical guidance, and great stability andccuracy. They can be oor
standing, mounted on the table, or hanging from the ceiling.

Using this approach several methods can be used for the réxgison of the preoper-
ative data with the intraoperative situation. Instead of describing the whole protocol
for each possible scheme only the registration methods wilé discussed.

Two commercial systems that are currently available are: TéaNeuroMate robot by
Integrated Surgical Systems, (ISS), Sacramento, USA
(http://www.robodoc.com/eng/neuromate.html), and the P athFinder robot by Arm-
strong Healthcare Limited, (ALH), High Wycombe, UK (http:/ /www.armstrong-
healthcare.com).

NeuroMate is an image-guided, computer-controlled, robigt system for brain surg-
eries. It also includes a pre-surgical planning workstatito The NeuroMate System
positions, orients and manipulates the operating tools wiin the surgical eld ex-

actly as planned by the surgeon on the image planning worksian. The system

interacts with the surgeon during surgery and adapts to thehanges required during
the surgery. The rst generation NeuroMate system requirethe use of cumbersome
and painful head frames that are traditionally used in the cuent manual techniques
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(a) NeuroMate in operation (b) NeuroMate registration setp

Figure 2.3: The NeuroMate (a) neurosurgical robot in actioin the operating room.
In the frameless mode (b), the registration is performed ugjy an ultrasonic system.

for brain surgeries. The proprietary "frameless" technigel of ISS altogether elim-
inates the need for cumbersome and painful head frames. Inetlirameless mode,
registration is performed using an ultrasonic system. A sjte base is implanted into
the skull and during imaging a detachable four spokes dudiaystem with MR vis-
ible markers at the end of each spoke is mounted to the base telaThen, planning
software module is used to identify targets and plan trajecties. The positions of
the four markers of the ducial system are identi ed in the ddaset. An ultrasound
microphone array with an identical geometry to the ducial ystem is attached to the
base plate and an array of four ultrasound emitters is attagd to the working arm
of the robot. The position of the microphones is then co-regjered to the position of
the ducials in the pre-operative dataset. Using this infomation the robot is aligned
to the pre-operative data. A clinical study has assessed tlaEcuracy of this system
and showed that an application accuracy of 2 mm or less coul@ lachived in routine
clinical practice. The robot can support payload of up to 5 kg10].

The PathFinder is an image-guided six axes robot that provies a stable, accurate tool
position platform for neurosurgery. PathFinder removes th need for a stereotactic
frame and its associated calculations. Fiducial markers @mattached to the patient's
skin before acquiring the preoperative data. After scanng) the preoperative images
are loaded into the Path nder preoperative planning softwee. The software auto-
matically detects the markers and de nes coordinate systewrccording to them. The
surgeon selects the targets and entry points and saves theapl In the operating
room the robot is placed at about 50 cm from the patient head. Ae patient head is
held in a May eld clamp, to which the robot is also rigidly attached. The plan le is
loaded into the robot. The robot arm sweeps a camera over thatent's head at a
range of about 750 mm. The visually distinctive ducial marlers are automatically
located in each framegrab of the camera. By combining a sexief framegrabs it is
possible to estimate the location of the ducial markers inebot coordinates. These
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(a) PathFinder neurosurgical robot (b) PathFinder tip with small camera for registration

Figure 2.4: (a) The PathFinder neurosurgical robot and (b) a&lose up to the robot's
tip. A small camera used to align the preoperative data with lie intraoperative
situation.

marker locations are then matched by the robotic system to thmarker locations in
the preoperative images. This way the preoperative data idigned with the intra-
operative situation [34]. A recent research reported an a&ge overall application
error accuracy of 1.0 mm [35].

The advantages of using existing robotics systems are: 1)ethmodi cation of the

plan is possible during the surgery; 2) there is no restricth on inserted angles; 3) it
provides rigid and robust support and guidance for needlesartion, and; 4) automatic
registration.

The disadvantages of using existing robotics systems are: rbbot size: cumbersome
in operating room, limits patient access; 2) requires headnmobilization, and; 3)
relative high cost with respect to other systems.

4. Intraoperative imaging

The premise of stereotaxy, navigation and robotics, is thgtreoperative imaging pro-
vides information which is su cient to guide the surgeon dumg the course of the
surgery. There are several cases in which this premise isagied, if not invalidated.
These cases include: major shifts in the brain due to heavytraction or the removal
of uid, poor visualization of desired structures due to sig or nature of the tissue, or
inexact determination by CT/MRI images of tumor margins or @ilepsy foci. In these
cases, intraoperative imaging greatly enhances the surgiprocess and allows the im-
proved identi cation and localization of a structure or a lsion boundary. Intraoper-
ative imaging, be it ultrasound, endoscopic evaluation, dviRI, provides information
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Figure 2.5: The MiniAture Robot for Surgical applications MARS)

as to the present position of structures of concern and thelagive position of surgical
instruments, regardless of any changes or manipulationstbg brain [25, 58]. Intraop-
erative imaging and interactive, image guided surgery areoh competitive processes
but complementary ones. Each technique can provide inforrii@n the other cannot.

2.2 A miniature robot for surgical applications

Prof. Moshe Shoham and his group at the Technion have devetap an accurate
MiniAture Robot for Surgical applications (MARS). MARS is asterilizable 5 5
8cmd, 25Qyram, six degree of freedom parallel manipulator with work-volme of about
10cm® and accuracy of @lmm [11]. Currently this robot is in use for orthopedic
procedures in several sites around the world. This miniatarrobot does not consume
space in the operating room and yet enables automatic preeigargeting and guidance.
Mounting the robot directly on the patient's bony structure, near the surgical site,
avoids patient's immobilization. To support needle inserbn feedback a mechanical
stopper or a microdrive should be attached to the robot's armBecause of the limited
working volume of the robot, a rough positioning module is rpiired.

The advantages of using the miniature robot are: 1) no size bne-of-sight problems;
2) potentially, it is more accurate than existing robots; 3Yhe modi cation of the plan

is possible during the surgery; 4) insertion angles are noggstricted; 5) it provides
rigid and robust support and guidance for needle insertior5) automatic registration;
7) relative low cost with respect to other systems, and; 8) npatient immobilization

required.

The main disadvantage of using the miniature robot is its linted working volume.
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Since in many keyhole neurosurgery operations a needle or @lpe is inserted ac-
curately according to a preoperative plan, the MARS robot, Wich had designed for
similar applications in the spine, seems to be a good match.h& required working
volume for this type of surgery is small, therefore the limé&d working volume of the
robot is not a problem.

17



Chapter 3

Problem statement and methods

This chapter presents the registration problem frameworkral an overview of the
proposed system. Section 3.1 provides theoretical backgnal for transformations.
Section 3.2 de nes the problem to solve. Section 3.3 des@tba keyhole neurosurgery
protocol with the miniature robot and a 3D surface scanner. égtion 3.4 presents the
three-way registration protocol and algorithm. Section 3. lists the main challenges.

3.1 Background for transformations

This work deals with points that relate to variety of coordirate systems, each de nd
by the position of its origin, the directions of its axes andt$ scale factor. We follow
the notation used in [40] to present a point in a given coordate system and represent
a transformation from one coordinate system to another. LeA and B be coordinate
systems, and letp® represent a pointp in A. A transformation T2 converts p* to
coordinate systemB: p? = T2 p*. Given two transformationsTZ from A to B and
TS from B to C, a new transformation TS from A to C is obtained by composing
TS = TS T2. The inverse transformation fromC to A is denoted byT& = (T5) L.

A spatial transformation T, consisting of translation, rotation and scale factor, is
obtained by:

p=T p=s(R p+t)
where p:p 2 R3 represent the same point in di erent coordinate systemst 2 R3
represents a translationR, is a 3 3 matrix of real numbers represents rotation and
s2 R, and s > 0O represents the scale factor.

3.2 Problem de nition

The problem consists of nding a transformationTg, that relates the preoperative
images with the intraoperative robot coordinate frame in tk operating room. With
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Figure 3.1: Registration chain between the preoperative @mges and the robot in the
operating room. The preoperative head data aligned in the epating room to a
3D facial scan of the patient. Then, the 3D scan aligned to theeal intraoperative
situation, so the required registration transformation ca be easily computed as a
composition of the two transformations.

the help of a 3D surface scanner the transformatioFyy, is computed as a composition
of two transformations: T52", the transformation between the preoperative images
and the 3D intraoperative scan coordinate systems, anf’,, the transformation be-
tween the 3D intraoperative surface scan and the miniaturebot coordinate systems.

Therefore the transformation chain is:

Equation 3.2.1 Tor = Tor  Tscan

pre scan pre

Because three components are involved to obtain the transfoation T, we will use
the term three-way registration  as the process of estimating the transformation
between the preoperative images and the intraoperative robcoordinate systems via

a 3D surface scan, which is acquired in the operating room.
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The registration algorithm that computes the transformaton T, will be described
in section 3.4. The registration algorithm that computes tle transformation T2, is
out of the scope of this thesis (see [67] for details).

3.3 Keyhole neurosurgery protocol

This section presents a surgical protocol for keyhole newurgery using a miniature
robot and a three-way registration method. The protocol s@me is as described
following the outlined in Table 1.1.

1. Pre Imaging
No pre imaging preparations are required

2. Preoperative

(a) Data acquisition - acquire preoperative images
(b) Planning - plan the surgery

(c) Preoperative calculations - extract head's outer surta from preoperative
images and nd anatomical landmarks.

3. Intraoperative

(a) Preparation
I. Rough positioning and attachment of the robot's base andhe regis-
tration jig.
ii. 3D scanning of the patient's face and robot's registratin jig.
lii. Three-way registration calculation.
(b) Localization - The miniature robot targets automaticaly, based on the
surgery plan and the three-way registration.
(c) Insertion

I. Robot's mechanical support eliminates shift errors, anénsures correct
insertion path.

ii. For the control of insertion depth or force, a special inrsument should
be attached to the robot.

The accuracy of the MARS robot, the preoperative data and th8D surface scanner
are su cient for keyhole neurosurgery. The three-way regisation method and its
accuracy are thus one of the critical components of the syste
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3.4 Three-way registration

This section presents the three-way registration protoca@nd algorithm.
The protocol is as follows:
Preoperative

1. Acquire preoperative data (MRI or CT).
2. Extract head's outer surface.

3. Find anatomical landmarks.
Intraoperative

1. Attach the robot's base to the patient's skull or to a framewhich is xed relative
to the patient. The base location should be close to the sumgl site, so the
miniature robot can target that point. A real time, coarse p@iting system is
used for this task.

Attach the registration jig on the base.
Scan the patient face with a 3D surface scanner.
Find anatomical landmarks (on the 3D scan).

Estimate T52" - the alignment between the preoperative data and the 3D scan

2 S o

Estimate T2

scan

position.

- the alignment between the 3D surface scan and the robot home

7. With Equation 3:2:1, compute T, - the transformation between the preopera-

tive data coordinate system and the intraoperative robot cardinate system.

Once the transformation is found, the registration jig shold be replaced with the
robot. Then, the robot positions itself automatically, usng T, to the prede ned
targets and trajectories as planned in the preoperative inges.

We now present a method to estimate accurately;2", which is the transformation

between the preoperative data and the 3D scan.

To minimize the total registration time and achieve robustess, a two-phase registra-
tion approach is proposed. The rst phase is fast, coarse riegation, achieved by
nding correspondence between anatomical landmarks in botdatasets. The second
phase is slower, accurate registration achieved with an imgved version of the Itera-
tive Closest Point (ICP) algorithm. Since the extraction ofthe anatomical landmarks
does not depend on the position or orientation of the surfaggethe registration method
is robust and converges with any initial spatial di erence btween the datasets.
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Because this algorithm matches the facial surfaces, we wilbe the term surface reg-

istration as the process of estimating 52" with the following algorithm.

Registration algorithm

Input:

1. A set of 2D preoperative images with scanning informatiofsuch as voxel size)
of patient's head, denoted byimagesyr, .

2. A mesh that represents the face of the same patient, dendtby Surfacescanner -
Algorithm:

1. Extract the outer surface fromlmagesyr, , denoted by Surfaceyr; .

2. Extract four anatomical landmarks of both Surfaceyr and Surfacescanner
and pair them.

3. Perform closed- form registration according to the anatoical landmarks pairs
and apply the resulting transformation, T$¢&"e"  on Surfaceyr, . Let the result
be denoted bySurface g . Then we have:

Equation 3.4.1 Surfaceur = TyEMer Surfaceyr; .

4. Perform Iterative Closest Point registration betweerSurface,r, and Surfacescanner
and apply the resulted transformation,T,cp , on Surfacgr, . Let the result be
denoted byMriSurface scanner- Then we have:

Equation 3.4.2 MriSurface scanner = Ticp Surfaceyg .

5. De ne the over-all transformation, T3%"e" | to be TG@™Me" = Tcp TSaner,
Notice that according to equations 31 and 34:2 we get the equality:

Equation 3.4.3 MriSurface scanner = Thﬁgg‘mer Surfaceyrg .

Output:

1. Tg&mer - The transformation from MRI coordinate system to scanneraordi-
nate system.

2. MriSurface scanner - The 3D surface extracted from MRI data in the scanner
coordinate system.

The data ow of the registration protocol and algorithm are dscribed in Figure 3.2.
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Figure 3.2: Data ow of preoperative data to intraoperative3D surface scan registra-
tion.

/

3.5 The main challenges
The registration process consists of four main tasks:

1. Outer surface extraction from preoperative images.
2. Anatomical landmarks extraction.
3. Closed form registration.

4. Iterative Closest Point registration.

Since the registration algorithm should be robust, accuratand fast, each one of these
tasks should be optimized.

1. Outer surface extraction

At rst glance, because the outer surface extraction from moperative images
is applied at the preoperative stage, time is not a major issu However, a
fast method enables the exibility of surgical planning, cAnging reconstruction
parameters and planning close to operation time. Chapter 4dcribes a fast and
accurate outer surface reconstruction method from preopive head images.
The key idea is to segment the non-material areas and then extt the outer

surface of the head as the border between air and tissue.
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2. Anatomical landmarks detection

Anatomical landmarks pairs enable the fast, coarse regiation. The anatomical
landmarks used in this work are the four horizontal edge pdiof the eyes. The
extraction of the landmarks is performed in two steps: 1) esbate curvatures
on the mesh with Taubin's method; and 2) nd anatomical landnarks with

a costume search algorithm. Chapter 4 describes the anataai landmarks
extraction algorithm in more details.

3. Closed form registration

The closed form algorithm builds a set of equations accordjrto a set of points
pairs and approximate its solution, which is the required mgstration transfor-
mation. This method is fast, but because the landmarks pairg is not perfect
the resulting transformation might not be accurate.

4. lterative closest Point (ICP) registration

The ICP algorithm attempts to pair the points of two sets and b perform closed
form registration iteratively. The algorithm will converge only if the two points

sets are close enough, and have similar orientation and sedhctor. Using the
anatomical landmarks pairing for initial guess in the ICP ajorithm, grantees
the algorithm's convergence. To make the ICP algorithm fast, the pairing is

done only on a small subset (200 3; 000) of points sampled uniformly from the
original meshes. The resulting overall transformation aacacy using a subset
of points, was the same as using the whole set of points. Theeaall accuracy
was measured on all the points.
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Chapter 4

Head surface extraction and
anatomical landmarks detection

The creation of the outer head surface model from preoperadi head data is essential
for preoperative-intraoperative registration. This chaper presents an accurate and
fast method, which consists of two steps: 1) head's segmeita; and 2) head's

surface reconstruction. Surface reconstruction uses a s®n of the Marching Cubes
algorithm: a fast algorithm for rendering isosurfaces in yYometric data. Since the

skin surface intensity has high variance, simple isosuriat¢hresholding methods are
not applicable. To solve this problem, we developed a new sagntation method

to separate the head from the outer zones. Section 4.1 dekes the segmentation
algorithm. Section 4.2 describes the 3D outer surface exttéon algorithm.

4.1 Head segmentation algorithm

The head outer surface is the surface between the surroungimir and the voxels
inside the head. Applying the Marching Cubes algorithm [21fo extract the outer
head's surface will produce the outer head's surface, butlivalso include the ear's
tunnel and interior head's halls. The additional surfacesdve variant curvature values,
which di cult the automatic landmarks detection. Because the inner halls and the
outer surface are separated components, taking the right meected component will
eliminate the inner halls. Unfortunately, the ears tunnelsare in the same connected
component as the outer surface.

To solve these problems, we have developed a special segatéont algorithm. At
rst, the segmentation algorithm creates binary images aceding to a low-intensity
threshold. It then performs open and close operations to fthe ears tunnels. Since
the close and open operations creates an o set of the originenages (Figure 4.1),
the output of the segmentation algorithm returns the thresbld Itered binary image
and the binary image after cleaning the ears tunnels. The tsinary image enables
a latter o set correction. Below, is a formal description othe segmentation algorithm.
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(a) Original MRI scan. (b) Threshold binary image. (c) Closd ears binary image.

Figure 4.1: For each MRI scan (a) a binary image is produceding a threshold (b).
Close and open 3D image operations are used to close the earmels (c).

Segmentation algorithm

Input: A set of 2D preoperative images with scanning information ¢gh as pixel
size, slice thickness, color depth, etc.,) of patient's héadenoted bylmagesyr, .

Algorithm:

1. Given a separation threshold, create a new binary imagerfeach slice in
Imagesyr , such that:

) 1 slice(x;y) > threshold
Binary sice (X y) = 0 (o%/r?erwise

2. Build a 3D volume fromf Binary gjiceg, denoted byBinary-Image.
3. Perform 3D close operator omBinary-Image, denoted byBinary-Image-Closed

4. Perform 3D open operator omBinary-Image-Closed denoted byBinary-Image-
After-Ears-Tunnel-Removal

Output:

1. Binary-Image - a binary image of the head, before ear's tunnel removal.

2. Binary-Image-After-Ears-Tunnel-Removal- a binary image of the head, after
ear's tunnel removal.
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(a) Surface reconstruction from 2D MRI images. (b) Surfacesconstruction, interior view.

Figure 4.2: Surface reconstruction from 2D MRI images (a). AAseen at the interior
view (b), the algorithm deleted inner structures and the eas tunnels.

4.2 Head's outer surface reconstruction algorithm

This section describes an accurate and fast reconstructiomethod for the head outer
surface. The method applies Marching Cubes surface recamstion algorithm, on
both binary images, either before or after ears tunnels Ifig. This results the head's
outer surface, but also the ear's tunnels and head inner halsurfaces. The inner
surfaces removal is easy, as the head outer surface is thgémt connected component
and therefore is straightforward to segment. Deleting allisfaces, beside the largest
connected component, on both datasets, results in two suckes: 1) accurate head
outer surface with ears tunnels; and 2) head outer surfacetlhout ears tunnels with
an o set. The o set, occurred by close and open operationshanges the image scale
and close small halls or tunnels. Using a robust ICP algorith to compute the o set,
the surface without ears tunnels is re-scaled, and represeraccurately the head's
outer surface (Figure 4.2). The changes in the halls and tuefs does not e ect
the robust ICP method. Below, a formal description of the hedis surface extraction
algorithm. The description includes the segmentation stefo clarify the role of the
segmentation in the algorithm.

Surface extraction algorithm
Input: A set of 2D preoperative images with scanning information ¢gh as pixel

size, slice thickness, color depth, etc.,) of the patientlsead, denoted byimagesyr, -

Algorithm:
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1. Perform a segmentation orimagesyr, . Let the segmentation algorithm out-
puts be denoted byBinary-Image and Binary-Image-After-Ears-Tunnel-Removal
- a binary images of the head, before or after ear's tunnel rewval, respectively.

2. Apply the Marching Cubes algorithm on both surfaces:Binary-Image and
Binary-Image-After-Ears-Tunnel-Removal Let the two resulting surfaces sets
be denoted berC binary and Mtremoved ears:s respecthEly

3. Extract the largest connected component from each surfeg set:MT ynay and
MT removed ears- L€t the two resulting surfaces be denoted aBl1Cyinay and
MCremoved ears:s respecthEly

4. Perform ICP registration betweenM Cpinary @and MCemoved ears- L€t the result-

ing transformation be denoted ag 2" eyes

binar .
5. Apply Tame eyes ON MCremoved ears- De ne Surfaceyr as:

— T binar
Surf aCewmri Tremo\yed eyes MC emoved ears-

Output: Surfaceyr, - the outer surface of the head.

A crucial step of the surface registration, as described iregtion 3.4 is automatic
eyes landmarks detection. For robustness, the algorithm shld detect the correct
landmarks for at least 95% of facial surface inputs. Becautiee landmarks are used
for rough registration, the accuracy should not be very highbut su cient for the
ICP algorithm to converge. The algorithm should be fast, ast iwill be used in
the operating room. The following sections describe a fastiwature based method
for extraction of the eyes horizontal edges from preoperaé head's outer surface
or intraoperative facial scan. Section 4.3 introduces theuovature's mathematical
background, following [41] and [42]. Section 4.4 consiststwo parts: 1) curvature
estimation methods overview; and 2) description of Taubig'algorithm, the method
used in this thesis. Section 4.5 describes the automatic syandmarks detection
algorithm.

4.3 Background for curvatures

1. Curvature

Let X(t) be a parameterization of a twice di erentiable curwe. Then, the cur-
vature of X(t), signed as (t) de ned as:

(t) = JXLt) X (1))
JX(1)j°
Intuitively, the curvature is a measure of the deviation of aurve from a straight
line.
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2. Normal curvature

Let X(u,v) be a twice di erentiable, parametric surface. Then, theunit normal
vector is de ned by:

. — Xy Xy
N(U,V) - JXu ij,
where X, = %‘J and X, = %‘/.

The normal curvature , denoted by |, de ned as:

_ LWH2M (W) N (W2
T ETR2F (50T 6(v7

whereE = X, X,,F =X, X,,G=X, X,,L=Xuw N,M =X, N and
N = Xw N.

Intuitively, the normal curvature of a surface is the curvatire of the intersection
curve between the surface and the plane containing the suceanormal and the
tangent vector.

3. Principle, Gaussian and Mean curvatures

The principle curvatures , denoted by 1(up; Vo) and ,(uo; Vo), is de ned on a
twice di erentiable parametric surface,X (u;v), as the maximum and minimum
normal curvatures atX (Up; Vo), respectively.

Euler's theorem:
n= 1C0S 2+ ,sin 2

where is the angle between the rst principal direction and the tamgent direc-
tion.

The Gaussian curvature , denoted byK, is de ned as:

K= 1 1
The Mean curvature , denoted byH, is de ned as:
H = 1; 1

4.4 Curvature estimation methods on triangular
meshes

The di erential invariant properties, such as Gaussian anagnean curvatures, are well
established in the Computer Vision literature and extensely used for segmentation,
recognition and registration [53, 54]. In this work, faciaturvature's estimations from
triangular meshes are used to detect eyes landmarks and enh surface registration
in the operating room. Therefore, the curvature estimatiormethod should be fast,
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as it is used in the operating room, and reliable, to enable ¢hanatomical landmarks
detection.

For this thesis we consider ve methods for the estimation dhe principal curvatures,
as compared by Surazhsky T. et el. [55]. We assume that the givtriangular mesh
approximates a smooth, at least twice di erentiable, surfee. Next, we provide a short
overview of each method. Then, we describe Taubin's algdrih in more details, as
this is the estimation method which we use.

The ve algorithms for curvature estimation are:

1.

Paraboloid tting: This algorithm approximates a small neighborhood of the
mesh around a vertexv by an osculating paraboloid. The principal curvatures
of the surface are considered to be identical to the principaurvatures of the
paraboloid [43, 44, 45].

. Circular tting: This algorithm constructs circles through a vertexv, and a

pair of neighbors ofv, v; and v;, such that the angle between vectorsv( V)
and (v; V) isclose to . By selecting at least three pairs of such neighbors the
principle curvatures and principle directions extracted sing Meusnier's theorem
[46, 47].

Gauss-Bonnet: From simple trigonometry we can conclude that the sum of
angles between any successive edges from a vesés its immediate neighbors

is equal to the sum of angles between outer angles de ned byetimeighbors of

v. The algorithms in [45, 50] use this trigonometric fact andhe Gauss-Bonnet
theorem [48, 49] to extract directly the mean and Gaussian otatures.

Watanabe and Belyaev: A consequence of Euler's theorem is that the inte-
gration of the normal curvature and its second power over afiossible tangent
plane directions enables the extraction of the mean and Gasian curvatures
[51]. To approximate the integration value on a triangular rash, the trapezoid
approximation can be used.

. Taubin: This algorithm is based on the construction of a quadratic fon at

each point, p, of the polyhedral surface,S, and then computing eigenvalues
and eigenvectors of the resulting form [52]. In this algohim, the quadratic
form associated with a point is expressed as an integral, &ruct in time
proportional to the number of neighborhood points. If this nmber is small the
algorithm will nish in short time. We use this algorithm for construction of
anatomical landmarks detection method, and it found to be t@ble and fast.

Taubin's algorithm:

We describe Taubin G. algorithm next [52]. The rst part introduces the mathemat-
ical background of the method. The second part describes aggtical algorithm for
curvature's estimation.
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(a) side view (b) frontal view
Figure 4.3: Two views of threshold Itered head surface meaturvature's map: a) a
side view; and b) a frontal view.

Let S be a given triangular mesh approximates at least twice di emntiable surface.
If the normal curvature function, (), is a quadratic form, it satis es the identity:

1 T b 5 5, f

. p( )_ t2 Sl SZ t2 '
wherep is a point on the surface, andl = t; T;+ t, T, is a tangent vector toS at
p. fT1; Tog is an orthonormal basis of the tangent space t6 at p. If >= 27'=0,

then T, and T, are the principle directions ofS at p, and ;' and 77 are the principal
curvatures ofS at p.

Let us de ne T , a unit length tangent vector, as:

2. T =cos Ti+sin Ty,

where T, and T, are the orthonormal principal directions ofS at p.
According to equations 1 and 2 above

3. o(T)= 2 cog + 2 si? 2,
Let us de ne the seémmetric matrix
4. Mp=-+ " o(T)T Tl
Another possible notation ofM,, is:

mll m12

whereT;, =[T1;T2],a3 2 matrix.

Taubin shows thatmI})2 = mf,l = 0. Therefore the two remaining eigenvectors dfl,
are the principal directionsT; and T,. According to the corresponding eigenvalues
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the principal curvatures are:

6. sSt=3mt m?, 2=3m? mi

Therefore, the principal curvatures can be estimated by astating the matrix M.
The algorithm is as follows:

Input: A triangular mesh that approximates at least twice di ereniable surfaceS.
Algorithm

For each vertexv; 2 S:

1. Estimate the normal vector,N,, as the normalized weighted sum of the normals
of the incident faces, with weights proportional to the sudce area of the faces.

2. Estimate M, with a weighted sum over the neighborhoo®:
Mp=" oW Ty Tj
where T; is the normalized projection of the vectory; v; onto the tangent
plane ofS at vi, j is an approximation of the directional curvature at directon
Tj , and w; is a weight proportional to the sum of the surface area of alhe
triangles that are incident to both verticesv; andv;. j approximated as follows
_ 2N\t,i (vj i)
ki = vz

3. Compute T; and T, - the principal directions, according toNT,, Householder
transformation and Givens rotation.

4. Compute ' and 2? - the principal curvatures, according to equation 6.

Vi

Output: A set of principal curvatures and directionsf {*; \z,f;Tf‘;Tg" Ov,2s

4.5 Automatic eyes landmarks detection algorithm

To estimate the mean curvature, three large vertices groupgth high curvature value
are examined. There is one group for each ear, and one group tfee eyes and for
the nose zones. The eyes and nose vertices set consists @dlgubsets: 1) left eye;
2) right eye; and 3) nose and noise. Those measurements are thase for the eyes
landmarks detection algorithm. A method, which classi es ertices into neighborhood
groups, has been incorporated into the algorithm. We rst dgcribe this classi cation
method, and then the eyes landmarks detection algorithm.

The vertices neighborhood grouping method (VNG) creates me&ees sets, such that
all vertices in the same set are contained in a sphere of xe@dius. The vertices
sets are then sorted according to their size to detect anatacal zones represented by
vertices sets of known size. For example, the ears and eyegiges groups are the
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larger ones in the head's curvature's threshold vertices.el®ow is a formal description
of the method:

Vertices neighborhood grouping method (VNG)
Initialization

1. Set the number of vertices sets to zerm, = 0.

2. SetV to be a dynamic array of sizen, such thatfor 1 i n, V][i] has three
elds: 1) VJi]:v - a vertex that represents this set of vertices; 2Y[i]:vertices -
all the vertices in this set; and 3)V[i]:size - the number of vertices in this set.

Input

1. H - a set of vertices.

2. d - neighborhood radius.

Algorithm

1. For each vertexu 2 H:

(a) belong= false
(b) Fori=1:::n
If kV[il.v uk<d
I. belong= true

ii. V[i]:vertices = V]i]:vertices[ u

1., — VI[il:v V]i]:size+u
ii. V[i]:v = — Vlsze+l

iv. V[i]:size= VJi]isize+1
(c) If belong= false
..n=n+1
i. V[n:v=u
lii. V[n]:vertices= u
iv. V[n]:size=1

2. Sort array V in descending order, according to the group's size.

Output: V - an array of vertices, grouped according to their neighbodod, and
sorted in descending order.

The input for the algorithm consists of two components: 1) aet of vertices; and 2)
a neighborhood radius. The algorithm checks, for each inpwertex - u, if there is
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already a group of vertices, which created by the algorithmral its center is close to
vertex u (step 1.b), with respect to the neighborhood radius. If such group exists,
then add u to this group of vertices. If such a group is invalid, then ciae a new
group, with one vertex -u (step 1.c). This way, all the vertices are classi ed into
neighborhood groups. After classifying all vertices, thelgorithm sorts the groups of
vertices in descending order according to their size. The tput of the algorithm is a

sorted array of vertices sets.

We use Taubin's method for curvature estimation, the verties neighborhood grouping
method (VNG) and the anatomical properties, for the next eys landmarks detection
algorithm.

Eyes landmarks detection algorithm
Initialization

1. Set eyes and nose sdEyesNose= ;.

2. Set eyes and ears seEyesEars = ;.
Input

1. S - a triangular mesh.

2. type - indicates if the mesh represents the whole head or only thack.
3. CURV - is a relative curvature threshold value, 0 CURV 1.
4

. FAR - is the size of the VNG distance parameter used to separatetlveen the
eyes and the ears.

5. CLOSE - is the size of the VNG distance parameter used to detect eaele.
Algorithm:

1. Apply Taubin's method for mean curvature's estimation ors.

2. Find maximum and minimum curvature's values, denoted amnax(S) and min (S),
respectively.

3. For each vertexv 2 S

. t in(S
f Cuxgxu(rse)(v)mi?('g)( ) > CURV , then EyesEars = EyesEars|[ v.

4. If type= headthen

(@) ComputeV = VNG(H = EyesEars;d= FAR).

(b) Computei 2 f 1;2;3g, such that V[i] represents the eyes and nose vertices
set.
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(c) EyesNose= V]i]

else
EyesNose= EyesEars

ComputeV, = VNG(H = EyesNose;d= CLOSE).
al = V,[1]v and a2 = V,[2].v represents two eyes landmarks.

Create a vecCtOrveyes =2 (a2 al).

© N o 0

The rest anatomical landmarks pointsa3; a4 2 S, are the closest toa2 + Veys
andal Veyes, respectively.

Output: Eye's landmarks setf al; a2; a3; a4g.

The input for the algorithm consists of ve components: 1) ariangular mesh; 2) a ag
that indicates if the mesh represents the face or the entireead's surface; 3CURV - a
relative curvature threshold value; 4)F AR - the value of the VNG distance parameter
used to separate between the eyes and the ears, and;(H)OSE- the value of the
VNG distance parameter used to detect each eye. In our expaents CURV = 0:9,
FAR = 3:5, and CLOSE = 0:7. At rst, Taubin's method is applied to estimate
curvature values of the surface, then the curvature's map ittered with a threshold,
which eliminates vertices that their curvature is in the 90%ower curvature's values
(the comparison assumes uniform distribution). If the inptisurface represents the
head's outer surface, then a VNG method is applied to the lteed vertices, resulting
with the ears and eyes-nose zones (Figure 4.4(a)-(b)), whics located at the three
largest vertices sets in the vertices sets set that returnday the method.

To decide which vertices set represents the eyes-nose zarmpng the three sets, we
use two anatomical observations: 1) the distance betweenethears zones is larger
than the distance between each ear zone and the eyes-noseezand 2) the distances
between each ear zones and eyes-nose zone are similar. Ifrthat surface represents
the outer head's surface, then the eyes-nose vertices grasias calculated. Else, the
eyes-nose vertices group is as computed by the facial suedbreshold lter, because
there is no need to Iter the ears. Computing VNG with a lower adius on facial
Itered points, results in two eyes landmarks (Figure 4.4(p, as the rst two vertices
sets centers are two landmarks of the eyes. To compute two molandmarks, a
vector added to each of the two landmarks in opposite directns. Then the vector is
projected onto the surface, and its tip created a new landmiar(Figure 4.4(e)). The
vector size and direction is decided according to measureme done on preoperative
images, so it will reach near the outer horizontal edge of daeye.
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(a) step 4: side view (b) step 4: frontal view

(c) step 5: two eyes landmarks (d) nal result: four eyes landarks

Figure 4.4: Views of head surface, during the procedure ofetHandmarks search.
(@) and (b) side and frontal views of head surface, augmentesith three spheres
that represent the ears and eyes-nose zones, as detectedhwsydlgorithm. (c) frontal
view of the head surface, augmented with two spheres, the tens represent two eyes
landmarks, as detected by the algorithm. (d) frontal view ofacial surface, augmented
with the nal four eyes landmarks as detected by the algoritm.
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Chapter 5

Intraoperative robot positioning

The intraoperative robot positioning module helps the surgpn place the robot base
close (within 5mm) of its planned position both for skull andrame-mounted cases.
Given the small robot workvolume and the lack of anatomicalandmarks on the

skull, this coarse positioning is necessary to avoid deviahs of 10mm or more from
the planned position. These deviations can severely restrior invalidate altogether

the preoperative plan. Section 5.1 describes the concept thie proposed robot
positioning module. Section 5.2 describes an implementari of this module.

5.1 Method

The goal is to compute the robot base planned position with spect to a video camera
image so that the robot base model can be projected on the valer virtual images
at its desired planned position. The video camera is diregtimounted on the 3D
surface scanner and is pre-calibrated, so that the transfoation between the two
coordinate systems,TYde0 is known in advance. A 3D surface scan of the face is
acquired and matched to the geometric face model with the saimethod as described
in section 3.4. This establishes the transformation betweethe preoperative plan
and the scanner, T30, By composing the two transformations, we obtain the
transformation between the preoperative plan and the vided F;ig,sw

The proposed scheme is described formally in Figure 5.1. De three coordinate
systems: 1) preoperative plan, denoted gdan; 2) intraoperative 3D surface scanner,
denoted asscanner, and; 3) intraoperative video camera, denoted asdeo. Using the
transformation notations as described in Chapter 3, we deenTj20"" - the transfor-
mation from the preoperative plan coordinate system to thentraoperative 3D surface
scanner coordinate system, an@iy°_ - the transformation from the intraoperative
3D surface scanner coordinate system to the intraoperativédeo camera coordinate
system. The transformation from the preoperative plan codinate system to the
intraoperative video camera coordinate system, denoted b gliggo is calculated as

follows:
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Figure 5.1: Intraoperative robot positioning computation
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Toan o is calculated as described in section 3.4TYdeo s calculated as follows
(Figure 5.2). A custom registration jig establishes a commmareference frame between
the 3D surface scanner and the video camera. De ngg - the location of the jig

canner

in the 3D surface scanner coordinate system, afid?., - the location of the jig in the
coarse navigation system coordinate system. We can caldeldhe transformation
from the intraoperative 3D surface scanner to the intraopetive video camera as
follows:

Tocanner = (Thideo) * Téchnner -
The registration jig described in detail in [38, 67]. It is atached with a special card
which is tracked by the video camera. Since the video camers ked to the 3D

surface scanner, the transformatio Y9 _ s calculated only once.

Three types of output are available with the proposed modulel) Virtual Reality

(VR), in which the real-time location of the positioning jig is virtually displayed on
the preoperative data; 2) Augmented Reality (AR), in which he real-time location
of the positioning jig and/or the preoperative data is virtually displayed on the real-
time video images, and; 3) wireframe gure, in which the redime location of the
positioning jig is displayed on a special graphical interée which indicates the tool
location.

5.2 Implementation

We implemented a module that shows the surgeon a real-timejgmented reality and
virtual reality images (Figures 5.4 and 5.5). The augmenterkality image consists of
a video image of the actual patient skull and the positioningig, and, superimposed
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Figure 5.2: A special registration jig is used as a common eeénce frame between
the 3D surface scanner and the intraoperative video camera.

on it, a virtual image of the same jig indicating the robot bas in its desired location.
The virtual reality image consists of a virtual image of the psitioning jig in its
desired location, virtual head surface which extracted fro the preoperative image,
and a virtual positioning jig in its current location. The sugeon can then adjust the
position and orientation of the positioning jig until it matches the planned location.
The inputs are the preoperative plan, the geometric modeld the robot base and the
patient face, the real-time video images, and a face scan.

Since the 3D surface scanner is not currently available, tredignment of the video
camera to the preoperative images is done with a graphicalarsinterface. Once we
have a 3D surface scanner, a complete prototype of the systeas described in the
previous section, will be implemented.

The following hardware is used for the robot base positiongrmodule: 1) o -the-shelf
web camera; 2) 60 60mm cards with special patterns for video tracking, and; 3
PC, 2.4Ghz, 1 GB RAM, under Windows XP.

We use the ARToolkit software toolkit. ARToolkit is a colledion of software libraries
for augmented reality applications, in which virtual compter graphics images are
superimposed on the real world image. This toolkit uses a welamera for real time
tracking of special cards and overlay the video images withriual computer graphics
images. We use the ARToolkit to display the virtual image of he positioning jig
on a video image of the actual patient skull and positioningig (augmented reality
display). The ARToolkit tracking module is also used to disjay the tools locations
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in the preoperative virtual environment (virtual reality display).

(a) real world (b) virtual display

Figure 5.3: The real world situation (a) is aligned with the wrtual display using the
implemented graphical user interface (b).

(a) real world (b) virtual display

Figure 5.4: Real world situation (@) is displayed in virtualworld (b) with the imple-
mented coarse positioning module.

The implemented graphical user interface enables the user tle ne the location of
the head in the video camera coordinate system. A special tlang card is xed to
the head. The user can then position a virtual tracking cardma virtual head surface
that extracted from the patient preoperative images, so theirtual head and card
have similar spatial relation as the actual head and card (Bure 5.3). This provides
a registration transformation between the preoperative imge and the xed tracking
card.
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starting position middle position nal position

Figure 5.5: Intraoperative robot positioning augmented raity images.

In the virtual reality display, an additional mobile card is tracked. The transfor-
mation between the mobile card and the xed one is calculatedith the ARToolkit
coarse positioning module, and the transformation betweethe xed card and the
preoperative image is calculated previously. Concatenag those transformations the
transformation between the mobile card and the preoperat&vimage is calculated, and
virtually displayed (Figure 5.4).

In the augmented reality display, no additional calculatios are necessary, and the
virtual positioning jig image is displayed on the video imag of the actual head and
positioning jig (Figure 5.5).
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Chapter 6

Experimental results

We have implemented a prototype of the entire system as de#dmd in section 1.4.
To test the accuracy of the surface registration, we carrietvo in-vitro experiments.
Section 6.1 describes the materials that are used to test thmoposed surface reg-
istration. Section 6.2 describes the experiments we appmli¢o test our system and
their results. Section 6.3 summarizes and discusses the esmental results.

6.1 Materials

The following materials were used to test the surface regiation:

1. CT images: In the rst experiment, a 3D facial surface was extracted from
CT images to simulate surface scanner output. The CT scanseab12 512
30pixels® with voxel size of 07 0:7 1:0mm?3 from which 15000 20;000
surface points were extracted.

2. 3D Surface scanner: In the second experiment, we used the Konica Minolta
Vivid 910 3D digitizer. It consists of a laser source and a cara. It supplies
a 3D cloud of points obtained from the scanned surface. A seftire, supplied
with the scanner, enables editing the points and triangul@g them, for a mesh
creation. For our experiment, each scan was acquired durirsgveral seconds
and contains 35,000 - 50,000 points, with manufacturer deed accuracy of 0.1
mm or better.

3. MRI images: In both experiments, MRI images were acquired with the stan-
dard neurosurgery imaging protocol used in Hadassah. In thest experiment,
the MRI images were 256 256 80 pixels® with voxel size of 11 1.1 2:0mm?3
from which 150000 30Q 000 surface points were extracted. In the second
experiment, the MRI scans were 256 256 200 pixels® with voxel size of
0:93 0:93 0:5mm?3 from which 110000 140 000 surface points were ex-
tracted.
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(a) 3D scanner setup (b) software screen dump

Figure 6.1: The facial scanning setup with the Konica Minoé Vivid 910 3D digitizer
(a), and a screen dump from the developed software (b).

4. Computer: We compute surface registration with a PC, 2.4Ghz, 1 GB RAM,
under Windows XP. Figure 6.1(b) shows a screen dump of the istgation
software, which was developed for this research.

6.2 Experiments results

To validate our surface registration algorithm, we condued two experiments: 1)
CT/MRI registration, in which clinical MRI images were aligned with facial surface
that extracted from clinical CT images of the same patient; @d 2) laser scans/MRI
registration, in which clinical MRI images were aligned wh the facial surface points
that acquired with a laser scanner.

In the rst experiment, we used two pairs of clinical MRI and O images of the same
patient. The CT images included stereotactic frame attaclteto the skull, as the
patients were treated with this technique. Those images wemanually segmented,
and only the head remained. Then, a surface scanning was siaiad by shooting
imaginary rays from outside to the face zones. The head outsurface extraction
from MRI images was calculated as described in Chapter 4, atwbk about 120 sec.
Extraction of anatomical landmarks is performed as descrdal in chapter 4, and took
about 60 sec. Applying the surface registration scheme, assgribed in Section 3.4,
the average surface registration error was¥8mm computed in average running time
of 5:6 sec. Figure 6.2 illustrates this registration.

In the second experiment, we acquired ve MRI scans and eigl®D laser scans of
the author and a colleague (19 available pairs). To test thelgorithm robustness,
the data was acquired with di erent facial expressions (Figre 6.3). Facial surface
scans were acquired with a 3D laser scanner. The head outerfgsoe extraction
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(a) before registration (b) after registration

Figure 6.2: The CT extracted upper face and head surfaces:) (@efore registration,
and (b) after registration.

(a) worried, eyes closed (b) relaxed, eyes closed (c) reldxeyes open

Figure 6.3: Three common patient facial expressions: 1. w@d with close eyes (a);
2. relaxed with close eyes (b), and; 3. relaxed, with open ayf).

from MRI images was performed as described in chapter 4, angok about 120 sec.
Extraction of anatomical landmarks was performed as desbed in chapter 4, and
took about 60 sec. Table 6.1 summarizes the results of the MREker registration.

Applying the surface registration scheme on 19 data pairssalescribed in section
3.4, the average surface registration error was9®mm (STD = 0:95mm) computed

in average running time of 2 sec. These results compare veayvdrably with those

obtained by Marmulla et al [15]. Figure 6.4 illustrates thisregistration.

To visualize the results, a registration visualization sofvare was implemented. The
MRI extracted head's outer surface and facial surface aremhin before and after the
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(a) before registration

(b) after registration

Figure 6.4: The 3D scanner face scan and head surface: (a)doefregistration, and

(b) after registration.

LASER Rested 1 Worried Rested 2
MRI 0.6m 0.6m 1.2m
Worried, eyes closed | 1.06 (0.98) | 0.93 (0.89) | 1.11 (1.03)
Relaxed, eyes open | 1.17 (1.16) | 1.20 (1.17)| 1.22 (1.21)
Relaxed, eyes closed | 1.02 (1.00) | 1.04 (1.10) | 1.11 (1.10)
LASER Rested 1 Worried 1 Rested 2 | Worried 2 | Worried 3
MRI 0.6m 0.6m, no chin 1.2m 1.2m 0.6m, chin
Worried, eyes closed | 0.85 (0.72)| 0.66 (0.57) | 1.15 (1.12)| 0.70 (0.65) | 1.27 (1.22)
Relaxed, eyes open | 0.69 (0.59)| 0.71 (0.63) | 0.72 (0.61) | 0.93 (0.97)| 1.15 (1.17)

Table 6.1: MRI/laser scan registration error for 19 data sepairs of two patients.

Columns indicate MRI scans and patient attitude (worried orelaxed, eyes closed or
open). Rows indicate laser scans, attitude (worried or retad, eyes closed in all cases)
and distance between the laser scanner and the patient's éacEach entry shows the

mean (standard deviation) surface registration error in nlimeters. The overall RMS
error is 0.99 mm (std=0.95mm) computed in 2.04 secs.

registration. This is necessary to detect coarse misregution. For example, if the

registration results with scaling factor near zero, then th whole facial surface will be
transformed near a specic point. If this point is near the had's surface the RMS
error will be small, while obviously this is not the right transformation.

The head outer surface extraction algorithm worked with althe seven MRI datasets,
the automatic landmarks detection algorithm detected 100%f the eyes landmarks,
and the automatic surface registration always converged @ small RMS error and
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looked good visually. None of the algorithm's internal parmaeters was modi ed in
any of the experiments.

6.3 Summary

We conclude from our experimental results that automatic gtace registration with
overall RMS error of Inm (max = 2mm), 95% of the time, in less than one minute, is
practically feasible. Our algorithm proved accuracy, speeand robustness: the mean
accuracy over all experiments wasmm, the average speed was 6@c (to perform
automatic landmarks detection, closed form and ICP), and aualgorithm converged
with all the input data pairs, regardless of the initial spatal di erence or the dataset's
source type. It remains to be tested in-vivo in a surgical emonment.
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Chapter 7

Conclusion

This chapter summarizes the contribution of this thesis anduggests ideas for im-
provements and future work.

7.1 Summary

We have described a new system for automatic precise targetiin minimally in-
vasive keyhole neurosurgery that aims at overcoming the litations of the existing
solutions. The system, which incorporates the miniature pallel robot MARS, has
the potential to eliminate the morbidity and head immobilization requirements associ-
ated with stereotactic frames, to eliminate the line-of-giht and tracking requirements
of navigation systems, and provide steady and rigid mechaal guidance without the
bulk and cost of large robots. A surgical protocol, using thproposed system, was
described according to a general keyhole neurosurgery solkee and implementation
technical issues were presented.

Technically, the key idea is to establish a common referenframe between the preop-
erative CT/MRI image and the intraoperative patient head ard robot locations with
an intraoperative 3D surface scan of the patient's facial &ures. Once this registra-
tion has been performed, the transformation that aligns thelanned and actual robot
targeting guide location is computed. The robot is then autmatically positioned and
locked in place so that its targeting guide axis coincides thithe entry point/target
axis.

Registration of preoperative head images with intraoperate facial surface scans is
a key problem, and essential for the success of the surgery.ufique algorithm was
developed to solve this problem. The algorithm has two phasel) anatomical based
registration that achieves rough, but fast alignment, regalless of the initial spatial
di erence; and 2) ne registration, which is computed with arobust ICP algorithm.
The two-phase approach increases the registration accuyaspeed and robustness.

We implemented an intraoperative robot positioning moduléo help the surgeon place
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the robot base close (within 5mm) of its planned position.

We implemented our algorithm and tested it on various datasg of di erent people,
dataset sources and facial expressions. The algorithm pealvto be accurate, fast and
robust. Since the MRI images for the second experiment werecaired with a typical
neurosurgery imaging protocol, the results should be codsred as reliable also for a
real system and setup.

We therefore conclude that that automatic surface registteon with overall RMS
error of Imm (max = 2mm), 95% of the time, in less then one minute, is practically
feasible. This encourage us to build and test the miniaturesbot keyhole neurosurgery
system, as an accurate surface registration had achieved.

7.2 Future work

To build the miniature-robot keyhole neurosurgery systemwo additional key prob-
lems should be solved: 1) intraoperative scan to intraopdree situation registration;
and 2) robot coarse positioning module with a 3D scanner. Ir@operative scan to
intraoperative situation registration can be achieved wh a special registration jig,
set on the robot base. Matching geometrical landmarks thatx&acted from the jig's
scan with landmarks of the real jig model, enables the regiation calculation. When
a 3D surface scanner is available, a complete prototype oktleoarse positioning mod-
ule, as described in chapter 5, should be implemented for tlserrect positioning of
the robot base.

Because curvature depends on the smoothness of the surfaicgut surfaces are
smoothed, so curvature measurements enable the anatomitahdmarks detection.
Currently, constant internal parameters de ne how to smodt the surface, according
to its source type. A more general approach is to de ne a smduotess function on
the surface and adjust surface smoothness according to isuwe.

The proposed vertices neighborhood grouping method, can heed for anatomical
landmarks detection of other organs that can be charactead with curvatures mea-
surements.
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