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Abstract

Both two dimensional (2D) and three dimensional J(3Daging modalities are useful
tools for viewing the internal anatomy. Three disienal imaging techniques are
required for accurate targeting of needles. Timigroves the efficiency and control over
the intervention as the high temporal resolutiomeflical images can be used to validate
the location of needle and target in real timelyiRg on imaging alone, however, means
the intervention is still operator dependant beeanfsthe difficulty of controlling the
location of the needle within the image. The otwecof this thesis is to improve the
accuracy and repeatability of needle-based inte¢imes over conventional techniques:

both manual and automated techniques.

In this thesis, | propose that by combining the atarcenter of motion concept
using spherical linkage components into a passivesemi-automated device, the
physician will have a useful tracking and guidasgstem at their disposal in a package,
which is less threatening than a robot to both ghtent and physician. This design
concept offers both the manipulative transparenicya dreehand system, and tremor
reduction through scaling currently offered in anébed systems. In addressing each
objective of this thesis, a number of novel mectandesigns incorporating an remote
center of motion architecture with varying degreEkeedom have been presented. Each
of these designs can be deployed in a variety adging modalities and clinical
applications, ranging from preclinical to humarementions, with an accuracy of control

in the millimeter to sub-millimeter range.

Keywords

Percutaneous needle intervention; image guidedvieréion; medical robotics; small
animal imaging; ultrasound guidance; x-ray microapoited tomography; three-

dimensional imaging; and image registration.
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video stream from the US machine. The image withéngreen bounding box was
digitized by a frame grabber as the physician eatdihe TRUS transducer and then
reconstructed into the 3D image shown in the atwere windows. The bladder
(hypoechoic region anterior to the prostate bow)damnd urethra are visible within the
axial and sagittal VIEWS. ..........ii e 34

Figure 2.6: For rebiopsy, the patient’s prostate lwa viewed to show the previous biopsy
plan (top left). In addition, the physician canca¢évaluate the registration by comparing
the previously segmented prostate boundary (red With the currently segmented
boundary (green line, bottom left corner). The oatosiew of the patient’s prostate with
the segmented boundary and circles representinigeh&on of the previous biopsy cores
(top and bottom right). The 3D locations of thedsp core are displayed within the 3D
prostate models. The targeting ring in the bott@ghtrwindow shows all the possible
needle paths that intersect the selected targeithting the TRUS about its long axis. 35

Figure 2.7: The 3D biopsy system interface is cosegoof four windows: (top left) the
3D TRUS image dynamically sliced to match the teak TRUS probe 3D orientation,
(bottom left) the live 2D TRUS video stream, (rigide) and the 3D location of the
targets displayed within the 3D prostate model® fHngeting ring in the bottom right

window shows all the possible needle paths thatsett the preplanned target by
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rotating the TRUS about its long axis. This alldtws physician to maneuver the TRUS
to the target (highlighted by the red dot) in thersest possible distance. The biopsy
needle (arrow) is visible within the real-time 2RUS image. The bladder (hypoechoic
region anterior to prostate) and calcificationgwtthe prostate (arrow head) illustrate

anatomical correspondence between the real-timetatid 3D image. .............ccoeeeeee.. 36

Figure 2.8: (a) Scatter plot of the in-TRUS plaseaut-of-TRUS plane needle guidance
error,NGE The diagram (b) illustrates the relative ori¢giotaof the TRUS to the target
and the scatter plot. The scatter plot in is asssectional plane, perpendicular to the 2D
TRUS image plane, where the plot's x-axis corredpdhe x-axis of the TRUS image
(positive and negative x values are more laterdlraore medial in the TRUS image,
respectively) and the plot's y-axis is parallelite normal of the 2D TRUS image plane.
The origin of the plot is centered on each biopsyget pointx;, with the “true” biopsy
core locationp;°”, plotted with an “x”. This diagram illustrates theative orientation of
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Figure 2.9: (a) Coronal view of the prostate asvei@ from the end of the TRUS probe
shows the CT gold standard biopsy cores (blackdglis) and the corresponding biopsy
targets (grey dots). (b) The image on the rightxshthhe coronal view of the prostate
model with the US biopsy cores recorded within3Bebiopsy system (black) and the
corresponding CT gold standard biopsy cores (whiteg¢ cylinders represent the 18-
gauge biopsy core tissue samples. The data higbtigh Table 2.3 was used to construct
the phantom images. (c) Illustration of the simedgprostate orientation within the agar

phantom with respect to the TRUS Probe. ....ccceeeeeeeee e eeiiieeeeee e 46

Figure 2.10: A sequence of images captured ate¢henbing (top row), midpoint (middle
row) and end (bottom row) of a sextant biopsy pdoce. Left column: The 2D slice

from the 3D static image is shown with the prostaiendary segmented in green. The
circle represents the pre-planned target, anddballpl lines show the estimated location
of the biopsy core. Center column: The correspan@ib real-time video stream displays
a dotted outline of the prostate boundary from3Demage in the left column. The

location of the pre-planned target is highlightgdtie circle on the 2D image, and the
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extents of the biopsy notch (19 mm) are designlayetthe two horizontal lines. Spatial
correspondence is maintained even after needldimséwhite arrow) as seen in the real
time 2D TRUS images (right column). White speclktattifications within the prostate
boundary (small arrowheads), cysts (large arrow$leadd the location of the segmented
prostate boundary show good correspondence betiveeral-time (center column) and

static 3D image (left column) throughout the engirecedure. ..............cccccccceeeeeeennnn. 48.

Figure 2.11: Comparison of (a) the 2D axial sli€éhe 3D TRUS image with (b) the
real-time 2D TRUS image captured immediately afterbiopsy gun was fired; the
needle is still visible in the image on the rigatrow). If the patient moves during the
procedure, not only does the prostate move fromritggnal scanned position, but also its
shape changes. The prostate boundary next to th&STiIR is concave in the 2D axial
slice, and convex in the real time snapshot. Theathtinuity in the 3D image highlighted
by the arrowheads was the result of patient matimmg a 3D scan. The bladder
(hypoechoic region anterior to the prostate bouwy)damd urethra are visible in each

0= Lo = PP 50

Figure 3.1: Photograph of the mechanical appasdtawing the (a) four motors and (b)
four encoders that drive the linkage. The needkatipning device mounted below the
ultrasound transducer is supporting the needlautfira pair of spherical couplings at a
compound angle relative to the long axis of theagttund transducer. The transducer is
connected to a cradle, which in turn is attacheal tootorized assembly to rotate the

transducer about its long axis for 3D ultrasounguEsItion................ccceeevvvvveeeiivinnnnn, 62

Figure 3.2: A partial rear perspective view of tavice illustrating the different
components of the linkage mechanism. The linkagenised to a common shaft that
serves as the coordinate reference frame for tedl@@ositioning device. This
mechanism is an overconstrained linkage wherenkadje components are configured in
a manner where the needle is confined to four D@fuatwo points in space. The
mechanism consists of two pinned parallelogrampauimg a needle guide through a
pair of spherical couplings. The needle guide mhed to the forward and connected to

the rear spherical coupling via a telescoping slide...........ccooovviiiiiiiii e, 64
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Figure 3.3: The device is decoupled through twoatenpivot points created from the
spherical couplings pinned to each parallelograimcesSthe needle guide axis is also
aligned with each stationary point, any movemenfeither parallelogram will result in
the needle guide axis pivoting about the statiopaipt of the opposing spherical
linkage, thus resulting in no linear displacemdrthe intersection point. The physician
can manually align the needle axis in two simpépst (a) First, the physician aligns the
forward RCM by moving the forward parallelogramgiphysician would manipulate the
apparatus from *). (b) Then by moving the rear a(fran the point *), the physician can
target a point of interest within the patient’s mmay by pivoting the needle about the
forward RCM to the target. The counterweights suphe weight of the needle guide
and prevent the linkage from drifting when the leskre not applied.............ccccccoeee. 65

Figure 3.4: lllustration of the 3D needle guidamderface to facilitate the systematic
targeting of each needle. (a) Shows the targetitegface, illustrating the location of the
needle track. The image displays the current pitheoneedle (yellow) and the planned
needle path (pink) by displaying two points on tleedle path. The cross illustrates the
piercing point between the needle axis and pasesiin projected onto the transverse
image plane, and the circle represents the inteoseof the needle axis to the transverse
image plane showing the location of the intendegltia To align the needle to the
planned trajectory in a therapy procedure, the igleys would first align the needle
piercing point over the patient’s skin by moving finont parallelogram linkage as seen
in figure 3.3a. (b) Then, by manipulating the rparallelogram, the physician would
adjust the needle trajectory about the RCM unélrikedle is aligned to the target, when
the yellow circle is superimposed onto the pinkleiin (c). Since the front RCM
remains stationary while the physician manipulthesneedle, the alignment of the pink

and yellow crosses does N0t ChaNQE........ e e eeeeeeeeiiiiiiiiies e e e e e e e e eeeeeeeeeaaeeees 68

Figure 3.5: The device was coupled to a dividingdhevhich in turn sat on a granite
surface plate and served as the reference plankdaalibration procedure. The dividing
head was used to measure both the horizontal £} ard vertical position (y axis) of the

tooling ball relative to the surface plate by inohgxthe chuck (and attached robot) by

XiX
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190 degrees. The height gauge was used to detetharteeight of the tooling balls that
were aligned to the RCM of the spherical CouplingsS..............uvvviiiiiiiiiiiieeeeeeeeeee. 72

Figure 3.6: (a) Photograph of the experimentalsesed to align the ultrasound image
(b) to the coordinate reference frame of the nepdggtioning device. To determine the
relationship between the coordinate systems, allaydted string phantom was
constructed and mounted to the needled positioshvire to constrain the string

intersections t0 @ KNOWN TOCALION. ... ..o ee e 76

Figure 3.7: Graph showing the image lag (in degrass function of the scan velocity at
three different US frame rates (8, 16, and 32 Haage lag is defined as the angular
misalignment of the image about the z-axis of tlaeimme coordinate system. The image
lag is proportional to the motor speed and invgrgethe frame rate. The error bars in
the graph represent the standard deviation in #esarements. ...........ccceeeevevvvvnnnnnn. aaq..

Figure 3.8: lllustration showing the error metnicssed to evaluate the users ability to
guide a needle to a 3D target, and record theitmtaf the needle within 3D image. .
The mean targeting errTE®" is the mean distance between each identified bead
location,a“", in the 3D CT image located at the end of the ed@ictrackb,“", and
associated target locatiofY®, which is a virtual point in the ultrasound cooratie frame
represented by the open circle. The mean target TE"® is the mean distance
between the each bead locat&TT in the 3D US image located at the end of each air
trackb;"® and the corresponding target locatigfr. The needle guidance errtiGE, is

the mean total error associated with the systebilgyato guide the needle path to
predefined targetdlGF is the angle between the needle trajectory identif the CT
imageb“" and the planned needle patt® when projected on to a plane perpendicular to
the linea-a, which is the shortest distance between the tagsINLE is defined as the
minimum distance between the “true” needle axisf®T,b°", and the recorded 3D
TRUS needle axidy”®. NLE’ is the angle between the needle trajectories whejected
on a plane perpendiCular lLE. ... 81
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Figure 3.9: 3D images of an agar phantom usedaemibck seed implant experiment

illustrating the needle at various oblique trajee® from 0° (top left) to 15° (bottom
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Figure 4.1: Micro-CT surface rendering of the aaltion phantom............ccccceeeiinnnnn. 98
Figure 4.2: Calibration and validation phantom witeasurement equipment. ............ 100
Figure 4.3: Micro-CT surface rendering of the vatidn phantom.............c..c.ceeeeee. 103

Figure 5.1: A schematic representation of the pseddRCM linkage design, which
consists of two parts: a forward (labeledthrough Ls) and a rear spherical linkage
(labeled {-14). The forward spherical linkage consists of fiweks (Li-Ls) supporting the
needle driver and five hinged connectiong-Hg) pinned to the base ¢. The rear
linkage is a mirror image of the forward linkagelaonsists of four linkage elements (|
Is) and four hinged connections-(s). The extra pinned connectionsjf the forward
assembly is used to adjust the axis of each piooedection (Rand R) in the base link
(L, and Ls) to create a precise RCM. The linkage functiana @antograph to constrain
the rear linkage to counterbalance the forwarddgeand payload using the brass
weights attached to the rear spherical linkagee Wo encoders are mounted to the base
(Lo), and record the angle of each rotational axise feedle is mounted to the link L
and its axis is aligned along the rotational ax4s Rhe spherical linkages can be
manipulated using either motors or through manwalipulation of a handle mounted to
the rear spherical linkage. The axis of each ldrgmnnection in the spherical linkages
converges to a common point in space to form a tewenter of motion: (RCM) at the

forward spherical linkage and (rcm) at the reakdgpe ..............ccoovvvveeiiiiiiicccieee e 120

Figure 5.2: (Top) Photograph of the robotic appagaounted on the CT scanner animal
couch and control system. The mechatronic appaausists of an XYZ linear stage
that supports the spherical linkage. (Bottom) Pai@tph of the forward spherical linkage
and attached needle driver. The needle driver ismeal such that the axis of the needle
intersects the RCM of the spherical linkage. Tlwse bed is attached to a double ball

joint, which in turn is clamped to the animal cowth a pair of hollow aluminum rails
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giving a total of six degrees of freedom. The fidismounted to the aluminum shaft
below the mouse bed are used to register the tolibe CT scanner. This registration
will account and correct for the variability intneced when the robot is reattached to the
0] (o3 o T O PP 122

Figure 5.3: Photograph of the calibration fixtused to set the needle tip position at the
RCM when the needle driver is in its forward pasiti The fixture consists of a Delrin
plastic block that is mounted to the robot via @lhominum shafts, one attached to the
block and one attached to the robot (same shaftostipg the fiducials visible in Figure
5.2). The needle height was set by slowly lowethrggloosened needle until its tip was at

the surface of the shim on top of the Delrin block.............ooovvrmiiiiiiiii e, 128

Figure 5.4View of reconstructed CT scan used for the neetlgeting experiment. For
each target, the robot RCM was placed at the témgation, the needle inserted and an
image acquired. For each acquired image, the distahthe needle from target voxel
coordinates was determined by first segmentingrtberted needle using a threshold-
based region growing algorithm. The center linéhefneedle in the image was
estimated using principal components analysis (P©GA} a 3D line to the segmented
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Figure 5.5: Composite photographs of the calibragibotos showing the pitch (top left)
and roll (top right) of the needle throughout it fange of motion. The bottom two
photographs show close-up views of the segmentedi@dp locations in the pitch
(bottom left) and roll (bottom right) dir€CtioNS.....cccevvvvieiiiiiiiiciie e, 137

Figure 5.6: Photograph of the experimental set@l digr the animal interventions (a,
top) outside, and (b, bottom) inside of the boréhef CT scanner. The only part of the
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minimize artifacts iN the IMAaQE. ....... ..o e ee e e e 141

Figure 5.7: Wick-in-needle measurements of IFP destrating the importance of needle
placement for stable and accurate results. (a)fom port of the IFP needle is straddling
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side ports are within the tumour boundary (outlirfe) Results of IFP measurements
showing (I) the pre-needle insertion baselinet{l® signal as the needle is inserted; (Il
the measured IFP at the position shown in (a);(Andthe measured IFP at the position
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Figure 5.8: Projection views obtained from two sagial CT scans that demonstrate the
ability to perform image guided needle placementwo. (a, left) A pre-needle insertion
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making contact with the radio-opaque pPellet....e ..o, 143
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Figure 6.1: Photograph of the Atremis prostate $yapacking system by Eigen (Grass
BV 111 Y2 O A 158
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Chapter 1

1 Introduction

1.1 Mechatronic Surgical Assistants

Since the introduction of the Horsley and Clarkeaptus in 1908 considerable effort
has been devoted to the development of image-gusystems that are more user
friendly. Based on the idea that the physiciamgishe system should be inconvenienced
to a bare minimum, a great deal of effort has b#&voted to developing systems that
provide the surgeons with a new set of tools temttheir ability and perform more

complex tasks.

With the rapid development of computing power, dedpwith improvements in
imaging modalities, a number of new products offgrvarying levels of automation are
evolving. Table 1.1 is a summary of some of th&teys that are in routine clinical and
preclinical use today. Commercially available imagided systems available to
researchers and healthcare workers vary in autom&tm freehand tracking devices to
fully automated systems that can perform preprogracth tasks, like the Cyberknife
(Sunnyvale, CA), or telesurgical systems like thevihci robot (Sunnyvale, CA) where

the physician controls the robot remotely.

1.1.1 Freehand Surgical Navigation Systems

One method to link the current orientation of tbeltto the image is to use frameless
stereotaxy. This involves attaching a tracking icevto the surgical tool, like
electromagnetic, optical or sonic transmittér@nce the tracking system is registered to
the image, a computer provides real-time visuallbeek of the tool in the image to assist
in needle or tool placement. The primary advantaigihis type of navigation system is
that the physician can perform the interventionhauitt compromising his/her dexterity
and natural haptic feedback, making this a simptkfaasible option for procedures like

needle-guided interventior.
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Table 1.1: A summary of computer-assisted surgical trackirgiesys.

System Name | Institution Subject | Mount Type
AESOFP Computer Motion Human Cart Serial link robot
Cyberknifé Accuray Human| Floor Serial link robot
da Vincf' Intuitive Surgical Human| Cart Bar type parallelmgr
RCM telerobotic system
Neuro Maté | Integrated Surgical | Human | Cart Serial link robot
Systems
PinPoinf Philips Human| Ceiling Passive serial linkr
ROBODOC | Integrated Surgical | Human | Floor and Serial link robot
Systems Patient
RX-90° ortoMarquet Animal| Floor Serial link robot
SurgiScopg | Humboldt University| Human| Ceiling Parallel robot
Animal
Zeug?® Computer Motion Human Patient | Telerobotic system
Bed
Micron Claron Technology | Human | Freehand Optical Video-metric
Trackef Inc.
Polarig? Northern Digital Inc. | Human Freehand Optical AetRassive
Aurora? Northern Digital Inc. | Human Freehand Electromagnet
microBIRD* | Ascension Human | Freehand Electromagnetic
Technology Corp.
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There are two different types of freehand trackisgstems commercially
available: optical, and electromagnéficOptical tracking systems identify marker
patterns using charge-coupled device (CCD) imaga® ftwo different viewpoints to
triangulate the tool location in space (see Fiduig. Because of their high accuracy and
large field of view, these systems can be adapssdyeinto a large number of clinical
applications. However, the line of sight betweba markers and at least two CCD
cameras must be maintained at all times. Thiddimns use to procedures where at least a
portion of the tool is outside the patient’s bodyptical trackers commercially available
today include the videometric system available fiGraron Technology Inc. (Toronto,
Canada)! and the active/passive infrared system from NorthBigital (Waterloo,
Canada}?

Another method for tracking tools inside the patisnto use an electromagnetic
tracking device. Electromagnetic systems use fdulseld generators to track the
position of miniature field sensors about the sifea grain of rice (see Figure 1.2).
Northern Digital (Waterloo, Canadd) and Ascension Technology (Burlington,

Vermont)? offer electromagnetic tracking systems for a \giréé medical applications.
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Figure 1.1: Photograph of an infrared optical tracking systeomf Northern Digital. The three optical

markers attached to the tool are imaged from tvferéint angles to determine its position.

Figure 1.2: Photograph of an electromagnetic tracking systermfiNorthern Digital. The position of the

ultrasound probe is tracked using a small coil m&wnounted near the tip of the probe.
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1.1.2 Passive and Semi-automated Devices for Needle placement

Although few researchers have proposed the usesdiye or semi-automated devices
for needle placement, these systems offer an eféeatternative for needle interventions
in ultrasound™>?’ CT*®*% and MRf!. These designs are based on an early form of a
freehand tracking system where articulated arm&abus configurations determine the

position of the tool tip by measuring the anglesveen the arms within the linkage %
PinPoint

The PinPoint system, available from Phillips (Clawel, OH) is a passive tracking arm to
assist the physician in planning and performingpbies using CT dafaSimilar in
appearance to the serial link robot, this device msodified 3D digitizer from Immersion
Inc., which uses a series of sliding counterweigidsa hidden parallelogram linkage to
support the structure. Since this system is phllgiattached to the CT scanner, the
physician can use this tool, with little additiortedining, to freely guide a needle while
the system passively tracks the needle within thegerative CT image. In addition, this
system is highly back drivable and counterbalanedldwing the physician to use the
system with little risk to the patient. A disadtage with this design is the use of
counterweights in the tracker. This limits the lpagl carrying capabilities to small
objects like lasers and needle guides as the sidénartia of the counterweights needed

for larger payloads becomes prohibitively large.

Passive systems with minimal automation offer 8 k2gpensive alternative than
fully automated systems as these systems are ateddcomplexity and easier to use.
However, since the device does not interfere withghysician’s movements in any way,
the advantages of tremor reduction and motion rsggdrovided by a robotic system are
not available here. Since the development of fxadhlocalizers, mechanically
articulated arms have become unpopular as theyedfftittle advantage over freehand

techniques.
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1.1.3  Robotic/Fully Automated Surgical Assistants

The advantages of a robot in an interventional gulace is that the surgeon can
manipulate multiple instruments through complejettories quickly and accurately, and
work virtually in hazardous imaging environments @nfined spaces that are not
possible for the physician to work in. Robots gikie physician improved dexterity and
accuracy by applying motion scaling and eliminatingnd tremof? Most surgical

robotic systems work with the surgeon and are Usuaintrolled remotely using a
specially designed joystick, voice control or a oer vision system to track the

physician’s movements,

Many of these designs are based on the induser#ldink robot architecture
with their many degrees-of-freedom, which has ttheaatage of low development cost,
high accuracy, and high rigidiy. These designs offer a convenient, off-the-shelf
solution for experimentation or proof-of-concept &specific clinical applicatioft. This
approach of using industrial robots has shown s|s@e clinical areas like imaging,

radiation therapy,and orthopedic surgefy to name a few.

1.1.4 Commercial Robotic Systems for Surgery

CyberKnife, NeuroMate, ROBODOC, and RX-90serial link robot

Each of these robots have a serial link designchvigrovides the greatest level of
flexibility and largest workspace possible, makiiigpotentially useful for a many
different procedures from imagifig’ to milling operations in orthopedic surgéfyThe
CyberKnife, developed by Accuray, uses a Fanuc EaRobotics North America,
Rochester Hills, MI) serial link robot for radiogery? The system directs a high energy
X-ray stream to a fixed target and uses X-ray imggo adjust the robot and attached

accelerator to maintain alignment to the target.

ROBODOC and NeuroMateare both serial link robots developed by Integtate
Surgical Systems (Sacramento, CA). The NeuroMgséem positions a needle guide
over the target for manual insertion, while the RIEBOC system uses the same robot

architecture for joint replacement surgery. Witk patient’s bone rigidly attached to the
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robot base via a fixation device, the surgeon hguides the robotic arm to the starting
point using a force sensor attached to the rolaice the correct implant geometry has
been selected by the surgeon, the robot then atitaiiy cuts the desired shape in the
bone to accept the implant.

Industrial robot designs have also shown successpiplications involving
interventions on animals. The Staubli RX 90 clearvironment robot (Bayreuth,
Germany) was successfully used as a part of a gtierguidance system, similar to
ROBODOC, by a research group at Karlsruhe UnivetSermanyf

SurgiScope

This robot architecture is commonly known as a aelbbot, which uses three
parallelograms, each of which is connected throaghniversal joint to construct a
parallel manipulator with three translational arr gotational degree-of-freedohthe
three parallelograms restrict the end effector mwmt to three degrees-of-translation,
and the fourth degree-of-rotation is controlledayourth arm which extends from the
robot base to the end effector. This design wasnped by Reymond Clavel in 1980, to
manipulate small objects at a high rate of sgéddhe advantage of this design is that the
robot is mounted on the ceiling allowing the medist&ff to work with it without

obstructions, despite its large footprint.
AESOP, Zeus and the daVinci robot

The Zeus robotic system (Computer Motion Inc., @gleCA) was developed as a
surgical assistant for laparoscopic surgery, wihithagrates the Automated Endoscopic
System for Optimal Positioning (AESOP) platfotfiThe system has three robotic arms:
an AESOP unit for endoscope positioning, and aitleso additional arms for holding
surgical tools. Each of the arms was designectmbunted onto the surgical table, and
fitted with articulating wrists, giving a total ofix DOF. The AESOP module was
developed to support and maneuver an endoscopiereanthis is a 7 DOF robotic
system, with three passive joints from the basé&éelbow joint, and four motorized

joints controlled via voice control.
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The daVinci system illustrated in Figure 1.3, beloeplaced the Zeus robotic
system in 2003 when Computer Motion merged withitivie Surgical (Sunnyvale, CA).
The daVinci robotic system consisted of at leastetrobotic arms attached to a ¢at.
binocular camera was attached to one of the rolaotis and various tools or instruments
could be mounted to the other arms. The camergamaas transmitted to the binocular
viewport where the physician controled the rob@ontrolling the instruments through
the console allowed for improved accuracy througbtiom scaling and filtration of

movement tremors.

Figure 1.3: Photograph of the DaVinci surgical robotic syster@opyright © 2000, 2001, 2002 Free
Software Foundation, Inc.; 51 Franklin St, Fiftlo&i, Boston, MA 02110-1301 USA.

Despite the daVinci being one of the most succéssitgical robotic systems to
date, one shortcoming preventing its widespreadisiéts prohibitive cost® The setup

time and calibration of the instruments requirespacial team and in many cases a

www.manaraa.com



dedicated surgical suite for the roBbtThe large footprint of the robotic arms also
restricts its use to procedures on adults, as tims anay collide with each other for
smaller patients or animals.ln addition, haptic feedback is absent in thesgesys,
which could result in excessive force being appledhe patient without the surgeon
realizing it>! Although the daVinci system is capable of precilative motion control,

it is known to have a poor absolute positioninguaacy>? which imposes limitations on

using this system for guiding needles in conjuncthath high resolution scanners.

1.2 Devices for Needle Based Interventions

Needle guided interventions through the skin idgired to surgery as there are fewer
complications and quicker, less-painful recovemyets. As a result, percutaneous needle
interventions have become the standard of caredimgnoses, such as biopsies, and
minimally invasive treatment of diseases. Exampleseedle-based interventions are
prostate brachytherapy, where needles are usedliteedabout 80-100 small radiation

sources into the prostate,and radiofrequency and microwave ablation of liver

tumours®

Less complicated than other forms of surgery liksesue dissection, needle

interventions usually require only three decoupéesks:

(1) placing the needle at the desired insertion poimttlee skin, requiring three

independent translational motions,

(2) pivoting the needle at the entry point to align éxpected needle path with the
target, and

(3) inserting the needle through the skin entry pomtlite intended target in the

image.

Therefore, robots for needle insertion require aimum six degrees of freedom:
three to define the location of the point of erdrythe patient’s skin, two rotational

degrees of freedom at the point of entry, and tiwenf the needle into the body.*°
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1.2.1 Remote Center of Motions Designs

Of particular interest are the robotic systems thare designed according to the
specifications outlined by Taylor et At where the tasks of needle placement, orientation
and insertion are mechanically decoupled usingnate center of motion (RCM). By
decoupling the motion of the needle about the R&N4, no longer necessary to control
multiple degrees-of-freedom simultaneously to caintine needle insertion, which is the
most delicate part of the procedure. By alignihg heedle axis to the RCM of the
machine, the needle can be pivoted about a fixemt pand inserted through a
predetermined entry point without the need to ddjie translational placement of the

machine.

There are two different methods to create an RCMating a mechanically
constrained linkage locked by the kinematics ofrtteehine, or using the robot controller
to coordinate the movement of a general purposetraiih many degrees-of-freedom.
This can be achieved with an industrial rébot custom robotic designs like the
serial/parallel manipulator by Stacco and Salcud&#m terms of the robot architecture,
the fixed RCM robot design is preferred to gengnalpose robots as the fixed RCM
robots are better suited to a specific task in ioeaf spaces. In particular, fixed RCM

devices allow higher angular mobility in the corfinspace of closed bore scanrférs.

Surgical robots have used one of two approachegraduce a mechanically
constrained RCM: either a parallelogram or sphéiick design. The parallelogram
linkage is the most popular design and uses eithearallelbaf, or belt drivé’ . The
spherical link mechanism is a linkage where thes afi each revolute or sliding joint
intersects at a common point in space and canpocate any combination goniometric

arcs?0. 41

or pinned connections (like the universal joinedisn the AESOP robotic
armt?). The Horsley and Clarke apparatus is an exawfpdespherical linkage, which is
composed of one revolute joint and one goniomeatetacreate a RCM with two DOF:

pitch and yaw.

The double parallelogram linkage is the most papdésign in medical systems
as the actuators can be mounted on the statiorzsatyop the mechanism to reduce the

www.manaraa.com



11

inertia of the linkage, and the parallelogram ca&ncbunterbalanced more easily than
spherical linkages because cables can be routedgihrthe mechanism more easily than
curved beam& As a result, spherical linkage designs have bestmicted to applications
like a joystick design in a master-slave manipulato end-of-arm tooling in a robotic

manipulator® *°

1.3 Design Considerations for Medical Devices

One of the many technical challenges in designmgeerventional device is the human-
machine interface. The interface must allow thgsptian to work cooperatively with the
machine. Thus, in order to successfully integrite machine, factors such as
ergonomics and the surgical work flow must be abar®d at the initial phase of design.
Standard input devices used for computers, like kbgboard and mouse, are not
appropriate in a surgical environment as thereotsam intuitive way the physician can
use the input device to perform an intervention nehthe tool is handled in a very
different manner. This has led to the developngndépecial purpose manipulators to

control the robot in surgical systeths.

An example of a special purpose manipulator isddinci surgeon’s consofe.
This system provides an 3D view by projecting aobular image of the surgical site over
top of the surgeon’s arms and hands, giving thesigian the illusion the robot is an
extension of his/her arms. The console allowspimgsician to control two robots at a
time using two manipulators, one each for thedeft right hand. Each manipulator has
a total of seven degrees-of-freedom to control eatiot arm: three translational and
rotational, plus an additional control for grippintn addition, there are foot pedals at the
base of the console to control other features efsystem such as switching control to
any of the robot arms, or switching control oves thutch, allowing the robot to be back

driven manually.

1.3.1  Safety

A significant barrier preventing widespread intégna of automated robotic systems into
the healthcare system is the potential safety dazaboth the patient and surgeon in the

event of equipment failure, making it difficult get regulatory approval. In contrast to
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robots used in an industrial setting, surgical tetawe often in the same workspace as the
physician, staff and patient. Therefore, the usthese systems is strictly regulated by
the authorities (like Health Canada or FDA in thateld States of America), and requires

a risk analysis to determine the risks and benffitboth the patient and staff.

Health Canada classifies the risk level of a mddi=vice into one of four
categories based on the level of control needeabsore the effectiveness and safety of
the device. A Class 1 device poses the lowesnpataisk and does not require Health
Canada approval for use on human or animal subje&t€lass Il device requires a risk
analysis from the manufacturer of the device. Commmethods used to identify the
safety of a device are: failure modes effects aislfFMEA) or failure modes effects and
critically analysis (FMECAYJ? These methods are used to identify all comporashirés
and access the probability of occurrence, delddtabf the problem and the severity of
the failure. Low risk failures where no harm caime to both the patient and staff are
considered to be a category Il risk level. Failoredes that can cause serious injury or
death are classified as either a level 11l or \d @me subject to in-depth scrutiny, which
inevitably increases both the lead time and coshtefgrating the system into a clinical

setting.

Another aspect affecting the safety of a mechatrdevice is the stiffness of the
kinematic frame and drive system. The advantage ofgid frame and a non-back
drivable transmission is that they allow for anwaeate tool positioning and high load
carrying capabilities. The problem with this desig that the physician must interact
with the device using some sort of input deviceygjk, voice command, etc.. The
robotic device could become unusable and possiuhaitdous if there is a failure in the
electronic control loop. As a result, these typesystems are generally classified as a
higher risk, thus requiring redundancies in théesysdesign, and possibly increasing the

time for regulatory approval of the device.

Redundancy in the kinematics and sensing are thst m@mmon means to
improve the safety of a robot used for surg@nKinematic redundancy can be

accomplished by constraining the motion of the tollor example, the addition of
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physical stops to prevent the robot from collidimgth a tool or patient. Sensing
redundancy is another option and is typically aqoshed by using multiple sensors in

serial at either end of the transmission chainetafy the pose of the robot.

On the other hand, a robot with low stiffness anghhback drivability are
inherently safer in a surgical environment as §sten exerts less force on the patfént.
Also, if the system loses power, it may be possiblestill use the device by directly
manipulating the tool. The disadvantage of thiprapch is these systems are less
accurate due to the flexibility and low gear rdt@nsmission, and can create a possible
hazard due to the possibility of dropping or driygnheavy tool into the patient/physician

in the event of a control failure.

To overcome this difficulty, one can design a gnabialance into the system as a
means to improve the safety. Active gravity baéanased in industrial robot designs are
not sufficient to reduce the risk level of the rabdlternately, counterweights provide a
simple and safe alternative to an active anti-gyabalance, but are limited to small

designs and payloads where the range of motioneofiévice is limited.

Another method that can be used to counterbalanic&age is to use springs in
place of counterweights. Most springs, like gasnpression, or torsion springs, exert a
force (or torque), which is proportional to the oba in length, and offer a point of
adjustment to compensate for an unknown or variphidoad. However, conventional
linear springs do not adequately balance the rekogpt at one or two configurations.
To compensate for drift, the designer is forceca¢oept a compromise between using
friction or motoré* at the joints, or adding a purity of additionalkage elements and
springs:> which increases both the complexity and inertiathef device, making this
option unsuitable for designs that need to be lwhtkable. Another option is to use a
constant force spring, which consists of a flatcpi®f metal tightly wound around a
drum, and exerts a nearly constant force as ibwgound. Since the force exerted by this
type of spring is typically small, they are usuafyund only in small devices like

mechanical timepieces.
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Ideally, any of these robotic designs describedlmnsed to improve the safety,
accuracy and speed of a procedure; however, thietishe case for many minimally
invasive procedures, which make use of imagingesystlike ultrasound (US), that are
not harmful to either the patient or physician.atidition, since many decisions are made
during surgery, the time saved by having the r@abmatically insert the needle to the
correct location would be compromised by the adddl hazards of incorrectly placing

the needle as the physician does not have commleteol over this action.

Since many of the devices described cannot bedmaen, the physician must
rely on interaction with the computer interfacectrectly position the needle. Although
the inability to rear drive the system can providgidity for needle insertion, the
physician does not have direct control over negidiéEement. Without a sufficient
amount of training, it may be difficult to succeadsf integrate a fully automated system

and result in added complexity to the procedure.

In cases where the physician is not exposed tohaxards (like radiation or
hazardous chemicals), it is difficult to justifyethise of an automated system to place and
insert a needle if there is a solution with a mimmlevel of automation and complexity.
In addition, following the current protocol will honly solve the clinical issue at hand in

many cases, but also gain acceptance more easheasis little training required.

1.4 Hypothesis

Both 2D and 3D imaging modalities are useful tdolsviewing the internal anatomy.
Three dimensional imaging techniques are requicedatcurate targeting of needles.
They improve the efficiency and control of the mtntion as the high temporal
resolution of 2D/3D imaging can be used to validagelocation of needle and target in
real time. Relying on imaging alone, however, nsetre intervention is still operator
dependant because of the difficulty of controllithgg physical location of the needle

within the image.

The overarching hypothesis of the research program described in this thesis i

that integrating 2D and/or 3D imaging with a mechatronic device to constrain the
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needle movement will improve the accuracy and repeatability of needle intervention
over conventional techniques. An image-guided mechatronic system will enhatiee
intervention as there will be a direct link betwelba coordinates of the image and device
supporting the needle. Integration of various imggystems with a mechanical device
allows 2D/3D guidance throughout the entire procedincluding visualization,

intervention planning, validation and correctioramintegrated interventional system.

1.5 Research Objectives

The long-term objective of this research projectosmprove the outcome of needle-
based interventions over conventional techniquesth bmanual and automated
techniques. This includes increasing the accueeny repeatability of these procedures

to minimize the invasiveness of the procedure. §pexific objectives in this thesis are:

* Develop a highly dexterous and compact mechatraeidle guidance system
that can be deployed in a variety of imaging mdigaiand clinical applications,

from preclinical to human interventions.

* Develop an interactive needle guidance system thighprecision of a robot, but
with the interactive transparency of handheld toolsrently in use with an

accuracy of control in the millimeter to sub-mileter range.

* Improve real-time tracking and stabilization of theguipment used for

intervention using a low inertia spring balance.

In this thesis, | proposed that by combining theate center of motion concept using
spherical linkage components into a passive or -seumated device, physicians will
have a useful tracking system at their disposa package, which is less threatening to
both the patient and physician. This design conadfers both the manipulative
transparency of a freehand system, and tremor tiedutrough scaling currently offered
in automated systems. | proposed three novel dedigr needle interventions with
improved accuracy and minimum complexity, each thase the spherical kinematics
designs implementing each of the parallelogram iagyoater arc, and hinged spherical
linkage with the third being the common element agithe following proposed designs:
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» 3D ultrasound-guided prostate biopsy system,
» 3D ultrasound-guided prostate therapy system, and

* 3D micro-CT-guided needle positioning system foarmnimal research.

1.6 Thesis Outline

Achievement of each specific research objectivéedisabove is presented in the
following four chapters, the first two publish&d,*” and the third and fourth in
preparation for submission to peer-reviewed jownalhe next four chapters form the

body of the thesis, and are summarized as follows:

1.6.1 Chapter 2: Mechanically assisted 3D ultrasound guided

prostate biopsy system
Currently there are limitations associated with phestate biopsy procedure, which is the
most commonly used method for a definitive diagaasdiprostate cancer. With the use
of 2D transrectal ultrasound (TRUS) for needle gaik in this procedure, the physician
has restricted anatomical reference points foriggithe needle to target sites. Also, any
motion of the physician’s hand during the proceduey cause the prostate to move or
deform to a prohibitive extent. These variatiorekmit difficult to establish a consistent
reference frame for guiding a needle. We have Idped a 3D navigation system for
prostate biopsy, which addresses these shortcominbs system is composed of a 3D
US imaging subsystem and a passive mechanical @aminimize prostate motion. To
validate our prototype, a series of experimentsewserformed on prostate phantoms.
The 3D scan of the string phantom produced minigedmetric distortions, and the
geometric error of the 3D imaging subsystem wag th&. The accuracy of 3D prostate
segmentation was determined by comparing the kneMume in a certified phantom to
a reconstructed volume generated by our systemwassdshown to estimate the volume
with less than 5% error. Biopsy needle guidanceiacy tests in agar prostate phantoms
showed that the mean error was 2.1 mm and the 8&titm of the biopsy core was
recorded with a mean error of 1.8 mm. In this pape described the mechanical design

and validation of the prototype system usingirawitro prostate phantom. Preliminary

www.manaraa.com



17

results from an ongoing clinical trial show thatplane prostate motion is small with an

in-plane displacement of less than 1 mm duringbibpsy procedure.

1.6.2 Chapter 3: A Compact Mechatronic System for 3D Guided
Prostate Interventions
Ultrasound imaging has improved the treatment okfate cancer (PCa) by producing
increasingly higher quality images and influenceoghisticated targeting procedures for
the insertion of radioactive seeds during brachygbye However, it is critical that the
needles be placed accurately within the prostatdetiver the therapy to the planned
location and avoid damaging surrounding tissues.e Ndve developed a compact
mechatronic system, as well as an effective metloodguiding and controlling the
insertion of transperineal needles into the prestathis system has been designed to
allow guidance of a needle obliquely in 3D spade the prostate thereby reducing pubic
arch interference. Choice of needle trajectorylacdtion in the prostate can be adjusted

manually or with computer control.

To validate our system, a series of experimentevparformed on phantoms.
The 3D scan of the string phantom produced minigeaimetric error, which was less
than 0.4 mm. Needle guidance accuracy tests in@gatate phantoms showed that the
mean error of bead placement was less than 1.6 lomg parallel needle paths that were
within 1.2 mm of the intended target and 1° frora gheplanned trajectory. At oblique
angles of up to 15° relative to the probe axisgdbewere placed to within 3.0 mm along a
trajectory that was within 2.0 mm of the targethwan angular error less than 2°.
By combining 3D TRUS imaging system to a needlekirey linkage, this system should
improve the physician's ability to target and aately guide a needle to selected targets
without the need for the computer to directly maitape and insert the needle. This
would be beneficial as the physician has completdrol of the system and can safely
maneuver the needle guide around obstacles likequgly placed needles.
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1.6.3  Chapter 4: Micro-CT Geometric Accuracy Phantom for
Improved Fiducial Localization in Image-Guided Needle
Positioning Systems

In this paper, a compact quality assurance pharmjoatified to a traceable standard is

presented for routine evaluation of the geometcicueacy of micro-CT scanners. An

automated algorithm is described that processesorii® images of the phantom to
characterize the geometric accuracy of the scaandrcalculate correction factors to
reduce the geometric error of the images. The toharand algorithm are used to
evaluate the geometric accuracy of five micro-Cansers representing four different
models of micro-CT systems. The calculated cowactactors are then applied to
measurements of fiducial markers in each of the §ganners to evaluate their ability to
improve fiducial localization. The techniques deped in this study allow the micro-

CT end user to guarantee the highest level of gaanielelity in images. This ability is

crucial for applications such as mechatronic nepdktioning systems, which cannot be

successful without high geometric accuracy.

In all three of the scanners, the geometric erras \minimal, and statistically
significant correction factors were derived; in mapplications, these corrections would
be practically negligible. In some applicationgythcould be important, and stable,
traceable corrections factors are possible inha#e axis. Each of these three scanners
was found to have sub-voxel accuracy in localizatid bead centroids. In two of the
scanners tested, or 40% of the total, a correctgédenetric inaccuracy was detected in
the image. The error was found to be anisotropimature and required different
correction values for the in-plane and out-of-plalivections. However, application of
correction factor allowed these two scanners toezehsub-voxel accuracies. Use of a
calibration phantom should therefore be considéedny application that demands high
geometric fidelity in images. The geometric errdesected within micro-CT images by
this study are not immediately obvious but couldsbgous in an application (such as a
micro-CT guided small animal interventions) thatymequire targeting accuracies < 200
pm. The calibration phantom is an easily impleradrassurance to micro-CT end users
of the geometric fidelity of their images.
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1.6.4 Chapter 5: 3D Image-Guided Robotic Needle Positioning
System for Small Animal Interventions
This paper presents the design of a micro-CT guigetll animal robotic needle
positioning system. In order to simplify the roloalesign and maintain a small targeting
error, a novel implementation of the RCM is usedha system. The system has been
developed with the objective of achieving a meagedang error of < 200 um while
maintaining a high degree of user friendliness.e Tdbot is compact enough to operate
within the micro-CT bore. Small animals can be geth and the intervention performed
without the need to transport the animal from omekapace to another. Not requiring
transport of the animal reduces opportunities frgets to shift from their localized
position in the image and simplifies the workflohimterventions. An improved method
of needle calibration is also presented that beftaracterizes the calibration using the
position of the needle tip in photographs rathantthe needle axis. A calibration fixture
was also introduced, which dramatically reduces tthee requirements of calibration
while maintaining calibration accuracy. Two regaibn modes have been developed to
correspond the robot coordinate system with therdtoate system of the micro-CT
scanner. The two registration modes offer a balanetween the time required to
complete a registration and the overall registrafiocuracy. The development of slow
high accuracy and fast low accuracy registratiom@soprovides users with a degree of
flexibility in selecting a registration mode besited for their application. The errors of
the high accuracy primary registration were fiducggistration error (FREman=21 + 6
pm) and target registration error (TRBay=31 + 12 um). The error in the low accuracy
combined registration was TREbined139 = 63 um. Both registration modes are
therefore suitable for small-animal needle inteti@1s. The targeting accuracy of the
robotic system was then characterized using targetkperiments in tissue-mimicking
gelatin phantoms. The results of the targetingeerpents were combined with the
known calibration and needle deflection errorsrimvgle a more meaningful measure of
the needle positioning accuracy of the system. ddmbined targeting errors of the
system were 149 + 41 um and 218 + 38 um usingriheapy and combined registrations
respectively. Finally, pilotn vivo experiments were completed to demonstrate the

performance of the system in a biomedical applcati
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Chapter 2
2  Mechanically Assisted 3D Ultrasound Guided Prostate
Biopsy System
2.1 Introduction

Digital rectal exams and prostate-specific antig®8A) blood tests are common
screening tests for prostate cancer (PCa) in asymgitc men. Combined with the
public’s increased awareness of PCa and PSA teshiegproportion of men diagnosed
with early stage prostate cancer has increasedVhen diagnosed at an early stage, the
disease is treatabfe? and even at later stages, treatment can be efectiowever, if a
tumour has extended beyond the prostate, the fisletastases increases significantly.

The definitive diagnosis of PCa requires histatagiassessment of tissue cores
drawn from the prostate during a biopsy procedurbe physician uses a conventional
2D transrectal ultrasound (TRUS) probe to guiderteedle into the prostate. Biopsies
are commonly performed with an 18-gauge needle meouon a spring-loaded biopsy
“gun”. This gun is connected to an “end-firing” 2ZRUS probe by a guide that forces
the needle to stay in the imaging plane so it vgagb visible in the US image. The
TRUS probe is held by the physician and inserteéd the patient’s rectum in order to
image the prostate through the rectal wall (Fig2r®). Typically, an average of 10
biopsy cores is obtained in a single biopsy prooed&ach core is separately identified
as to its location within the prostate so thatghthologist can report the extent and grade

of cancer.

While the TRUS-guided prostate biopsy has beconmmramonly performed
urological procedure, it is not without limitationdany patients’ initial biopsy will be
negative for PCa; however, because the sensitfithe procedure is poor, PCa cannot
be ruled out in these patients. Physicians ctlyréry to obtain occult cancer samples
by taking biopsies from predetermined regions effilostate that have a high probability
of harboring cancer. Not only is the volume of biepsy sample small but the presence

of PCa is also often multi-focal, involving onlysaall part of the prostate in the early
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stages of the disea®€. As a result, a patient may be informed of a riegatiopsy result
but in fact may be harboring an occult early stagecer. The management of these
patients, in addition to patients diagnosed witHyestage disease, is currently a major

challenge.

Prostate

Bladder

Urethra

Needle D

Figure 2.1: Schematic drawing of a biopsy procedure illustrdies a forward viewing probe captures
images of the prostate and nearby organs (bladutbiueethra). The needle guide constrains the peedl

path to stay in the imaging plane of the TRUS predé is always visible in the US image.

Since a negative result does not preclude theillitssof a missed cancef,
patients undergo repeat biopsies when indicatedibigzal suspicion and in cases when a
positive biopsy for cancer would have therapeubosequences. Since there are an
appreciable number of men with false-negative byopko, in fact, harbor curable PCa,
the physician is faced with a difficult challeng&ometimes these patients are imaged
with other modalities and undergo a second or evirird biopsy, in which the physician

tries to avoid the location of the first negativegdsy.
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Various reports have shown that the detection cdt®Ca for repeat biopsy
procedures range from 10% to 25% (after initialpsyp results were shown to be
negative)* ' Because PCa is present in at least a tenth toagey of patients who
have undergone an initial negative biopsy, currdmpsy procedures are still
suboptimal ** 12 If an initial biopsy fails to detect cancer, heWould a repeat biopsy
be directed? Should the repeat (and initial) biopsylesion-directed, random, or based

on the details of the patient’s anatoreyg(, prostate regions, volume, shagely®?

Another important challenge facing physicians ienndiagnosed on biopsy to
have pre-malignant lesions,e. high-grade prostatic intraepithelial neoplasiad a
particularly atypical small acinar proliferation $AP)!* These are challenging to
manage as there is a 40-50% chance of finding camceepeat biopsy with ASAP.
Since co-existing cancer might be present, espgaath ASAP, where the pathologist
finds only a small amount of histological “atypiatit not enough material to confidently
diagnose cancer, these patients require a repepsybisoon after the first. In these
situations, it is vital to re-biopsy the same dfeaCurrently, 2D US provides only a
vague location of the abnormal findings, and ma$ possible to be certain that the same

area has been sampled by the repeat biopsy.

Due to the increasing number of younger men witemptially early and curable
PCa undergoing repeated prostate biopsy, it is itapbnot to re-biopsy the same area if
the original biopsy was negative, and it is pattidy vital to re-biopsy the exact area if a
possible abnormal area was detected on first bibhSy Thus, the locations of the cores
obtained in 3D from the prostate must be known @ately to help guide the physician
during the repeat biop8y/'” to help in correlating any imaging evidence of thgease,

and to provide improved planning for any subseqtiegriapy.

As there is a clinical need for a prostate bioggstem allowing recording of the
core locations, and guiding tools to allow samplofgspecific targets in 3D, special
purpose TRUS biopsy systems have emerged in thicetpéace. Envisoneering Medical
Technologies (St. Louis, MO) has developed a sydt@ahuses a stationary endorectal

ultrasound probe for biopsy. The Voluson prostatgsy system (General Electric) is a

www.manaraa.com



27

3D handheld US imaging system that allows for teaé imaging of the prostate.
Several groups have reported using 3D prostatersgsin both phantom and patient
studies'®?! These studies have shown an improvement in thitigred and diagnostic
accuracy of the proceduf&’ However, there is still a group of patients wiltrasound
occult cancer§® As a result, the use of real-time 3D US probdfemifrom the same

problems as 2D probéS.

MRI imaging using high resolution T2 weighted irragand MRI spectroscopy
are promising methods that can improve the deteatib prostate cancéf. Several
groups have proposed and developed a number afit@dtsolutions that use CT or MRI
for prostate biops$§*2° Fichtinger et al. integrated CT with a side-fififiRUS system to
guide the needle to a preplanned target using @timarm’® MRI has also been used to
identify potential malignant tumors while a robotlevice has been used to guide the
biopsy needlé** The DaVinci robot (Intuitive Surgical Inc., Sunmje, CA) has been
used extensively for prostate surgery, and can ladsadapted to guide a biopsy needle.
However, these solutions require physicians to@E&> MRI,** % or specially modified
biopsy systems, which are costly. As well, the kilow for each of the new designs
differs significantly from current biopsy protocplsequiring physicians to retrain.
Furthermore, since there are more than one miliimpsies performed each yé&arit
would be beneficial to develop a biopsy system thidizes ultrasound equipment
currently in use for the procedure. Also, the 068D US coupled to a mechanical
navigation system has the potential to providepaoducible record and allow for image
fusion with other imaging modalities like MRI, assng the physician in planning a
repeat biopsy. This system can potentially elin@naost of the user variability of
conventional non-fixed hand-held probes that rentem unsuitable for precision

biopsy, while preserving some of the user famifyari

In this paper, we describe the development artchtesf a mechanically assisted
3D TRUS prostate biopsy system, which addressedirth@tions of current prostate
biopsy procedures and also minimizes adoption aodtphysician retraining. We also

report briefly on the initial clinical use of thsystem for prostate biopsy.
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2.2 System Design

Our 3D TRUS system is an integrated 3D workstatath mechanical guidance system
and software tools to record the core locationsgande the needle to its target. It allows
real-time tracking and recording of the 3D positaond orientation of the biopsy needle
as the physician manipulates the US transducee system uses (1) passive mechanical
components for guiding, tracking, and stabilizinge tposition of a commercially
available end-firing transrectal US transducer, g@jtware components for acquiring,
storing, and reconstructing (in real time) a seae2D US images into a 3D US image,
and (3) software that displays a model of the 3Bnecto guide and record the biopsy
core locations in 3D.

2.2.1 Mechanical Tracking System

The mechanical assembly consists of a passivedegree-of-freedom tracking device,
an adaptable transducer cradle and a hydraulicosugpigure 2.2). The transducer
cradle mechanically locks and fastens a commeyciallailable end-firing TRUS
transducer. The tracking device and transducedlerare secured by the hydraulic
support, which stabilizes the mechanical assembijevihe physician performs a biopsy.
When the TRUS probe is maneuvered, the softwareradscthe 3D position and

orientation of the transducer tip via absolute elecs as described below.

The end-firing TRUS transducer (with the biopsyedie guide in place) is
mounted to the mechanical tracking mechanism wtier&JS probe is free to rotate and
slide along its long axis (Figure 2.3, wrist joimutis of rotation: g). This allows the
physician to insert the TRUS transducer throughptitéeent’s rectum to view the prostate
and to rotate the TRUS transducer to acquire an3aye. The tracking linkage contains
angle-sensing encoders (Figure 2.3) mounted to jeawhto transmit the angle between
the arms to the computer. This encoder arrangemaows for the continuous
computation of the position of the transducer needuide as the transducer is

manipulated in the rectum.
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Spring loaded
Counterbalance

>

Tracking ———

Mechanism k . /
Base
Hydraulic
TRUS ; Stabilizer

Transducer

Needle Guide

Figure 2.2: Photograph of the tacking system to be used fotUSDguided prostate biopsy. The system is
mounted at the base to a hydraulic actuated stabiivhile the linkage allows the TRUS transducebéeo
manually manipulated about a RCM, to which the eewnf the probe tip is aligned. The spring loaded
counterbalance was designed to fully support thighteof the system throughout its full range of ot
about the RCM.

The mechanical tracking device is a spherical lggkassembly that consists of
three links and three hinged connections. The @ixesach hinged connection converges
to a common point to produce a remote center ofianotRCM)?”?° The base link
(Figure 2.3, k) defines the reference axis of the proposed coatdisystem and is fixed
to a multi-jointed stabilizer (Figure 2.33)Lthat attaches to a cart. The angle between
each hinged connection in the mechanism definessitee and shape of the operating
envelope of the kinematics frame, which allows tiwo degrees of rotation (pitch and
yaw) about the RCM.
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Differential
L Gearing
_—— Mechanism

Figure 2.3: A front perspective view of the mechanical trackeijch in turn is attached to a multi-jointed
stabilizer at L. The RCM is at the intersection of the primarycaselary and tertiary axes. The encoders
mounted at the pivot J is used to measure theivelahgles between the two successive linksutd Ls.
The encoder at pivot dneasures the angle betweenand L,. The differential gearing mechanism, which
is coupled to the tracking linkage, decouples the DOF provided by the cylindrical joing $upporting
the shaft, which in turn is mounted to the transdwradle. These two degrees of mobility represiemt
probe penetration and angular orientation abouoitgitudinal axis respectively. Two additional eders,
mounted onto the wrist jointg,Jare required to measure the angle and depth redtgion of the probe

through the differential gear train.

The linkage assembly supports the TRUS transdilnceugh the distant pinned
connection (Figure 2.3, wrist joint axis;) buch that the long axis of the probe passes
through its RCM. Therefore, the angular positibnhe axis of the probe relative to the
base is determined by measuring the angle betweensticcessive joint axes. Two
encoders mounted at the pivots (shoulder joint: akiand elbow joint axis:,) are used
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to measure the relative angles between the twoesane linkages (Figure 2.3, linkg L

and Lp) and between the link;land stabilizer respectively.

The probe is supported through the revolute axia bleeve and pivots and slides
freely along the axis of the revolute joint (Fig@@, wrist joint axiss). This compound
joint gives the tracking mechanism an additionad #OF where the probe penetration
and relative rotation angle to the supporting fraane defined. As illustrated in Figure
2.3, the differential gearing mechanism, which eaigled to the tracking mechanism,
decouples the motion through the compound jointhest two degrees of mobility
represent the probe penetration and angular otientabout its long axis (i.e. roll angle)

respectively.

2.2.1.1  Forward Kinematics Equations of Motion

The unit vector’ defines the 3D orientation of the TRUS tip in gpde coordinates
relative to its fulcrum (O) (Figure 2.4):

X cos@sing
r=|y|=]|sindsing
z cosp | 1]

In this description, the position of the probeftq:.f (@, ©) is specified by the angle
@, the angle long axis of the probe makes with Haig, and the angl@, which is the

orientation of the TRUS transducer in the x-y planeThe relationship between the

tracker coordinate systetﬁpf (e, 8) and the reference frame defined by the encoders
connected at each of the hinged connections istifited in Figure 2.4. The tracker arm
configuration measured by the encoders is defiryetthd spherical triangle (ABC), and is
linked to the global reference frame by the splaétitangle (APC).

www.manaraa.com



32

Figure 2.4: Diagram illustrating the relationship between thecker linkage orientations relative to the

global Cartesian reference frame. The angle betwejoints A and B in link 1L (<AOB) isn/4. Likewise,

the angle between the joints B and C connectiofighkrL3 (<BOC) is alsat/4.

The forward kinematics equations of motion for dpen-chain linkage (Egs. 2a,

2b and 2c) were derived by applying the Napier @giak to spherical triangle APC

(Figure 2.4Y®

tan% (6+a)= cos% ((/l - E) sect (l// + gj cot=¢

2)7°72 2 (2]
1 —sintlw - eset(w + 7 \cotx
tanz(e—a)—smz[w 2}0502[w+ chotzi -
tan= ¢ = tan— [1/1 - I—Tjsin(é’ +a)codf-a)
2 2" 72 2]
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This defines spherical coordinates of the vedtof (@, ©) in terms of the geometric

configuration of the linkage anglesand( (see Figure 2.4).

Equations 3a and 3b, which define the configuratibthe linkage in terms of the
angles measured by the encoders at the shouldeelaod joints respectively, were

derived by solving the right spherical triangle @B

tanlt// =cosé
2 [3a]
1 1

cot—y = —tany
2" W2 [3b]

The position of each arm (AB and BC in Figure dm}he linkage was determined by
measuring the spherical angles at each of the ginoeplings A and B respectively. The
encoder mounted at A measures the angte {) between kL and the x-z plane, and the
encoder mounted at B measures the apbktween the two arms {land L;). Equation

(3b) is needed to decouple the values &rafid §), required to solve equations (2a-c).

2.2.2  Software for Acquiring and Reconstructing 3D US Images

Before the physician acquires a 3D image of thetate, the tracking arm is locked into
place to prevent the TRUS probe from changing itishpyaw and depth of penetration
while the probe is rotated. As the physician egtathe transducer manually about its
long axis (Figure 2.3, wrist joint axisz)Xo acquire a 3D scan composed of 200 images
in one-degree increments, the 2D US images fronUtBenachine are digitized using a
frame grabber, and reconstructed into a 3D infAg&he last 20 images in the overlap
region (from 180° to 200° and 0° to 20° of transdwotation) are merged by averaging
the duplicate images to remove any slight discaiitiizs that may arise from image fag
or small patient motion. Our software has a gregdhsoftware interface to provide
information to the physician on the proper rotasilospeed. The software interface
provides a visual queue to indicate if the rotatias too rapid and the 2D US image was
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not acquired properly. Once the 3D TRUS imageldeen acquired, the software then

displays the image in a cube view (Figure 3%).

Bladder

~ Boundary| J

Bladder
e ? i

T

Figure 2.5: Axial (top left), sagittal (top right) and corongkws (bottom right) of the 3D TRUS image of
a patient’s prostate. The coronal view of the @t@sis not possible using the current 2D TRUS hjops
procedure. The image in the bottom left shows ihe Video stream from the US machine. The image
within the green bounding box was digitized by anfe grabber as the physician rotated the TRUS
transducer and then reconstructed into the 3D insgevn in the other three windows. The bladder
(hypoechoic region anterior to the prostate bouy)dand urethra are visible within the axial andigal

views.

A model of the prostate is then generated fron3tbemage by a semi-automatic
3D segmentation algorithm developed in our laboyatand described in detail

elsewheré! *> The segmentation algorithm requires that the ioays selects four points
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around the boundary of a 2D prostate cross-sectibme algorithm then segments the
prostate by fitting a dynamic deformable contounmtatch the boundary of the prostate.
The contour is then used in the adjacent slice tmmgplate and deformed around the
prostate boundary; the result is propagated thrd@gli and refined for each succeeding
image slice’? After the software reconstructs the image andribeel, the physician can
slice through the 3D TRUS image to select targep$y locations. If the procedure is a
re-biopsy, then previous biopsy locations can leeved for planning (see Figure 2.6.)

Prostate ____ Biopsy
Core

———————— _ Needle
Axis

TRUS

_ Prostate
Model

Biopsy
Core

Targeting Nonds
Ring ‘- i

_ Prostate
Model

Figure 2.6: For rebiopsy, the patient’s prostate can be vieteeshow the previous biopsy plan (top left).
In addition, the physician can also evaluate tlgésteation by comparing the previously segmentexsiate
boundary (red line) with the currently segmentedratary (green line, bottom left corner). The cotona
view of the patient’s prostate with the segmentedniglary and circlesepresentinghe location of the

previous biopsy cores (top and bottom right). TBel@cations of the biopsy core are displayed witthie
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3D prostate models. The targeting ring in the bott@ht window shows all the possible needle patias
intersect the selected target by rotating the TRb@&ut its long axis.

2.2.3  Software Components for 3D Tracking and Recording

Prostate
— Model

Bladder US Image -
Plane

__TRUS

Prostate
Needle — Model

Bladder - T Ads O\
»
, | Targeting
Ring

: \ Biopsy

Target

Figure 2.7: The 3D biopsy system interface is composed of feuadows: (top left) the 3D TRUS image
dynamically sliced to match the real-time TRUS m@D orientation, (bottom left) the live 2D TRUS
video stream, (right side) and the 3D locationtaf targets displayed within the 3D prostate modete
targeting ring in the bottom right window shows thké possible needle paths that intersect the gamephd
target by rotating the TRUS about its long axisisTdllows the physician to maneuver the TRUS to the
target (highlighted by the red dot) in the shorfgss$sible distance. The biopsy needle (arrow) siblé
within the real-time 2D TRUS image. The bladder pbgchoic region anterior to prostate) and
calcifications within the prostate (arrow headjyislirate anatomical correspondence between theimneszl-

and static 3D image.
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Once the 3D image scanning and biopsy plan are leteaphe system displays a
3D needle guidance interface to facilitate the esysitic targeting of each biopsy
location. Throughout the biopsy procedure, the @&ation and orientation of the TRUS
transducer is tracked and displayed in real tireggure 2.7 shows the biopsy interface,
which is composed of 4 windows: the 2D TRUS vidgeam, the 3D TRUS image, and
two 3D model views. The 2D TRUS window (bottomt)edisplays the real-time 2D
TRUS image streamed from the ultrasound machine. 3 TRUS window (top left)
contains the 3D TRUS image sliced in real time dorespond to the orientation and
position of the TRUS probe. This correspondent@nal the physician to compare the
static 3D image with the real-time 2D image. Hyathe two 3D targeting windows
show (i) the coronal and perspective views of tBeBostate model, (ii) the real-time
position of the 2D TRUS image plane, (iii) and thgected path of the biopsy needle as
defined by the biopsy guide.

The targeting windows aid the physician in guidihg needle to each preplanned
target. The targeting circle on the screen (Fiy6.and 2.7) illustrates all accessible
needle trajectories by rotating the US probe aliedbng axis. This shows the physician

the shortest distance to each preplanned target.

2.3 System Validation Methods

We used an HDI 3500 US system and C9-5 (9-5 MHzUSRrobe (Philips Medical
Systems, Seattle, WA) in the following experimenihe resolution of the Philips scan
head was determined experimentally by measuringlids@eter of a wire (full width at
half maximum) within a preset focal zone 3 cm deep bath of distilled water and 7%
glycerol by weight, giving a speed of sound of 1543 at a temperature of 20°C. The

axial, lateral and elevational resolutions were 1.2 and 2.5mm respectively.

2.3.1 Geometric Reconstruction

The accuracy of 3D geometric reconstruction of TRUS image based on

manual rotation of the transducer was verified gisinstring phanton which was
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immersed in a bath of distilled water and 7% glgt€éby weight). The string phantom
consists of four layers of orthogonally intersegtimonofilament nylon string with a
diameter of 0.10 mm, which are anchored to thessalea brass frame of the following
dimensions: 12.2 cm (length) by 12.2 cm (width)3§ cm (height). The intersections
of the strings and each of the layers are spacadri(apart, and each layer is offset by

2.5 mm so that upper layers of strings do not siatie subsequent layers.

The tracking apparatus was positioned with thetifhe TRUS transducer placed
below the surface of the glycerol solution. Thensducer was then manually rotated
200° around its long axis (z-direction) to acquar8D US image of the string phantom.
Using this 3D image, the spacing between the snimgs measured in the three principal
views {(x,y), (x,z), and (y,z)}. The measuremeifds each plane were then repeated
fifteen times, and the mean, standard deviatiod, tae standard error fakx, Ay, Az

were then determined.

2.3.2 3D Segmentation

A certified Ultrasound Calibration Phantom, whick constructed of Zerdine®,
(Computerized Imaging Reference Systems Inc, Nioridirginia) was used to assess the
accuracy of volumetric measurements. The phantachan embedded 21.5 tragg-
shaped object 1 cm below the surface of the phandonulating the location and size of

a small-to-medium sized prostate.

To verify the 3D segmentation accuracy of our eystthe reconstructed volume
of the embedded egg-shaped object was compardwhtmt its known volume. A 3D
TRUS image of the phantom was acquired and the -aatbmated segmentation
algorithm was used to generate a 3D model of thieediasled object. The volume of the
segmented model was then compared to the certiieome of the object to quantify the
volume measurement error of the 3D segmentatiohe ghantom was independently
scanned 15 times and each object was semi-aut@iyasegmented using the software
described in section 2.2 to calculate mean anddatdndeviation values for the volume
error. The volume error ¥°(V, V') was defined as the percentage difference between
the reconstructed volume, V, and the known volufrta@ scanned object’V
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error Vv * [4]

To determine the impact the semi-automated segtentalgorithm has on the
volume error, the following volume metrics were dige compare the reconstructed
volume to a manually segmented volume as a gotalatd®* The sensitivity S(V, V")
was used to determine the portion of the recondugolume, V, that intersects the

manually segmented volumée™$,:

: V ﬂv man
\/ man . [58.]

S

The difference D(V, V2" was used to measure the proportion of the segrdemiumes
that is not correctly overlapped:

_ V UV man _V ﬂv man
Vman . [5b]

D

2.3.3  Mock Biopsy on Prostate Phantoms

Mock biopsy procedures were performed on an agsedéssue-mimicking phantom to
guantify the accuracy of the 3D TRUS system fodmg biopsies and recording the 3D
location of the biopsy core. The agar phantom isted of an agar-based prostate
modef® embedded in surrounding background &§al> The background and prostate
model were constructed by adding 7% by mass ofegbJcsolution with agar powder to
produce a speed of sound similar to that of hurissueé (1540 m/sf The mould of the
prostate model was generated from segmented 3Deimiag human prostate (volume =
21.5 cm). The background material contained cellulose%41By weight) to create
acoustic backscattering in US, making the surraumdegion appear bright relative to
the prostate. Tungsten powder (1% by weight) wdded to the prostate model to
increase the X-ray attenuation within the prostateking it visible in the CT image.
Finally, stainless steel ball bearings of 1 mm ditan were placed in a geodesic

configuration within the background material, surding the prostate model. These
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ball bearings served as fiducials for coordinagisteation between the 3D TRUS and

CT images.

Six independent mock biopsies were performed wva firostate phantoms for a
total of 30 cores, using the 3D TRUS biopsy systé.start the procedure, the tracking
apparatus was positioned with the tip of the TRBgducer contacting the surface of
the agar phantom and aligned with the center optbstate gland immediately adjacent
to its posterior aspect. A 3D TRUS image of thespate was then acquired (and
reconstructed) by manual 200° rotation of the TRi&be about its long axis and was
reconstructed in a cartesian reference frame vatimetric voxel dimensions (0.194
mm°). A semi-automated segmentation was then usgdrterate a 3D segmented model
of the prostaté®3% **A traditional sextant biopsy plan was followedttweontralateral
biopsy targets placed at the base, mid-gland, qmeck af the prostate. A systematic
biopsy of each target was performed and the logaifoeach biopsy core was recorded

within the 3D system (e.g. Figure 2.7).

The agar phantom was imaged, post-biopsy, in aploeX Locus Ultra Pre-
Clinical CT scanner (GE Healthcare, London, ON),iclhis used for small animal
micro-imaging. The high resolution CT image (isoricevoxel dimensions of 0.15 nibn
served as the gold standard for the true locatfa@aoh biopsy core. In the CT image, a
biopsy core was evident as an air track left frominsertion of the 18-gauge needle into
the agar phantom. The location of a biopsy cors wsracted from a CT image by
selecting multiple points along the center of tivetrack, from the base to the tip. A
linear regression of the points was used to degfiee3D trajectory of the needle, and the
location of the 19 mm biopsy core was defined netato the tip of the air track. The
centers of the 1 mm fiducial markers surrounding pnostate were manually selected

from corresponding CT and 3D TRUS images to costegithe two coordinate systems.

2.3.3.1 Biopsy System Errors

The 3D biopsy system was evaluated for its abititya) guide a biopsy needle to a 3D
target and (b) record the location of the biopsyecmm 3D following the methods
described by Cool et &f. The process of directing a biopsy needle towamtget using
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the 3D TRUS system has human, machine, and tissiter$ as all potential sources of
error. The needle guidance errbiGE measured the mean complete error associated
with a user guiding the biopsy needle to predefitaedgets. This error was quantified for
all biopsy sitesn as the perpendicular distance betweeri'thtarget locationd) and the

corresponding “true” biopsy core identified in BB CT image §°"):

Zinle(a" ' bCT)

N ) [6]

NGE=

whereD( ) is a function measuring the 3D minimum distabeéveen a 3D target point,
a, and a 3D biopsy core line segmént|. NGEis composed of two quantifiable errors:
one related to human guidance erddGHE, and the other related to the needle trajectory
error, NTE ConceptuallyNGHE represents the ability of the user to align thepby
target within the center of the expected needlé péithe biopsy systemNGHE was
measured by comparing the 3D Euclidean distancedaet the biopsy targets, and the
expected path of the biopsy neeglewithin the 2D TRUS image:

NGHE: Zi:1|:i B p|

[7]

It should be noted that the preplanned biops\etarg, were virtual targets, fixed
within the 3D TRUS system tracking space, not wittiie real 3D world. Therefore,
both the targeta;, and the expected needle path,were within the same 3D tracking
space andNGHE was only influenced by human errors and not byrerin the 3D
system, such as positional tracking error, inadeusgstem calibration, poor 3D TRUS

image to world correspondence, etc.

Needle trajectory erroNTE, was calculated to determine how well the biopsy
needle traveled along the expected biopsy needib, pa defined by the TRUS
manufacturer.NTE was measured within the 2D TRUS image plane anthetkfas the
minimum distance between the actual needle trajgctB~"> and the expected needle

trajectory,p; :
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>..0(p.A™)
n . 8]

NTE=

The accuracy of the biopsy system to record biausg locations in 3D (Biopsy
Localization Error orBLE) was quantified using three metrid®®LE™", BLE®™®" and
BLE’. BLE™" is defined as the minimum distance between thee*tbiopsy core from
CT, b°", and the record 3D TRUS biopsy cdsg"">

z in:l D (qCT ’ bTRUS)
n , [9]

BLE™ =

whereD() measures the minimum distance between two iBPsly core line segments.

BLE’ is the angle between the cores when projectedpbane perpendicular BLE™

BLEY =

z in:l el ( qCT ’ bTRUS)
n : [10]

whereé(u,v) is the function that calculates the minimum arigdéween vectora andv.

BLE*"®'is the center-to-center distance between correpgtiopsy cores:

qCT (0.5)- bTRUS(O.S}
n ! [11]

BLEcenter - Zin=1

whereb(0.5) represents the center point of the 19 mmgyi@oreb.

2.3.4 Clinical Evaluation

The 3D biopsy system was tested clinically on thpagents to determine the extent of
prostate motion and deformation, and the systemjsact on workflow. All subjects
provided written consent to the study protocol appd by The University of Western
Ontario Standing Board on Human Ethics prior togmg. The workflow of the current
2D standard procedure was maintained with the adddf a 10-second 3D US scan at
the start and end of the procedure. Anatomicalrt@arks such as the prostate boundary

or calcifications within the patient’s prostate wersed for qualitative comparison of the
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real-time 2D TRUS image with the 3D TRUS image dentify correspondence issues

resulting from prostate deformation, patient mowornracking inaccuracies.

An in-plane quantitative assessment of prostatéiomoand deformation was
evaluated by measuring the distance between aatidns found in the 2D slices of a 3D
TRUS image, which is generated at the start ofpiteeedure to the real-time 2D US
images obtained at a later time. We defined thplane displacement as the absolute
distance between the true location of the landnaaudk its location within the initial 3D

image.

2.4 Results

2.4.1 Geometric Reconstruction

A 3D TRUS image of the string phantom was succdgsteconstructed without

significant visible discontinuity or probe alignmeartifacts. Table 2.1 show the
distances between the strings within the phantommsomed in the three orthogonal views
{x, y), (X, 2), (y, 2)}. The distance measuredaach plane overestimated the known

manufactured inter-string distance, with measurear varying from 3.1% to 4.0%.

Table 2.1: Results from the 3D geometric reconstruction expent illustrating the mean distance between

the strings, the measurement error g)-standard deviation (STD), and the number cd gatnts (n).

Y-Z Plane X-Z Plane X-Y Plane
y z X z X y
Mean 10.38 10.65 10.40 10.62 10.37 10.38
|u-to| (mm) 0.38 0.35 0.40 0.32 0.37 0.38
Error (%) 3.80 3.40 4.00 3.11 3.70 3.80
STD (mm) 0.11 0.14 0.13 0.14 0.14 0.12
n 45 45 45 45 45 45
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2.4.2 3D Segmentation

Table 2.2 shows the results from the scan of thef@m and the segmentations of the
3D object. Multiple 3D TRUS images were succesgfidconstructed from the certified
industrial US phantom. The egg shaped object reBegha prostate was segmented
using both the semi-automatic segmentation algorithith a mean volume error of
4.7%. Furthermore, the reconstructed prostate leanerlapped with the gold standard

volumes with a sensitivity of 95.4%, and differemceor of 7.5%.

Table 2.2: The volume of the segmented model was compareteaértified volume of the object to
qguantify the volume measurement error of the 3Dreagation. The volume error (eq. 4) compares the
difference between the reconstructed volume, V, taedknown volume of the scanned object=21.5
cm®. The following volume metrics were used to comp#re semi-automated segmented volume to a
manually segmented volume. The sensitivity (eq.vég used to determine the portion of the recootgcu
volume, V that intersects the manually segmentddme V™", and the difference (eq. 5b) measured the

proportion of the segmented volumes that is natexthy overlapped:

Volume-based Metrics
Semi-automatic segmented Volume 20.49+0.16
Manually Segmented Volume (¢n | 20.83+0.16
Overlap Volume (cr) 19.88+0.26
Volume Error(%) 4.69
Sensitivity (%) 95.44
Difference(%) 7.50
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2.4.3 Needle Guidance

The quantitative results for 3D biopsy needle gngdaand recording of biopsy cores are
summarized in Table 2.3. Navigation of the biopggdle to each target had a mean
NGE = 2.13 + 1.28 mm. A one-tailed t-test showed tieedle-guidance error was
statistically less than 5mm (p<0.001, B=0.2, n=3@jich is the smallest tumour
considered clinically significarif. Figure 2.8 shows a plot of theGE, which is
decomposed into in- and out-of-plane errors. Téedfe deflection is primarily in-plane
with little out-of-plane error. Human navigationa in directing the probe to the biopsy

a | X Biopsy Cores | b

2D Scatter 2D TRUS
* Plot Plane

Out - of - TRUS - Plane Error {mm)

54

In - TRUS - Plane Error {mm)

Figure 2.8: (a) Scatter plot of the in-TRUS plane vs. out-ofd&Rplane needle guidance errfdiGE The
diagram (b) illustrates the relative orientatiortled TRUS to the target and the scatter plot. Thattar plot

in is a cross-sectional plane, perpendicular to 2fle TRUS image plane, where the plot's x-axis
corresponds the x-axis of the TRUS image (pos#ive negative x values are more lateral and moreained
in the TRUS image, respectively) and the plot'scig-as parallel to the normal of the 2D TRUS image
plane. The origin of the plot is centered on ebh@psy target pointx, with the “true” biopsy core

bi CT

location,b;~", plotted with an “x”. This diagram illustrates tredative orientation of the TRUS.

target, NGHE, had a mean error of 0.54+0.41 mm. Trajectorgreof the biopsy needle
deviating from the expected needle pMiE was 2.08+1.59 mm. Figure 2.9a shows a
comparison of the 3D biopsy cores for an 18-gaweglle. The biopsy cores overlapped
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with each target (white spheres) showing that #edie was successfully guided to each
biopsy target location. Figure 2.9b shows a ga@i& comparison of the 3D biopsy
cores recorded using the 3D TRUS system (blacK) thi¢ gold standard cores (white).
The biopsy cores were accurately localized to 10592 mm BLE™) and with a mean
angulation difference of 6.68+2.23BL(E). The center-to-center distandBLE""®)
between corresponding biopsy cores was largerBh&i", at 3.87+1.81 mm.

Phantom Box /

Prostate
Phantom

Base —= i
-t |=—Apex

Agar Phantom
TRUS

Figure 2.9: (a) Coronal view of the prostate as viewed fromehd of the TRUS probe shows the CT gold
standard biopsy cores (black cylinders) and theesponding biopsy targets (grey dots). (b) The &Enagy
the right shows the coronal view of the prostatedehavith the US biopsy cores recorded within the 3D
biopsy system (black) and the corresponding CT ggilthdard biopsy cores (white). The cylinders
represent the 18-gauge biopsy core tissue sanmiiesdata highlighted in Table 2.3 was used to coost
the phantom images. (c) lllustration of the simedhprostate orientation within the agar phantonh wit
respect to the TRUS probe.
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Table 2.3: 3D biopsy system accuracy based on the biopsyamalysis described in section 2.3.3. Needle

guidance error, NGE (eq. 6), needle guidance huenaom, NGHE (eq. 7), and needle trajectory errofrEN

(eq. 8), all evaluate biopsy targeting accuracye Biopsy localization metrics BI"E, BLE®®*"* and BLF

(see eq. 9-11), indicate the errors in recordirg3D location of the biopsy cores. 95% CI represém

confidence interval of the mean. All of the valum® reported as Mean+STD. The results from the

experiment highlighted in bold are illustrated igure 2.9.

System Accuracy Localization Error Metrics
Experiment NGE NGHE NTE BLE™" BLE®eer BLEY
(mm) (mm) (mm) (mm) (mm) (degrees)
1 3.79+0.86 0.37+0.51 4.41+0.47 1.93#0.75 3.98+1.456582.04
2 0.70£0.32 0.27+£0.12 1.44+0.46 1.08+0.61 3.82+2.5261853.30
3 1.95£0.39 0.19+0.09 1.97+0.59 2.39+0.98 4.07+1.2276%2.01
4 2.21£1.39 0.99+0.08 2.06x1.94 1.20+0.67 4.34+3.1746862.55
5 1.99+0.77 0.90+0.11 0.50+0.41 0.97+0.92 3.13+2.0093#1.20
Mean 2.13+1.28 0.54+0.41 2.08£1.$9.51+0.92 3.87+1.81 6.68+2.23
95% CI 1.7,2.6) (0.4,0.7) (1527 (1.2,1.8Y3.2,45) (5.9,7.9
2.4.4  Clinical Evaluation

Figure 2.5 shows axial, sagittal and coronal vieivshe 3D TRUS image of a
patient’s prostate that were obtained during asyqgmocedure. There were no obvious
discontinuities or artifacts within the 3D image/er in the coronal plane, which lies

perpendicular to the axis of rotation for 3D scagni

Figure 2.10 shows a sequence of images that werired during a sextant
biopsy at the start (top row), mid-point (3rd) g middle row), and at the end (bottom
row) of the procedure. The 2D slice from the 3&tistimage (Figure 2.10, left column)
is shown with the prostate boundary in green. @bteesponding 2D real time video
stream (Figure 2.10, middle column) displays aeatbtiutline of the prostate boundary
from the 3D image. The images in the right colshow the real time 2D TRUS images
after needle insertion (Figure 2.10, white arroWhere is a strong correlation between
the real-time 2D TRUS image (middle column) anddhiginal 3D image (left column)
time point, suggesting that there were no majongba in the prostate at each location

and morphology during the biopsy procedure. Aligntrbetween the initial 3D and real-
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Figure 2.10: A sequence of images captured at the beginningr@iap, midpoint (middle row) and end
(bottom row) of a sextant biopsy procedure. Lefunm: The 2D slice from the 3D static image is show
with the prostate boundary segmented in green. ditede represents the pre-planned target, and the
parallel lines show the estimated location of tiepby core. Center column: The corresponding 2 rea
time video stream displays a dotted outline ofgihestate boundary from the 3D image in the leftoui.

The location of the pre-planned target is highkghby the circle on the 2D image, and the extehthe
biopsy notch (19 mm) are designated by the twozbaotal lines. Spatial correspondence is maintained
even after needle insertion (white arrow) as seeé real time 2D TRUS images (right column). Whit
speckled calcifications within the prostate bougd@mall arrowheads), cysts (large arrowheads)thad
location of the segmented prostate boundary showd gmrrespondence between the real-time (center

column) and static 3D image (left column) throughttie entire procedure.
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time image was maintained throughout the entirecgutare, even after six biopsies
(bottom row). Similar anatomical landmarks (Fig@r&0, calcifications) were visible in

both the 3D and real-time 2D images, indicatingpadycorrelation. The mean in-plane
displacement of calcifications used as anatomicalkers identified in images obtained
within the prostates of 20 patients was 0.74+0.7 (see Table 2.4Y. The measured

in-plane displacements of calcifications as welltlas maintenance of good correlation
between the images in each row suggest that thetgbeodid not move or deform to a

prohibitive extent.

Table 2.4: Mean in-plane displacement of anatomical landmatéstified in three patients participating in
an ongoing clinical trial. The standard deviati®@TD), maximum and minimum displacement, and the

number of landmarks (n) identified in the images @ported.

Displacement
(mm)
Mean 0.74
Maximum 6.78
Minimum 0.03
STD 0.71
n 670

Figure 2.11 shows a case where the patient mowedgithe procedure. The 2D
axial slice from the initial 3D image does not etate well with the 2D TRUS image
from the US machine. The prostate has moved fterariginal scanned position and the

shape of the prostate boundary has also changed.
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Figure 2.11: Comparison of (a) the 2D axial slice of the 3D TRidfage with (b) the real-time 2D TRUS
image captured immediately after the biopsy gun fivas; the needle is still visible in the image the
right (arrow). If the patient moves during the prdare, not only does the prostate move from itgira
scanned position, but also its shape changes. stape boundary next to the TRUS tip is concavhén
2D axial slice, and convex in the real time snapshbe discontinuity in the 3D image highlighted tne
arrowheads was the result of patient motion duair8P scan. The bladder (hypoechoic region antésior

the prostate boundary) and urethra are visibl@ahémage.

2.5 Discussion

Volume calculations from the ultrasound phantomgeweithin five percent of the

certified standard and the shape-based metricsi{sély = 95%, error = 4.7%) show a
high degree of overlap correspondence. Togethdr thie string phantom results they
suggest that geometrical distortion due to manotdtion of the transducer and semi-

automatic segmentation algorithm were not significa

The user was able to use the system to accuiguelg a biopsy needle in vitro to
predefined targets with an average error of 2.1 mirhis error was primarily due to the
large NTE as a result of needle deflection in aastate phantort. In spite of this error,
the targeting accuracy was within the 5 mm radiighe smallest tumours considered

clinically significant (tumour radius less than @15 is considered insignificant).
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From the results of our ongoing patient study,weze able to guide the biopsy
needle to pre-determined targets and maintain progreespondence of our real-time 2D
and 3D images by minimizing prostate motion throwglvariety of mechanical and
software mechanisms. By providing mechanical mearstabilize and support the US
probe, constant pressure between the probe aral vemit was maintained. The remote
fulcrum (located at the anus) further stabilize@ fbressure by minimizing motion
between the RCM and probe tip. Further, constaessure on the prostate was
maintained with the probe tip by simply pivotingoal the RCM. To complement this
mechanical feature, we implemented a visual ripgasentation in the software interface
where the axis of the needle intersects the deptheopre-selected target (Figure 2.5).
This ring provides visual guidance in manipulatargl orienting the probe to the target in
the shortest distance possible, while minimizingtioro of the probe and maintaining
constant pressure on the prostate. The shortdsigpthe minimum yaw and pitch angle
needed to align the needle guide to a predeterntiaggkt. This is accomplished by
rolling the probe and changing the pitch angle lignathe needle axis with the target.
Although minimizing probe motion and its effects e prostate would be preferred, it
is also important the physician avoids the urethnal nearby organs (including the
bladder). This imposes restrictions on the entripgs as it is necessary for the physician

to be able to see sensitive areas so they candigealv

Patient motion on the biopsy table that cannotdrgrolled (see Figure 2.11) or
prostate motion would result in the real-time 2Dage not matching the 2D
corresponding slice from the 3D TRUS image. Thauld provide a visual warning to
the physician that the pre-selected targets aremger valid, requiring the physician to
perform another 3D scan. Prostate motion can beaced by registering the planned
and recorded biopsy locations in the 3D US imagihéocurrent image after the prostate
has moved. Although patient motion during the pthaoe is infrequent, correction for

patient motion errors is a focus of our future work

2.6 Conclusions

By adding 3D information to the prostate biopsygedure, our system should improve

the recording procedure as well as the physiciahiBty to accurately guide the biopsy
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needle to selected targets identified using othesiging modalities. This would be
beneficial in cases where the patient was diagnoedalopsy to have ASAP and requires
the physician to rebiopsy the same area. Usin@Eh@RUS image, the physician was
able to observe the patient’s prostate in viewsetily not possible in 2D procedures.
Overall, our 3D system should result in prostatgpby procedures that are stereotactic
and more reproducible, which may lead to higheceanetection rates and improve the

yield on repeat biopsy

Finally, integration of our system into the cutrgrostate biopsy procedure
requires minimal physician retraining as procedunadrkflow is maintained. By
adhering to the imaging tools and protocols of enirrbiopsy procedures, clinical

integration of our 3D system should be cost effecti
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Chapter 3

3 A Compact Mechatronic System for 3D Guided Prostate
Interventions

3.1 Introduction

There has been an increase of 20% in the numhaenfdiagnosed with prostate cancer
(PCa) in the last decade, and this trend is pregetd continue in the future, due to the

demographic shift towards higher proportions ofeolthen and the increased use of the
prostate-specific antigen (PSA) blood tE%tThe use of the PSA test for early detection
of PCa and the public’'s increased awareness abewtisease have combined to increase
the proportion of PCa diagnosed at an early andmopnfined stage, and in younger

men! ®> Improvements in transrectal ultrasound (TRUS) gimg, computer-aided

dosimetry, and new treatment options have stimdleteestigators to develop minimally

invasive therapies for localized PCa, such as ltaehapy, cryosurgery, high-intensity
focused ultrasound, and laser thermal ablationthodigh transperineal TRUS-guided
brachytherapy is the most advanced because oigitsdose delivery rates and low risk
of incontinence and impotence, intense researohgsing into improved and alternative
forms of minimally invasive prostate therapy. Howe in all these transperineal therapy
techniques, it is critical that the needles be gdaaccurately within the prostate to deliver

the therapy to the planned location and avoid damgagurrounding tissué’s’

A limitation of current TRUS-guided prostate brattterapy involves the use of a
template-based technique, which restricts the place of radioactive seeds within the
prostate. This technique uses a square templaiehwontains a series of holes spaced
5mm apart in a Cartesian grid. Using this templatedles are guided by the grid
parallel to the long axis of the US transducer. wileer, due to the 5 mm spacing
increments between the guidance holes, positioafngeedles during the procedure is
limited. Moreover, the use of this template islpeonatic for patients with enlarged
prostates as a portion of the prostate may be dedllby the pubic arch. With the

interference of the pubic arch, a parallel needseition is inadequate for targeting this
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occluded region of the prostate. As a result,etheay be sub-optimal dose coverage of

the prostaté.

There are an estimated 50,000 prostate brachyth@ragedures performed each
year in the United Statéspf which 17 to 27% of these patients have beeorteg to
have preoperative pubic arch interference (PAIY @&rio 19% of these cases had intra-
operative PAI requiring the physician to alter tpeeplanned needle trajectofy.™*
These estimates could be higher as seed implaataairrecommended for men with
prostates larger than 60&n¥. One method currently used to deal with this fobis
downsizing of the prostate using androgen depowatherapy. Unfortunately, there are
many drawbacks with using hormones, because negatoe effects include sexual
dysfunction, endocrine abnormalities, cardiovascdisease? and increased health care
costs'® To overcome intra-operative PAI, techniques ldeending the lithotomy
position, changing the probe andfegently bending the template guided needle using a
manipulation rulet? or inserting the needle using the freehand tectenisgve shown
succes$® The problem with changing the patient orientatiwrprobe angle is that the
position of the prostate will change with respecthe preoperative image the plan was
created on. Also, by using the manipulation rwderfreehand technique, the needle
becomes decoupled from the image, thus forcingpthesician to visualize the needle
trajectory relative to the anatomy displayed in thege. It would be beneficial to
develop an interactive needle guidance systemhimptocedure while preserving some

of the user familiarity.

As there is a clinical need for an improved prastdterapy system, special
purpose robotic TRUS therapy systems have emergethe literature. Several
researchers have developed robotic systems to yep@rgeting accuracy and needle
coverage of the prostate. Phee e{2006) developed an automated system that delivers
needles through a single entry point on the penmerequiring only two degrees of
rotation about a remote-center-of-motion (RC®).A remote center of motion is a
constrained motion where a portion of the machare anly pivot about a fixed point in
space'® However, the problem with this approach is thaeiting many needles through

a single entry point would result in significanssle damage at the entry point. To
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overcome the issue of using a fixed entry pointsf@a et al. (200%) developed a
robotic system that consists of a five degree-eédlom (DOF) RCM manipulator
supported by an adjustable passive arm (Yousdf,&006)° to position the robot. The
advantage of these two systems is that the rodetices can be manually positioned by
the physician with little training. Fichtinger at (2006) developed a six DOF robotic
arm to control a needle with three degrees of lasiog and three degrees of rotation
about a RCM? Wei et al. (2004) demonstrated that an induss@lal link robot can
also be adapted to the procedtfreThe limitations with these designs is that thaging
system is not directly coupled to the robotic needianipulator, thus requiring an

elaborate calibration procedure before each use.

To eliminate the need to recalibrate the system,efwal. (2007) developed a 16
DOF robotic system to control both the TRUS probé the needl&' which were fixed
to a common base. Hu et al. (2007) also develapeautomated system that is coupled
directly to the US transducé?. This system consists of a three DOF needle jpositi)
gantry, a two DOF US probe, a two DOF needle drieed a one DOF seed pusher.
Unfortunately, these systems are too bulky, androtisthe physician’s view making

them difficult to integrate into a clinical setting

More recently, Salcudean et al. (2008) have deweel@compact four DOF robot
design and needle driving apparatus that can bentedwn a standard brachytherapy
stepper® Other compact robotic designs incorporating sotamd/or linear stages have
also been developed by Hungr et al. (2603nd Meltsner et al. (20677) Fichtinger et
al. (2008) also designed a compact 4 DOF robotigcdefor the TRUS procedure by
coupling the needle to computer controlled x-y ssagising spherical misalignment
bushings® This system was originally developed by Kettembat al. (2005) for US
guided biopsy, and offers an improvement to the earlier protosypBot only are these
robotic manipulators relatively compact, but byirix the robot directly to the TRUS
probe, the system does not need to be recalibtzémte each procedure. However,
since these devices, as well as the other robeticces previously described, cannot be
rear-driven, the physician must rely on the sofevar manual adjustment knobs to

control the system and align the needle with thigetawhile avoiding obstacles like
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previously inserted needles or the TRUS probe.h@gh the inability to rear drive a
system can provide rigidity for needle insertidrthe physician does not have direct
control over the needle placement. Without sudhititraining, it may be difficult to

successfully manipulate the needle positioning akevand this may result in added

complexity to the procedure.

Other groups have developed image guided robostes)s that use GT and
MRI?. Numerous other approaches including needlérdsifl and tappingl have shown
a decrease in prostate motion during needle ilmsertHowever, these designs are non-

standard techniques that require a modified surgicecedure.

Commercial robotic systems like the da Vinci Suagji§ystem for endoscopic
surgical procedures (Intuitive Surgical, Sunnyv@kdifornia), B-Robll designed for CT
interventions (ARC Seibersdorf Research GmbH, VéennAustria), or the
INNOMOTION MRI-compatible device (Innomedic, Henihe & FZK Karlsruhe
Germany & TH Gelsenkir) could also be adapted tolga brachytherapy needle. An
advantage of a commercial system is that theseemgstare FDA/Health Canada
approved, which may reduce the time required tptittaa new procedure. However,
the workflow required to operate these systemseudiffsignificantly from current US
guided brachytherapy protocols, thus requiring phgss to retrain themselves.
Additionally, surgical robotic systems are expeasivwould be beneficial to develop an
affordable solution without monopolizing the useegpensive equipment.

Ideally, any of the previously described robotivides can be used to improve
the needle placement accuracy before insertion eedlice procedure time by
automatically placing the needle in the correcemtation at the patient’s perinedm?
However, since US does not produce any harmfubteh and the risk of exposure from
brachytherapy seed loading devices like the Mickipligator (Mick Radio-Nuclear
Instruments, Inc., Mount Vernon, NY) is not a camget is difficult to justify the use of
an automated needle placement and insertion apgprtadamprove safety or PAI.
Although many robotic devices have been used ssftdBsin a clinical setting, guiding
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a tool within the human body under computer guigacen produce potential hazards if

the robot malfunctions.

Our objective is to develop a mechanical assistedtate therapy system, which
facilitates the physician in performing transpeaingrostate therapy procedures, in which
the needle can be positioned (i.e., readied foertr®1) manually with improved
resolution and flexibility, and the needle insemtioto the prostate is done manually by
the physician. Our approach to the problem diffesen the robotic systems previously
developed in that many of the benefits of a robsygtem (accuracy and improved needle
coverage) can be realized with the option to cdritre needle location and trajectory

(including oblique) manually.

Our system has undergone a number of importangletianges since our first
computercontrolled needle positioning prototyffe. Although the device can be
computer controlled, to deal with the safety issaksising a fully automated robotic
device, we propose this device should be used nigninaa clinical setting. Since the
system is back drivable when the unit is poweredrdave could simply disconnect the
power from the motors (except for the 3D scanningtam) or physically remove the
motors. By doing so, the system becomes a neratiking device with many flexible
degrees of freedom, where the counterbalanceddelkeand attached encoders support
and track the needle position, giving the physitcrensame feel and level of control over
the needle orientation as the free hand technigqueertly used. This will give the
physician the freedom to position a needle at #wrdd location and appropriate angle,

before manually inserting the needle.

By combining the original design with the principté a fixed remote center of
motion (RCM) and the use of 3D transrectal ultrasbTRUS), the physician can
interact directly with the device. Our design ddfesimilar benefits as the design
proposed by Phee et al. (2006) or Bassan et abl9fj2Where the device can be used
manually by the physician, with minimal trainifg}’ The advantage offered with our
system is that the needle entry into the patieskis can be adjusted with two DOF over

the patient’s skin. The ability to adjust the neeehtry point is an important feature as
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this allows the physician to perform both parabeld oblique needle insertions. To
create a mechanically constrained RCM, we combiheddesign concept of a spherical
linkage originally incorporated into our mechanigassisted prostate biopsy sysfém

with our original prototyp® to create a dynamically adjustable system with degrees

of translation in front of the patient’s perineumdawo degrees of rotation about a fixed
point on the patient’'s skin. We used a sphericéalge instead of the goniometric arc
design used by Phee et al. (2066)r parallelogram linkage by Bassan et al. (2609)
because the spherical linkage is more compact aes dot interfere with the physician’s

ability to see the needle entry point on the penne

3.2 System Design

3.2.1 Mechatronic Device

The needle positioning device as illustrated inuFég3.1 comprises of an ultrasound
transducer supported by a cradle and attachednmtarized assembly for 3D image
acquisition, and a linkage to support the neé&d¥. The apparatus fixes the ultrasound
probe to a common shaft from below to which alvermotors, position encoders, and
linkage assembly are mounted. To automaticallytrobtthe needle positioning device,
we used four DC micromotors (MicroMo Electronicse@iwater, Florida) with a
reduction ratio of 139:1, and integrated magneticoder (512 pulses per rev.). The
motors were coupled to the needle positioning aeincseries to an external differential
gear train and slip clutch. The differential géin provided an additional point of
manual adjustment for the physician through an sadjant knob (see Fig 3.1a, motor
body), and the adjustable slip clutch protecteddhee train when the system is rear
driven by the physician. For the 3D scanning motee also used a DC micromotor
(MicroMo Electronics Clearwater, Florida) with altestion ratio of 590:1 and integrated
magnetic encoder (512 pulses per rev.), conneatedries to a slip clutch as a means to

rotate the transducer for acquiring 3D images.
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Needle Release 'Needle-guide
Nee |:|Ia Braka 1
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Figure 3.1: Photograph of the mechanical apparatus showin¢aih®ur motors and (b) four encoders that
drive the linkage. The needle positioning deviceunted below the ultrasound transducer is supgprtin
the needle through a pair of spherical couplingg atompound angle relative to the long axis of the
ultrasound transducer. The transducer is conndoted cradle, which in turn is attached to a motatiz

assembly to rotate the transducer about its lomgyfax 3D ultrasound acquisition.
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The TRUS probe is also mounted onto the centratt shaorder to provide a fixed
reference and to facilitate a one-time calibratofrthe probe to the machine reference
frame. By mounting the linkage and supporting tetescs below the transducer, the
physician’s field of view is not obstructed. Thentral shaft provides a fixed reference
for all movements of the apparatus and can be tsedcure the apparatus to a surgical
table or other operating room fixture (e.g., RTR®®recision Stabilizer from Radiation
Therapy Products, Seattle, WA).

Referring to Figures 3.1a and 3.1b, the mechatrapigaratus comprises of a
telescoping needle guide that supports the nedédteigh a removable needle holder.
The needle holder with an aperture complementathe¢oneedle diameter extends from
the needle guide. The needle holder shown wagmsdito support an 18-gauge needle
for implantation of radioactive seeds during prtestarachytherapy. Since the needle
holder can be removed, other tools or needles eaadapted to the apparatus (e.qg.

cryotherapy needles or a biopsy gun and needle).

The needle guide is supported by two parallelogliakages by means of a pair
of spherical couplings. The RCM of each spheramipling (Figure 3.2, point O) and
attached needle guide () is permitted to telescope between the front @st RCM
points (3 and &). When the first and second parallelograms afereditially moved,
the spherical couplings and telescoping needleegallbw the needle to be adjusted to
any desired angular orientation in space relatvié central shaft (tW") supporting the
needle positioning device. Since the needle gudis is also aligned with each
stationary point, any movement from either paratjehm will result in the needle guide
axis pivoting about the stationary point of the ofipg spherical linkage, thus resulting
in no linear displacement of the intersection psdt (O or OF). A desired angle of
tool insertion can therefore be attained by catoujathe corresponding positions of the
RCM points, which are mechanically constrained ey parallelogram linkages to move
in a plane that is perpendicular to the long axithe supporting shaft. Since the needle
axis (ON) is also angled to the needle guide axis to et the RCM of the front
spherical coupling (D, its motion becomes mechanically decoupled thnotig front

spherical coupling.
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Figure 3.2: A partial rear perspective view of the device ilfating the different components of the
linkage mechanism. The linkage is pinned to a comsimft that serves as the coordinate referenceefra
for the needle positioning device. This mechanisman overconstrained linkage where 13 linkage
components are configured in a manner where thdl@és confined to four DOF about two points in
space. The mechanism consists of two pinned pbrgitkens supporting a needle guide through a pair of
spherical couplings. The needle guide is pinnetthédforward and connected to the rear sphericgbloty

via a telescoping slide.

By aligning the front RCM to the patient’s skinetplanar mobility of the needle
at the patient’s skin is decoupled from the rotaianotion about the RCM and provides
a visual queue to allow the physician to aligntieedle to the target within the image in
two simple steps. First, the physician aligns fle@t RCM on the patient’s skin at the
point of entry by manipulating the front parallelam linkage as shown in Figure 3.3a.
The rear RCM remains fixed while the front paraltgbhm is moved and this changes the
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location of the needle tip, which is aligned to fhent RCM. This gives the physician

the flexibility to change the needle insertion gain the patient’s skin.

% Spherical
\/ Coupling

Counterweights

Spherical
Coupling

Counterweights

Figure 3.3: The device is decoupled through two remote pivantsacreated from the spherical couplings
pinned to each parallelogram. Since the needleegaids is also aligned with each stationary paamty
movement from either parallelogram will result e tneedle guide axis pivoting about the statiopaipnt
of the opposing spherical linkage, thus resultingho linear displacement of the intersection poliite
physician can manually align the needle axis in $imaple steps. (a) First, the physician alignsftrevard
RCM by moving the forward parallelogram (the phigicwould manipulate the apparatus from *). (b)

Then by moving the rear arms (from the point *g tbhysician can target a point of interest withia t
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patient's anatomy by pivoting the needle aboutftheard RCM to the target. The counterweights suppo

the weight of the needle guide and prevent thelijgkirom drifting when the brakes are not applied.

Then by manipulating the rear parallelogram fropoant, as illustrated in Figure
3.3b in the second step, a point of interest witheultrasound image can be targeted by
angulating the needle through the front RCM tottrget. Since the linkage mimics a
simple lever that pivots about a stationary pomtlze patient’s skin when manipulated,
as illustrated in Figure 3.3b, the physician cagdata point of interest within the image
with a mechanical advantage greater than unitye mkchanical advantage is defined as
the ratio of the distance between the point whieeepthysician handles the needle guide
and the front RCM, to the distance between the R&M target within the image
(represented by a dashed line in Figure 3.3b). pHnallelogram linkages were designed
to mimic the workspace of a standard 6 cm squanplege commonly used for prostate
interventions. By using the same parallelogramfigaration in the rear, the linkage is
capable of positioning the needle guide to a marimangle of 28° relative to the
longitudinal axis of the transducer.

Once the needle guide is in the correct positibman be locked, allowing the
needle to be inserted without concern that the rapps will move. As such, four
mechanical brakes are integrated into the desigithefsystem so that each of its
decoupled movements is constrained, allowing tlegnessive reduction in degrees of
freedom (brakes 2, 3, 5 and 7 in Figs. 3.1a andHgch of the four mechanical brakes
was designed to reduce the mobility of the apparéty constraining each link in the
parallelogram that is pinned to the central shaach of the brakes comprises of a
locking knob attached to a clamping screw that tsxa&iclamping pressure on a split ring

that resides inside each link.

After the needle has been inserted, three additibrakes can be used by the
physician to safely release the needle from the gfithe device in a controlled manner.
This can be accomplished by applying the three tcaing brakes, two parallel (brakes 4
and 6, Figure 3.1b) and one needle guide brak&déhtaFigure 3.1b), then releasing the
brakes on each parallelogram linkage. This witistoain the linkage to only one degree

of rotational freedom about the base shaft. Thierdination can be used by the
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physician to release the needle manually from tleehatronic device in a controlled
manner or serve to mechanically coordinate the anotif the four motors driving the
linkage. Four motors (Figure 3.1a) and positioooelers in association with each motor
are mounted on the central shaft and are usedofapuater-controlled adjustment of the
mechanism. By reducing the linkage to one degféeedom about the main shaft, each
motor in the needle positioning device becomes a@chlly constrained to rotate at the

same speed and direction to free the needle fremékdle positioning device’s grip.

3.2.2  Software components for 3D tracking and targeting

The TRUS probe, which is equipped with a side-§irimear array, is rotated about its
long axis under the power of a DC motor (Figure) 3alacquire a 3D scah.The 2D
TRUS images from the US machine are digitized usanframe grabber and then
reconstructed into a 3D image for viewing in a cirtierface®® The 3D TRUS image of
the prostate is then available for dosimetry plagrand dynamic preplanning of needle

trajectories.

Once the 3D image scanning and therapy plan ar@letenthe system displays a
3D needle guidance interface to facilitate the esysitic targeting of each needle.
Throughout the brachytherapy procedure, the 3Dtilmetaand orientation of the needle
axis within the image is tracked and displayed ealdtime. Figure 3.4a shows the
targeting interface, illustrating the location bétneedle track in each image. The image
displays the current path of the needle (yellowd #me planned needle path (pink) by
displaying two points on the needle path. Thec<ilhsstrates the piercing point between
the needle axis and patient’'s skin projected ohto ttansverse image plane, and the
circle represents the intersection of the needie taxthe transverse image plane showing

the location of the intended target.
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Figure 3.4: lllustration of the 3D needle guidance interfacedailitate the systematic targeting of each
needle. (a) Shows the targeting interface, illustgathe location of the needle track. The imagepldiys

the current path of the needle (yellow) and thenpéal needle path (pink) by displaying two pointstioa
needle path. The cross illustrates the piercingtpoétween the needle axis and patient’s skin pteje
onto the transverse image plane, and the circleesepts the intersection of the needle axis to the
transverse image plane showing the location ofitkended target. To align the needle to the planned
trajectory in a therapy procedure, the physiciamlddirst align the needle piercing point over ghaient’s
skin by moving the front parallelogram linkage aersin figure 3.3a. (b) Then, by manipulating therr
parallelogram, the physician would adjust the neédljectory about the RCM until the needle isradig) to

the target, when the yellow circle is superimposetb the pink circle in (c). Since the front RCMn&ins
stationary while the physician manipulates the feetie alignment of the pink and yellow crossessdo

not change.
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To align the needle to the planned trajectory theaapy procedure, the physician
would first align the needle piercing point ovee thatient’'s skin by moving the front
parallelogram linkage, as illustrated in Figurea3.@ntil the yellow cross lies on top of
the pink cross (as indicated by the software iat&fillustrated in Figure 3.4b). Then, by
manipulating the rear parallelogram, as illustratedrigure 3.3b, the physician would
then adjust the needle trajectory about the RCM tive needle is aligned to the target,
when the yellow circle is superimposed onto thé gincle (Figure 3.4c). Since the front
RCM remains stationary while the physician manifedahe needle illustrated in figure
3.3b, the alignment of the superimposed pink anidwecrosses does not change. This
correspondence allows the physician to directlerantt with the mechanical apparatus

and maintain direct control over its movements.

Once the needle is aligned to the target, the playswould then apply the brakes
to make the device rigid and then insert the neesiieg the 3D US image as a guide (i.e.
with the guidance of the software interface asttheked trajectory is annotated on the
3D US image). This is accomplished by continuoustating the TRUS probe back and
fourth over a narrow range to cover the intendestiteetrack’’” The transverse, sagittal,
and coronal views would then be updated in nedrtie® and allow the physician to
insert the needle to the correct depth and vehiéyactual needle path in the 3D image.
On the other hand, if the needle deviates fronintisnded trajectory, the physician can
make small corrections to the needle trajectoryjievinsing the 3D image as a guitle.

3.3 System Calibration Methods

Any side-firing TRUS probe can be used with ourteys however, the reported
experimental results were obtained with a Falco@12EXL Scanner and model 8808
transducer (B-K Medical, Herlev, Denmark). The ahxilateral and elevational
resolutions were 1.1, 1.3 and 2.0 mm respectivdlfte resolution of the B-K Medical
transducer was determined experimentally by meaguhe diameter of a wire (0.1 mm),
full width at half maximum within a preset focalr 3 cm deep in a bath of distilled
water and 7% glycerol by weight, giving a speedaind of 1540 m/s at a temperature
of 20°C.
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Two calibration steps are required to link the imagpordinate system to the
needle positioning device reference: the devicerdinate system calibration, and the
image to machine calibratidfl. First, the device coordinate system is calibratied
determine the variability and eliminate any biasufeng from the propagation of
machining tolerances within the assembly. Secqrttlly image to machine calibration

determines the relationship linking the two cooaténsystems.

3.3.1 Coordinate system calibration

The needle positioning device coordinate systemchwls fixed to the ground, and the
linkage orientation define the location of the Heeduide relative to the needle
positioning device frame. In order to validate aradibrate the position of the needle
guide, it was manually positioned to 49 paralleiponscovering every second hole of a
standard 6 cm square brachytherapy template conynuseld for brachytherapy (seven
rows and seven columns spaced 1 cm apart). Tleatation of the needle guide was
determined by measuring the position of the RCMeath coupling, which gives the

location of two points along the axis of the neegliae.

As shown in Figure 3.5, the needle positioning dewvas mounted onto a
dividing head, which in turn sat on a granite scefgplate and served as the reference
plane for the calibration procedure. The needlsitpming device was attached to a
dividing head, which a milling machine accessoryswesed to precisely divide the
circumference of the work-piece into equally spadedsions. For this experimental
setup, the dividing head was used to preciselytedtae needle positioning device by
+90°. Since the height gauge illustrated in FigBu® can only be used to measure the
height of the tooling balls relative to the surfgdate, rotating the dividing head by 90°
allowed both the horizontal and vertical locatioh toolling balls to be precisely
measured using the this set-up.

The tooling ball is a locating component, which sists of a hardened ball
bearing ®©.5mm and ¢12.7mm mounted to front and rear spherical coupling
respectively) fixed to a pedestal and ground teseltolerances (fim misalignment

between ball bearing center and axis of the cyioadlipedestal). By fixing the center of
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the tooling ball to the RCM of each coupling, twoimds along the trajectory of the
needle guide axis were determined by measuring tbeation using the height gauge
(Figure 3.5).

In order to determine the variability of the cadfibon procedure, the tool guide
was manually positioned to nine parallel positionsr a standard 6 cm square template
(three rows and three columns spaced 3cm apahg. nfeasurements were repeated five
times at each of the nine parallel positions t@geine the mean and standard deviation
for Ax and Ay-the error components along the coordinate axfschvare in the plane
perpendicular to the axis of the TRUS probe (Figu.

Another factor that contributes to the positioniagor of the device is the
alignment error between the needle guide axis antkec of the tooling ball. The impact
of this misalignment appears when the needle gsideiented at an oblique angle. The
maximum error was determined relative to nine palrglositions (three rows and three
columns spaced 3 cm apart) by repositioning the ceapling RCM to the other eight
positions to create a total of 72 oblique angles$ measuring the x, y and z components
of the displaced tooling ball using the height gaug

The measured positioning error along the x andgsd¥igure 3.2) for both the
forward and rear tooling ball relative to its praéd location is illustrated in Table 3.1.
The total displacement of the tooling ball variednfi a minimum of 0.12 mm nearest to
the encoder home position (A3 in Table 3.1) to aximam of 0.68 mm, which
corresponds to the most distant point from the éacthome position (F1 in Table 3.1).
The encoder home position was measured by consigaihe parallelogram arms to a
square configuration and parallel to the x axithef mechatronic needle guidance system
using the height gauge and attached indicator (Ei@#), and recording the encoder

readouts.
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Figure 3.5: The device was coupled to a dividing head, whicluim sat on a granite surface plate and
served as the reference plane for the calibrationgalure. The dividing head was used to measutethet
horizontal (x axis) and vertical position (y axéf)the tooling ball relative to the surface plaeibdexing
the chuck (and attached robot) by +90 degrees.hBght gauge was used to determine the heighteof th
tooling balls that were aligned to the RCM of tipdarical couplings.

The variability of the calibration procedure fonaiparallel positions for both the
forward and rear arms was determined from five aiggme measurements over three rows
and three columns spaced 3cm apart. The mean \toes of theAx and Ay are
highlighted in grey in Table 3.1, and the stand#adiation varied little, from (0.01, 0.01)
to a maximum of (0.02, 0.04), and are not tabulatdd the positional variability of the
system is small (standard deviation < .045 mm)ikedao the measured bias (mean error
< 0.68mm), the accuracy of the system could be owvgunt by eliminating the bias.
Although the errors contributed by each paralledogrinkage are less than 1mm, the
cumulative effect of this error is additive and Wwbhe amplified by the linkage, resulting
in an accumulated error that may exceed the ultradagesolution. To eliminate this
undesirable effect, the calibration results wertegratedinto the kinematics equations
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and then subsequently used for the mock seed inaplam experiment described in

section 4.1.

Table 3.1: Measurement results of the calibration errofx, (Ay) for both the forward and rear
parallelogram arms of the mechatronic device. Tlation of the tooling ball was measured five tirnes
determine the mean position (highlighted in grety® &m increments in x and y over the entire area o
6cm square grid typically used for brachytheramngisting of at least seven rows [A-G] and colurfins

7]). All other values not highlighted in grey coimanly one measurement.

Forward Parallelogram (mm, mm)
Horizontal Location
A B C D E F G

0.05,0.24 0.09,0.30 0.15,0.37 0.18,0.30 0.19,0.30 0.20,0.30 0.22,0.33
0.05,0.25 0.08,0.30 0.15,0.38 0.17,0.34 0.17,0.27 0.20,0.27 0.21,0.38
0.07,0.34 0.10,0.30 0.13,0.31 0.16,0.30 0.17,0.25 0.19,0.26 0.20, 0.24
0.10,0.30 0.11,0.212 0.15,0.27 0.16,0.26 0.17,0.26 0.20,0.27 0.20, 0.27
0.07,0.29 0.12,0.29 0.22,0.34 0.26,0.34 0.20,0.34 0.06,0.30 0.26,0.29
0.05,0.30 0.15,0.36 0.35,0.38 0.46,0.33 0.35,0.29 0.11,0.31 0.38,0.26
0.01,0.29 0.15,0.29 0.43,0.29 0.57,0.26 0.48,0.22 0.40,0.24 0.44, 0.20
Rear Parallelogram (mm, mm)

Horizontal Location (mm, mm)
A B C D E F G

0.44,0.20 0.48,0.24 0.58,0.19 0.53,0.25 0.60,0.21 0.64,0.15 0.66,0.21
0.33,0.19 0.40,0.25 0.42,0.24 0.44,0.22 0.48,0.19 0.52,0.21 0.66,0.20
0.20,0.19 0.29,0.21 0.31,0.16 0.33,0.21 0.34,0.19 0.44,0.19 0.57,0.20
0.01,0.12 0.12,0.19 0.19,0.19 0.19,0.17 0.24,0.13 0.33,0.17 0.35,0.19
0.01,0.08 0.07,0.12 0.14,0.15 0.20,0.19 0.22,0.19 0.43,0.20 0.39, 0.25
-.07,0.07 -.03,0.16 0.05,0.20 0.16,0.29 0.31,0.34 0.40,0.29 0.41,0.26
-21,0.07 -.03,0.21 0.13,0.38 0.24,0.53 0.41,0.48 0.53,0.43 0.48, 0.39

Vertical Location
R N WS OOO N

Vertical Location
P NW D OO N

The impact of the misalignment of the needle gudis to the RCM has on the
calibration is illustrated in Table 3.2, where th@eximum displacement of the forward
tooling ball was determined relative to the reaslity ball position (see Figure 3.5).
This shows an increasing error for larger obliqugles, with the maximum RCM
misalignment of 0.18 mm when the forward and realing balls are displaced from one
another by 6 cm in the x and y directions (highigghin bold, Table 3.2). This
configuration corresponds to an oblique angle df i28ative to the calibrated parallel

needle path.
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Table 3.2: Results illustrating the maximum tooling ball glecement (mm) for various rear RCM
locations relative to the forward tooling ball. Theximum displacement was determined from a tdtal o
72 different oblique trajectories where the reaslitg ball was displaced from nine different pashll
trajectories in 3 cm increments over a 6 cm sqgaick except for the values in bold where only oa¢ad
point was available for the given configuratior (forward and rear tooling balls are in opposimers of

the 6¢cm grid pattern used in this experiment).

X-axis

Location 6 3 0 3 6
(cm)

" 6 0.14 011 0.09 0.10 0.07

x 3 0.10 0.08 0.05 0.12 0.11

> 0 012 005 - 007 013

3 0.12 0.08 0.05 0.09 0.17

6 0.13 011 0.10 0.11 0.18

3.3.2 Image to tracker calibration

The image coordinate system is physically linkedthe needle positioning device
reference frame to provide a fixed relationshipMgetn the image and needle positioning
device coordinate system, thus requiring only atome calibration. To determine the
relationship between the tracker and image cootelisgstems, a multilayered string
phantori® was constructed and mounted to the needle pasitjatevice to constrain the
string intersections to a known location. Thengtrphantom consisted of four layers of
orthogonally intersecting monofilament nylon stengliameter = 0.25 mm), which were
anchored to the sides of a brass frame of thevioligp dimensions (Figure 3.6a): 12.2
cm square by 3.0 cm (height). They were spaceairbCapart, and each layer was offset
by 2.5 mm to prevent the strings closer to theswlaner from shadowing the adjacent

layers.

The mechanical apparatus was positioned with fheoftithe TRUS transducer
placed below the surface in a bath of distilledevand 7% glycerol (by weight), giving
a speed of sound of 1540 m/s at a temperature°d $0rhe transducer was then rotated

around its long axignder power of the motor as described earlier tuiae a 3D TRUS
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image of the string phantom (Figure 3.8b)The acquired 3D image was then displayed
using multi-planar reformatting in a cube view, ahican be manipulated and sliced to
view different sections within the image to ideptthe different string intersection®.
The spacing between the strings and their locatiothe image coordinate system was
then measured by manually selecting each stringrdattion. Each intersection

measurement was repeated five times to determenm#an and standard deviation.

To determine the impact that the speed of the nariging the TRUS probe and
the ultrasound frame rate has on the image to eqaullitioning device calibration, the
motor speed and the number of focal zones selentettie US machine were varied to
produce nine different 3D images. The motor speasl varied to produce three different
scan times: 4, 5.7 and 22 seconds. Three difféoeal zones were selected on the US
machine to vary the frame rate: 8Hz 15Hz, and 30HBr each combination of motor
speed and frame rate, four non-coplanar stringsatéions were then manually selected
in each of the nine images and a rigid body tramsétion was found between the image
under investigation and the image with the slowestor speed and fewest focal zones
(i.e., scan time = 22s and frame rate = 30Hz) byirsp the orthogonal Procrustes
problem? The image rotation about the z axis of the mathinordinate system
represented the image lag angle, with the assumpit the 22 s / 30 Hz image had no

image lag.

A 3D TRUS image of the string phantom was succégsfeconstructed without
any visible discontinuities or probe misalignmentifacts. Table 3.3 shows the distances
between the strings within the phantom measurgtfiarthree orthogonal views {(x, ),
(x, z), (y, z)}. The distance measured in eachn@laoverestimated the known
manufactured inter-string distance, with measuredre less than 0.40 mm (Table 3.3).
The transformation between the image and machioedotate system revealed an image
lag rotation that varied from O to 4.5 degrees alto@ z-axis of the machine coordinate
system (Figure 3.6). This rotation due to imaggitacaused by a mismatch between the
measured transducer rotation angle and the aatg# af the 2D TRUS image digitized
by the computer. The image lag is a functiorhefmotor speed and the number of focal

zones selected on the US machine.
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Figure 3.6: (a) Photograph of the experimental setup used igm ahe ultrasound image (b) to the
coordinate reference frame of the needle positprmiavice. To determine the relationship between the
coordinate systems, a multilayered string phantas @onstructed and mounted to the needled positoni

device to constrain the string intersections tmavkn location.
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Table 3.3: Measurement results of string separations from3iBegeometric reconstruction experiment
illustrating the mean distance between the stritigs, measurement error (gruvhere y=10mm, and
standard deviation (STD).

Y-Z Plane X-Z Plane X-Y Plane
y z X z X y
Mean 10.65 10.30 10.38 10.40 10.33 10.62
U-Ug (mm) 0.65 0.30 0.38 0.40 0.33 0.62
STD (mm) 0.081 0.025 0.023 0.026 0.016 0.074

3.4 System Validation Methods

3.4.1 Mock Seed Implantation in Agar Phantoms

Mock therapy procedures were performed on agarebissue-mimicking phantoms to
guantify the accuracy of the 3D TRUS system foidsgl@cement, needle guidance and
recording the 3D location of the needle using 3DUBRfor both parallel and oblique
needle trajectories. The phantom was construcie@daling agar to a 7% by mass
glycerol/water solution to produce a speed of saimdlar to that of human tissue (1540
m/s)* Cellulose (15% by weight) was also added to er@apustic backscattering in
US to mimic the appearance of tissue. We usedteasaund tissue mimicking phantom
to determine the feasibility of using the needlsiponing device manually to align the
needle to the intended trajectory, and to guidentedle to the correct depth using 3D
ultrasound. Since this system was designed tothesesame imaging equipment and
needles currently used in brachytherapy, we do exgitect the needle to react any
differently in tissue than other methods that zgila manual needle insertion technique.
Therefore, agar was used in place of animals orivx{issue to provide a 3D record of
the experiment as the added variation from the¢isgeedle interactions may occlude our

ability to measure the targeting error resultirgpirmanual control of this system.

Stainless steel ball bearings of 1 mm diameterewglaced in a geodesic
configuration centered 60 mm from the surface ef dlgar block, and 30mm from the
center of a hole in the agar, which accommodatedlrRUS probe. These ball bearings

served as fiducials for coordinate registrationwleein the 3D TRUS and micro-CT
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images. Since each component (x, y, and z) oétaggistration error (TRE) is inversely
proportional to both the spread of the fiducialswatteach principle axes and the location
of the fiducial centroid, the choice of using a eptal distribution eliminated any
orientation biases across phantdfisThe positional accuracy of the fiducial centroid
was achieved by constructing the phantom in twaspailhe geodesic fiducial pattern
was cast separately in a spherical mould, which tivas supported in the acrylic box
(which served as the agar phantom mould) surroubgiexbar blocks to hold its position
in the center of a cube defied by the planned targe

The parallel needle plan involved implanting femm diameter beads into the
phantoms along trajectories that were parallehlong axis of the TRUS probe. Five
of the planned targets were centered in the imageifg a line from image left to right
in the transverse plane at 10 mm increments andnifiCbelow the surface of the agar
phantom. The other five targets were also centerdiae image 4 cm closer to the probe
axis and at a shallower depth of 60 mm. This reeedhfiguration was similar to the
needle placement accuracy experiments used byatei.(2004f° and formed a 4x4x4
cube centered 30 mm from the TRUS probe axis tallsit® both shallow and deep
targets within a prostate. This experiment wagaegd four times to give a total of 20
beads in the top row with deep penetration ande2@ in the bottom row with shallow

penetration.

The angled needle plan consisted of implanting foeads 100 mm behind the
surface of the agar block through a common poinindf from the probe axis. The
intersection of the needle trajectories was pasgibapproximately 10 mm in front of the
surface of the phantom to space the entry poinisrmm increments and prevent damage
to the agar from multiple needle entries througboemmmon point. The angled needle
trajectories were positioned both vertically antédally to the left and right of image
center at 5°, 10° and 15° and the experiment weesated four times to give a total of 36

implanted beads.

To start the procedure, the tracking apparatus pesstioned by inserting the

TRUS transducer into the agar phantom hole. Edcth® preplanned targets was
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selected randomly and the user aligned the needti go the target needle path using
the four encoder readouts as a guide. A neartireal3D image of the needle path was
then acquired by the computer using a motorizeénaBl/ to continuously rotate the

TRUS probe back and forth about its long axis inaarow path to cover the planned
needle track. An updated 2D TRUS image was coatisly displayed on the computer
interface in a 2D view that was parallel to thediedrack illustrating the current needle
position and the intended target point within thrage (Figure 3.7). Using a 16 gauge
brachytherapy needle with a pyramid shaped tip ®ron, Veenendaal, The

Netherlands), an incision was made on the surfadkeoagar phantom by inserting the
brachytherapy needle approximately 10-20mm intophantom. The needle was then
retracted and a 1mm diameter ball bearing was fixethe end of the brachytherapy
needle sleeve using ultrasound transmission gek¢Paaboratories, Fairfield, NJ). The

bead was then implanted into the phantom usingaa meal-time 3D TRUS image as a
guide to a predetermined depth. When all of thedbewere implanted, a 3D TRUS

image of the phantom was then acquired to proviazard of the procedure.

The agar phantom was then imaged using an eXplocad_Ultra Pre-Clinical CT
scanner (GE Healthcare, London, ON), which is comignaused for small animal
imaging®® The high-resolution CT image (isometric voxel dimsions of 0.15 mi)
served as the reference standard representingubdocation of each needle track and
bead location. In the CT image, a needle trajgolas evident as an air track left from
the insertion of the 16-gauge needle into the ag@ntom. The location of a needle
track and bead were extracted from a CT image bgus linear regression of selected
points along the center of the air track, from ltlase to the tip located at the center of the
implanted bead. The centers of the 1mm fiducialkera surrounding the needle paths
were manually selected from corresponding CT andrBJS images to co-register the

two coordinate systems.
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Figure 3.7: Graph showing the image lag (in degrees) as aibimof the scan velocity at three different
US frame rates (8, 16, and 32 Hz). Image lag inddfas the angular misalignment of the image atywut
z-axis of the machine coordinate system. The intageés proportional to the motor speed and inverse|

the frame rate. The error bars in the graph repteke standard deviation in the measurements.

3.4.2 Needle targeting error in agar phantoms

A rigid body transformation was then applied tgalboth the ultrasound and CT images
under investigation by solving the orthogonal Pustes probler® Using this combined
image, the system was evaluated for its abilitfedoguide a needle to a 3D target, and (b)
record the location of the needle within 3D imag#ofving the methods described by
Cool et al. (2008}* Refering to Figure 3.8, the mean targeting eM3E"" is the mean
distance between each identified bead locatdn, in the 3D CT image located at the
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Figure 3.8: lllustration showing the error metrics used to aa#e the user’s ability to guide a needle to a
3D target, and record the location of the needtiwi3D image. The mean targeting erfdFE"" is the
mean distance between each identified bead loca#i6h in the 3D CT image and associated target
locationx S, which is a virtual point in the ultrasound cooratie frame represented by the open circle. The
mean target errd’TE”® is the mean distance between the each bead Inegtftin the 3D US image and
the corresponding target locatig>. The needle guidance errédGE, is the mean total error associated
with the system’s ability to guide the needle pattpredefined targetsNGE is the angle between the
needle trajectory identified in the CT imalg&" and the planned needle patH® when projected on to a
plane perpendicular to the ligea, which is the shortest distance between the ta@sINLE is defined as
the minimum distance between the “true” needle &dm CT,b ", and the recorded 3D TRUS needle
axis, b”S. NLEY is the angle between the needle trajectories viejected on a plane perpendicular to
NLE.

end of the™ air trackb®", and thei™ target locations“, which is a virtual point in the
ultrasound coordinate frame. The mean target " is the mean distance between
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the each bead locatiag”® in the 3D US image located at the end of eachraik b;"®

and the correspondirtgrget locationg”™

_ 2LPe, (%)
: [1],

MTE®"

MTEUS - Zin:l D p-p (Xius’ aius)
n (2],

whereDp.( ) is a function that determines the 3D distane®vieen a target point,, and
the corresponding bead location identified in thie & (or US image”), andn is the
number of times the experiment was performed. rélgestration error between the bead
in US and CT is given by the target registratiome(TRE)*?

TRE=J 2 Dpp(@,8")°
n [3].

The needle guidance errdlGE, is the mean total error associated with the
system’s ability to guide the needle path to prieebef targets. This error was quantified
for each needle trajectory as the shortest distaateeen thé" target locations”, and
the corresponding needle path identified in theG3Dimageb“™:

NGE = zi:le—l(Xi b)
n [4],

whereDp.( ) is a function that determines the minimum 3Btalice between a target
point &, and the line corresponding to the air track ifiext in the CT imagep©".
NGE is the angle between the needle trajectory idedtiih the CT imagd,“" and the
planned needle path”® when projected on to a plane perpendicular tosti@test line

betweerb®" andp®:

Zin:lg( p|US ’qCT )
n [5],

NGE? =
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where 6(u,v) is the function that defines the minimum angleéwmen the needle

trajectories.

The system’s ability to record the needle locatiorBD (Needle Localization
Error, NLE) was quantified using two metricstLE, andNLE’. NLE is defined as the
minimum distance between the “true” needle axisnfr6T, b", and the recorded 3D
TRUS needle axigy"®.

e = 20 G4

[6],
whereDy,( ) measures the minimum distance between twoskgenents.

NLE? is the angle between the needle trajectories witejected on a plane
perpendicular tiNLE:

NLE? = > 00T h™)
n [7]

whered(u,V) is the function that defines the minimum angleaeen the vectors®" and

bYS,

3.4.3 Results from needle-guidance experiment

The quantitative results for the bead implant expent using parallel needle paths to the
top and bottom rows were similar but the top rovuga were generally similar as
summarized in Table 3.4. Guidance of the beadatth darget had a mean error of
MTE®'=1.5440.49 mm and in CT ardTE"®=1.22+0.36 mm in US. The mean needle
guidance error was smaller whe¥&E=1.11+0.52 mm antNGE’=0.97+0.49°. A one-
tailed t-test showed that the mean targeting evam statistically significantly less than 5
mm (p=0.001, n=39), which is the smallest tumorsidered clinically significant> The
needles were accurately localized to 0.58+0.41 mirE] and with a mean angulation
difference of 1.69+1.38NLE?.
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Table 3.4: 3D system accuracy for the parallel needle trajges based on the error analysis described in
section 3.4. Mean targeting error, MTEand MTE’® (Eq. 2 and 1), needle guidance error, NGE (Eq. 4),
and NGE (Eq. 5), all evaluate the seed placement and edadjeting accuracy. The localization metrics,
NLE and NLE® (see Eq. 6, and 7) indicate the errors in recgrttie 3D location of the needle trajectories.

All of the values are reported as Mean+STD exceptHe target registration error (TRE) between @d a
US and is quantified by Eq. 3.

Needle TRE System Accuracy Localization Error
Posttion 1oy | MTES MTEST NGE NGE’ NLE NLE’

(mm) (mm) (mm) (mm) (degrees) (mm) (degrees)
Top row,

Deep (0.72) 0.79 | 1.15+0.37 1.49+0.57 1.05#0.55 0.75%+0.36 | 0.54+0.51 2.64+1.45

Bottom row,
Shallow 1.04 | 1.28+0.37 1.60+0.40 1.15+0.50 1.17+0.51 |0.61+0.26 0.74+0.72

Mean 0.91 | 1.2240.36 1.54+0.49" 1.11+#0.52 0.97+0.49 |0.58+0.41 1.69+1.38

The quantitative results for the bead implant expent using oblique needle
paths are summarized in Table 3.5. All of the beadre successfully implanted with
exception of the vertical needle path of 15°, wheeneedle interfered with the TRUS
probe to a prohibitive extent. Although it was gibte to insert the needle by bending it
around the TRUS probe, it was apparent that thellaegas damaged from excessive
bending as it would not roll freely on the grarileck. Navigation of the bead to each
target had a maximum targeting error of MTE2.92+0.76 mm in CT and
MTEY5=2.86+0.72 mm in US at 15°. Although this erroslightly larger than the results
for the parallel needle paths, a one-tailed t-stwiwed the mean targeting error was
statistically significantly less than 5 mm (p=0.00%7), which is the smallest tumor
considered clinically significarft. Guidance of the needle to each target had a mamwim
NGE=1.95+0.80 mm and NGE1.4° for all needle trajectories less than 158e #ingled
needle paths were accurately localized to a maximi=0.36+0.32 mm and with a
maximum angulation difference of 1.25+0.980L.E9.
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Table 3.5: 3D mechatronic system needle guidance resultshiroblique needle trajectories at varying
angles from 5 to 15 degrees. Mean targeting eM3iE“" and MTE’® (eq. 2 and 1), needle guidance error,
NGE (eq. 3), and NGE(eq. 4), all determine the seed placement andl@egddance accuracy. The
localization metrics NLE , and NI°Hsee eq. 5, and 6), indicate the errors in recgrtfie 3D location of
the needle trajectories. All of the values are regbas Mean+STD except for the target registraéioor
(TRE) between CT and US and is quantified by equadi

Needle System Accuracy Localization Error
Position TRE
MTEYS  MTET NGE NGE’ NLE NLE?

(TRE) (mm) (mm) (mm) (degrees) (mm) (degrees)
= 50 0.70 | 1.97+0.32 2.22+0.61° 1.45+0.36 0.82+0.07 | 0.59+0.15 0.76x0.15
S 100 091 | 2.35+0.56 2.49+0.80" 1.23+0.67 0.82+0.33 | 0.32+0.30 1.25+0.90
()
> 150 064 | 3.19+0.23 4.02+0.66 3.17+0.28 0.79+0.25 | 0.36+0.32 0.79+0.24
- 50 0.72 | 1.68+0.68 2.06+0.67" 1.17+0.36 1.10+0.38 | 0.26+0.16 0.51+0.32
o 100 | 069 | 1.96£0.75 2.10+0.88" 1.20£0.81 1.3720.40 | 0.28+0.16 0.8620.44
S
- 150 | 068 |2:86£0.72 2.92+0.76" 1.95+0.80 1.36+0.22 | 0.30£0.23 0.59+0.44

3.5 Discussion and Conclusion

There are two factors that contribute to the positig error of the mechatronic device:
the positioning error contributed from each patajeam linkage, and the alignment
error between the needle axis and RCM. The positiperror of each linkage illustrated
in Table 3.1 is the result of the accumulation éader error and machining tolerances
within the parallelogram linkages. This bias candecounted for by incorporating the
calibration tables into the forward and inverse ekmatics equations by adding a
correction factor, which was estimated using adinmterpolation between the three
nearest points within the calibration tables. ®@e bther hand, the alignment error
between the needle axis and the machine RCM isrdbelt of the accumulation of
machining tolerances within the spherical couplinggecause the calibration procedure
for the forward and rear parallelogram linkages wagformed with the needle guide
parallel to the z-axis of the machine coordinatey, this error becomes more apparent
with larger oblique angles as seen in Table 3iRceSthe forward and inverse kinematics
equations assume the needle axis is aligned téotinard RCM as a means of solving
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the equations, this error should be kept to a minmimas a manufacturing constraint to

reduce its impact on oblique trajectories.

The string phantom measurements were within 0.4ainthe known string
separations measured in the three orthogonal féwy), (X, z), (y, z)}. This suggests
that geometrical distortion from transducer misaignt was not significant. A
rotational misalignment about the z-axis revealed@age lag, which was caused by the
misplacement of the 2D images in the 3D recongttuochage due to the assumption that
the motor speed and US processing time is negligiblrhis results in each captured
image being associated with the current encodetigoswhich is ahead of the angular
US image location. Although this error was accedrfor by using the string phantom to
link the machine and image coordinate system, Ei@ur shows that this process would
need to be repeated if a different motor speedSframe rate was used.

In the mock seed implant experiment, the 3D systeas able to guide beads
along parallel needle patirsvitro to predefined targets with an average error ofnimd
(MTE®"). This error was primarily due to the relativélrge needle guidance error
(NGE=1.1 mm,NGE’=1.0°), which was a result of the registration ertbe machine
error, and partially due to the operator errorlacig the bead at the correct depth using

the image as a guide.

For the obligue needle trajectories, all of teads were successfully implanted
with exception of the vertical angulated needlenpait 15°, where it was necessary to
bend the needle around the TRUS probe resultiregralatively large bead displacement
(MTE“"=4.0 mm, Table 3.5) and needle guidance ef@H=3.2 mm). This imposes a
limit on the planning of oblique needle trajectsries the thin brachytherapy needles are
fragile. Guidance of a bead to the other targessilted in a mean error that varied from
MTE®'=2.0620.67 mm for shallow angles (5°, Table 3.5MBE"'=2.92+0.76 mm at
15°. Although these errors are slightly largentti@e results for the parallel needle paths,
a one-tailed t-test showed that the mean targetiray was statistically significantly less
than 5 mm (p=0.005, Table 3.5), which is the smsall®mor considered clinically

significant®> One component contributing to this error is thedie guidance erroNGE,
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which varied from 1.2 mm at 5 degree angles tor@ for 15° angles. These errors
were additionally influenced by the misalignmenttioé needle axis with the machine
RCM, which increases at larger angles. Although rtiachine error was a significant
component of the mean target errMTE""), placement error, the error in placement of
the bead along the needle track at an obliquectajg was larger (2.2 mm at 15° versus
1.1 mm for parallel trajectories). These valuesengalculated using equation (8), where
the bead guidance error (BGE) was determined fildifH) and (NGE):

BGE = VMTE? - NGE? 8],

This error was likely due to the reduced contrdghe needle in the US image at larger
angles, where the needle was nearly invisible tepenly the shadow artifact created by
the needle, obscuring layers that were behind geg@s from the transducer line of sight
(see Figure 3.9). Since localization of the negdiid to each target is independent of the
machine positional errors, the needle localizatoror results were smaller than the
system accuracy results, showing that the 3D image accurately calibrated to the

mechatronic device, wheMLE<0.6 mm, andNLE%<1.3°.

For both parallel and oblique needle trajectorit®® mean targeting error
measured in USMTE"S) was similar to but slightly smaller than the \@8umeasured in
CT (MTE®"). Since the US image is accurately aligned tontlaehine coordinate system
and the geometric distortions are small, as shawmable 3.3, 3D US can provide an

accurate estimate of the true 3D needle location.

Although these errors are statistically signifitaréss than the smallest tumour
considered clinically significarff, this does not guarantee that the deposited ratilieac
source distribution will not be modified to a prbitive extent or potentially cause harm
to nearby organs. The cause of this problem id webwn as the thin bevelled tip
brachytherapy needle will often deflect from theegdanned trajectory through the
perineum, altering the intended dose pattern antinas requiring multiple needle
insertions to correct for the probleth.Since the physician is in direct control of btk

needle and its trajectory while using our mechatrasystem, methods like needle
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steering® could be used to aid the physician in guidingrieedle to its intended target
while using the 3D US image as a guide. To accwmphis, the physician will need to

interact with the mechanism in an intuitive manmerorder to successfully steer the
needle, which our system can provide by allowing finysician to directly pivot the

needle about the front RCM (at the patient’s skahjile advancing and rotating the
needle. This highlights the importance of usingear real-time imaging system to help
the physician guide the needle as both the neeullle prostate can shift during the
procedure.

Another important factor determining the succesa bfachytherapy procedure is
maintaining a uniform distribution of seeds throoghthe prostate, without overdosing
nearby organs such as the bladder, rectum, uratttgdeminal vesicles. Without the use
of a template, seeds can be spaced further fronurtbiara to prevent overdosing the
urethra while maintaining coverage at the antguamts of the prostate. Oblique needles
can help here since the needles can be angledid @ine pubic arch and gain access to
the anterior parts of the prostate. Also, not gigintemplate provides more freedom to
prevent overdosing the urethra for small prostatkeere the 5 mm spacing in the fixed

template is too coarse.

Current methods used clinically to overcome PAllude either the freehand
technique or the use of the manipulation rulerhbmtwhich are highly skill dependant.
Under manual control, this system consists of aigasnechanical linkage for guiding,
tracking and stabilizing the position of the needlehe stabilization is accomplished by
counter-balancing the linkage to maintain the pasiand orientation of the needle and
needle guide even when the physician removes Imd fram the device. This permits
smooth motion of the needle guide with a light towd the physician's hand providing
the same feel and control as the freehand technigueaddition, the current needle
trajectory is also displayed on the ultrasound iepadiowing the physician to coordinate
the needle position to the image. This interfdeautd not only decrease the implantation
time, but also make the procedure less skill depends the physician will no longer
need to visualize and coordinate the needle tantage, thus potentially reducing the

number of times the needle has to be retractedeinserted.
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Figure 3.9: 3D images of an agar phantom used in the mock septhnt experiment illustrating the

needle at various oblique trajectories from 0° (&ff) to 15° (bottom right).

In conclusion, by combining the 3D TRUS imagingstem with a
dynamically adjustable needle guide, the physicialh be able to place the needle
trajectory to selected targets in the 3D TRUS imagén a mean error that closely

matches the ultrasound resolution. This would leeeficial as the physician has
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complete control of the needle and can safely mareethe needle guide around
obstacles like previously placed needles or a TRd®e. Although this system was
tested using a 3D imaging system, this systenmss @mpatible with any 2D system and
protocol currently in use. Our future directionlivine to clinically validate our prostate
therapy system (delivering brachytherapy first, lieitable to accommodate other prostate
therapy approaches like cryotherapy and laser iah)atin which all aspects of the
procedure will be carried out intra-operativelyluding dosimetry planning, monitoring
of prostate changes, dynamic re-planning includatijique trajectories and needle

placement verification.
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Chapter 4

4 Micro-CT Geometric Accuracy Phantom for Use with
Image-Guided Needle Positioning Systems and Other
Quantitative Applications

4.1 Introduction

Volumetric X-ray micro-computed tomography (micr@ds an increasingly important
tool for research requiring imaging of small spemi® or animals. The growing
importance of micro-CT is reflected in the expomangrowth of publications since the
early 1980s on the topic of small animal micro-Giiaging and the availability of a
variety of micro-CT scanners from at least a domemufacturerd. Although often used
for qualitative research applications, micro-CT b developed into a useful tool for a
wide range of quantitative applications. Micro-Giks been used for quantitative
measurements in small-animal imaging applicatiarsh bone volume and roughnéss,
tracking of tumour progression and volufhend the quantification of whole body
compositiom™  Micro-CT has been demonstrated in the quantiatssessment of
medical devices such as the characterization oti@mberSand measurement of wear
in replacement joint5. Quantitative information from micro-CT images halso been
demonstrated in guiding mechatronic devices to detappreclinical micro-injection
procedure$:® The success and utility of these applicatiordejsendent on the geometric
fidelity of images produced by micro-CT scanners.applications that demand the
highest geometric fidelity, such as the characaion of ion chambet8 or image-guided
devices, the ability to characterize the geomeddcuracy of micro-CT scanners to a

traceable standard ensures the highest qualitjtsesu

In-plane geometric inaccuracies of 02%nd 0.3%° have been previously
reported for micro-CT scanners. These percenteg@esent the error in calibration of
the micro-CT voxel size. The reported errors cgpoad to an error of 20 um to 30 um
per centimeter of distance in an image. Althougtsé errors are relatively small, they
can still exert a noticeable negative influence quantitative results. For instance,

mechatronic devices using micro-CT image guidangecomplete microinjection
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procedures may be required to place a needle tlpavpositioning error of < 200 um to
reach small targefs. The demanding requirements of these mechatroridces
challenge the Ilimits of micro-CT scanners. The vianesly reported geometric
inaccuracies of micro-CT scanners would resultnreaor of approximately 50 um, or at
least one fourth of the allowable positioning erobrthe device, when applied over a
typical range of motion of 20 mm. Geometric inaemies in micro-CT images are not
an error source that can be neglected for demarajptjcations, and they need to be

minimized.

Previous efforts have been made to develop qualgyurance phantoms to
evaluate the geometric accuracy of micro-CT scannePerilli et al developed a
phantom consisting of aluminum inserts of knownrgetsy embedded in a cylinder of
polymethylmethacrylate to evaluate imaging paramsefer trabecular bone imaging
applications> * The known geometries of the inserts were comptrédeir geometry
in the micro-CT images to evaluate the geometrouecy of the scanner. However, the
geometry of the inserts was never qualified toaadable standard and the phantom did
not offer a method to correct detected geometracaaracies in images. Du et al
developed a quality assurance phantom to assassnlaen of parameters related to image
quality, including geometric accuraty. The phantom assessed geometric accuracy by
comparing the known distance of five beads to tlpasitions in micro-CT images.
However, again, the distances of the bead in thentoim were never qualified to a
traceable standard. The phantom also only provadegasurement of in-plane geometric
accuracy and not out-of-plane accuracy. Finahlg, phantom was large and required a

custom scanner bed that precludes it from usenide variety of micro-CT models.

In this paper, a compact quality assurance phamjoalified to a traceable
standard is presented for routine evaluation of geemetric accuracy of micro-CT
scanners. An automated algorithm is described gratesses micro-CT images of the
phantom to characterize the geometric accurachefstanner and calculate correction
factors to reduce the geometric error of the imagdese phantom and algorithm are used
to evaluate the geometric accuracy of five microsg€@nners representing four different

models of micro-CT systems. The calculated coiwactactors are then applied to
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measurements of fiducial markers in each of the §ganners to evaluate their ability to
improve fiducial localization. The techniques deped in this study allow the micro-

CT end user to guarantee the highest level of geaniiglelity and to calibrate images to

a traceable standard.

4.2 Methods

42.1 Calibration Phantom Construction

A calibration phantom was custom built to evaluai geometric accuracy of micro-CT
scanners. The physical size of the phantom is appedely 45 mm x 25 mm x 40 mm.
The small size of the phantom enables it to bdyessegrated onto a mechatronic device
and allows it to fit within a wide range of microF®ore sizes. The calibration phantom
contains six fiducial markers, which are 6.35 mnY)(#iameter borosilicate spherical
beads (McMaster-Carr, Cleveland, OH). The fiducaie fixed in position using a frame
constructed onto a 6.35 mm diameter carbon fibeftshackbone (McMaster-Carr,
Cleveland, OH). Attached to the carbon fiber lrie are three custom-made Delrin
plastic clamps. One end of each of the three ctampaches to the carbon fiber
backbone and the other end supports a short lesfgh35 mm diameter carbon fiber
shaft. The borosilicate bead fiducials are attddoethe short carbon fiber shafts using
cyanoacrylate glue (Loctite 4541, Henkel Corp., $2ldorf, Germany). A micro-CT
surface rendering of the completed calibration pdans provided in Figure 4.1.

Delrin plastic and carbon fiber were selected famfe construction due to their
high rigidity and low X-ray attenuation. High riiiy is a key material property since
high dimensional stability of bead locations is uieed to evaluate the geometric
accuracy of micro-CT scanners. Drift in bead posg would cause erroneous
overestimates of image geometric error. For thené&, low X-ray attenuation is also a
key material property to avoid micro-CT imagingifadts and to ease segmentation and
centroiding of the borosilicate beads. The boicsi beads were selected as fiducials
since they possess a precise sphericity of 2.54 (Time sphericity of each bead was
validated to a traceable standard using gauge ®l@8kade B-18, Mitutoyo Canada Inc.,
Toronto, ON, Canada) and an indicator (Model 24165Starrett, Waite Park, MN).
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The high sphericity of the beads ensures accuracphiantom construction and in
centroiding the beads in micro-CT images. Thenpdra design was carefully developed

to ensure the phantom design is compact, posseggeslimensional stability and the

fiducials can be easily segmented and centroidesieno-CT images.

Borosilicate Bead y/
\ Delrin Clamp

Carbon Fiber Shaft

Figure 4.1: Micro-CT surface rendering of the calibration ptaem.

4.2.2 Determination of Bead Positions within Calibration Phantom

The calibration phantom was used to evaluate thmnmgaic accuracy of micro-CT
scanners by comparing the known positions of beattsn the phantom to the position
of the beads in a micro-CT image. The dimensiacalracy of the calibration phantom
is therefore critical to enable detection and adfom of geometric errors of < 1 % in the
voxel dimensions of micro-CT scanners. Therefarmethod was developed to measure

the bead positions to a known and traceable stdrafaneasurement.
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The position of each bead in the phantom was medsusing a calibrated XYZ
positioning stage (M-462-XYZ-SD Series, Newportyine, CA) with an attached
indicator (Model 24165-10Starrett, Waite Park, MN) mounted onto a granitdace
plate (Grade B, Starrett, Waite Park, MN). The rmtben was suspended above the
granite surface plate by clamping the phantom carfieer backbone to a V-block
(Model 228, Starrett, Wait Park, MN). Gauge blo¢kgade B-18, Mitutoyo Canada
Inc., Toronto, ON, Canada) were then stacked oheo dgranite surface plate. The
dimensional accuracy of the gauge blocks is cedifo a known and traceable standard
of measurement. The height of the stacked gauapk®las compared to the height of a
single bead above the granite surface using the X¥&itioning stage and attached
indicator. The height of the gauge blocks wasatteely adjusted until the indicator
indicated no difference between the stack heigid bBead height. The indicator

possessed a measurement resolution of 2.54 um.

The distance measurement process was completegatdr of the six fiducial
beads. The distance of each bead from the gramitace plate was then measured twice
more in two directions orthogonal to the originadasurement direction. The orthogonal
distances were measured by rotating the V-blockttmn granite surface plate and
repeating the iterative measurement process fdr baad. The orthogonality of the V-
block was measured by the same XYZ stage and atfacklicator to be < 2.54 um over
2.0 cm of stroke. The phantom and measuremend el shown in Figure 4.2. Using
this method, the three-dimensional position of elagad in the phantom was measured

relative to a known and traceable standard of nreasent.
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Figure 4.2: Calibration and validation phantom with measurernegipment.

4.2.3  Scanner Selection and Calibration Phantom Imaging

The calibration phantom was used to evaluate tbheng&ic accuracy of five volumetric

X-ray micro-CT scanners commercially available fradeneral Electric Healthcare

Biosciences (London, ON, Canada). The models ahrser evaluated included two
eXplore Ultra Locus scanners and one of each ol@X¥speCZT, eXplore CT 120 and
eXplore RS. These scanners were selected to epiresange of commercially available
micro-CT scanning equipment commonly employed seaech laboratories, with a range
of voxel spacing (0.05 mm to 0.15 mm) and tranddakd-of-view (70 mm to 150 mm).

A single common calibration phantom was imagedabyfive scanners. The
calibration phantom was scanned by each scanretifnes at the approximate scanner
isocenter. Between each scan the phantom was ezirfoom the micro-CT bore and
repositioned. For the eXplore Ultra Locus, in &iddi to five scans at the isocenter, five

scans were taken at a position offset from thersmaisocenter by approximately 70 mm,
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for a total of 10 scans. The phantom was not s a second position in the three
remaining scanners since the phantom almost fudbupied these scanners maximum
trans-axial field of view. The imaging parametaesgd for each scanner are summarized
in Table 4.1.

Table 4.1: Summary of the micro-CT scan parameters used fagiing of the phantoms.

Scanner Tube Tube View
Total Scan Nominal Voxel
Voltage Current Views Exposure ) )
) Time Size (um)
(kVp) (mA) Time (ms)

eXplore Locus

140 20 1000 16 16 seconds 153.9
Ultra
eXplore .

110 32 900 16 5 minutes 49.8
SpecZT
eXplore CT )

110 32 900 16 5 minutes 49.7
120
eXplore RS 80 45 900 400 120 minutes 45.4

4.2.4 Geometric Correction Calculation

An automated algorithm was developed using MATLAB¢ Mathworks, Inc., Natick,
MA) to compare the known position of beads in tiarmom to their positions in the
micro-CT images. The algorithm determines the tpmsiof the phantom’s borosilicate
beads in the images by using a multi-step beaditat@®n technique Beads were first
segmented using a threshold-based region growiggrigim. The threshold level was
calculated using an iterative algorithm developeMATLAB to determine the threshold
that yielded an average segmented volume of thdsbawithin 0.1% of their known
volume. The center of the segmented bead wasctilenlated using a squared-intensity-
weighted centroiding algorithm. The algorithm usedtalculate the bead centroids has

an accuracy of < 5% of the nominal image voxel gizidcalizing 3D centroid positions
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in simulated image¥. Since distance is measured between two beado@stthe error

in distance arising from this centroiding errod@ubled.

Within the image set of each scanner, the distaheach bead to all other beads
in the phantom was measured for a total of 15 nests. The distance in the images from

each bead to all other beads was scaled to therkbead distances using the equation:

Disknown= \/(Ximg/CFx)2 + (Yimg/CFy)2 "’(Zimg/CFz)2 [1]

where Xmg, Yimg, and Zng are the components of the bead distance in thgasalong
the respective axes of the scanner ang, @, and CE are the correction factors
required along the respective axes of the scamntmahsform the bead distances in the
images to the known bead distances. Equatiom &&oh of the 15 bead distances was

combined to form the system of equations:

2 2 2 2 : 2
Ximgl Yimgl Zimgl (1/CFX) D|Stknowr1
! ! I || WCR)?|= ! [2]
2 2 2 : 2
Ximng Yimg15 Zimng (l/CFz)2 Distnowrs

The least-squares solution of Eq. 2 was determioechiculate values for each of the

correction factors.

4.25 Validation Phantom Construction

A second phantom was constructed to validate theection factors measured by the
calibration phantom. The validation phantom isiagependent verification that the
calculated correction factors are not unique to ¢hBbration phantom and generally
correct images produced by the micro-CT scannéihe validation phantom, like the
calibration phantom, contains six 6.35 mm (¥") dééen borosilicate sphericéleads
acting as fiducial markers (McMaster-Carr, Clevdla®H). The beads were again
secured to a 6.35 mm diameter carbon fiber shafkbdmme using Delrin clamps. The
positions of the beads in the validation phantoffedid from the bead positions in the
calibration phantom. Different bead positions weléained by changing the angle of the

Delrin clamps and by adjusting the length of carbibar shafts used to mount the beads
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to a length of 25.4 mm. Once the validation phanteas constructed, the bead positions
within the phantom were measured using the meth@viqusly described for the
calibration phantom. A micro-CT surface rendinglod validation phantom is shown in

Figure 4.3.

Delrin
Clamp

Borosilicate Bead

Carbon Fiber Shaft

Figure 4.3: Micro-CT surface rendering of the validation plant

A rigid-body registration was applied between teasured bead positions of the
calibration and validation phantom. The registnatwas applied to ensure that the bead
positions in the validation phantom were truly ipdedent of the calibration phantom.
A poor rigid-body registration, as demonstrated ebyarge fiducial registration error
(FRE) would indicate that the validation phantom beadragement was different from
the calibration phantom arrangement. An FRE ofamme than 6.35 mm (or
approximately one bead diameter) was assumed toateda sufficiently different bead

arrangement.
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The validation phantom was imaged once at thesigiec of each scanner. Again
for the eXplore Ultra Locus, the phantom was imagedn additional position offset
from the isocenter. For each scanner, the sanmepgmrameters summarized in Table 4.1
were used for the validation phantom. The valaatphantom beads were segmented
and centroided using the algorithm previously desd for the calibration phantom. The
distances between each bead pair in the validgilmntom was calculated with and
without applying the correction factors calculated each scanner using the calibration
phantom.

4.2.6 Data Analysis

The sets of calculated correction factors for eacanner were statistically compared
using ANOVA and Tukey tests with p < 0.05 to deternif any statistically significant
differences exist for the correction factors altimg x, y and z axes of each scanner. This
comparison was performed to determine if the geometrror of the scanners was
isotropic or anisotropic in nature. If the correntfactors are not significantly different
(i.e. indicating an isotropic error), a single agad correction factor could be used for
each axis. For the two eXplore Locus Ultra scasineairs of correction factors from the
isocenter and offset position for each axis wemagared using a two-tailed paired t-test
with p < 0.05 to determine if any significant dié@ce exists for each respective
correction factor at the two positions. If correntfactors from the two positions are
significantly different, it may indicate that thealues of the correction factors are
dependent on position within the scanner bore.

The correction factors were also statistically eatdd for their effectiveness in
improving the geometric accuracy of micro-CT scasneThe distances between beads
within the calibration phantom and the validatiomaptom were calculated with and
without using the correction factors. The errardach of these distances was compared
using a two-tailed paired t-test with p < 0.05 tetedmine if the correction factors
reduced the error by a statistically significantcaimt. The distance errors were also
gualitatively compared to determine if the diffezea in error were practically
meaningful. Failure to identify a statisticallygsificant and practically meaningful
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improvement in bead distance errors would indith#t use of the correction factors to

improve scanner geometric accuracy is not a usetricise.

4.3 Results

43.1 Correction Factor Values

The average calculated correction factor of eadh fax each scanner is summarized in
Table 4.2. In addition, an average volumetric @ction factor is provided to characterize
the correction in voxel volume for each scannesiagi from the linear axis correction
factors. A correction factor > 1 indicates thastdnces in the uncorrected micro-CT
images overestimated the true dimensions. Gegggdlometric errors in-plane along
the X and Y axes are larger than out-of-plane enmothe Z direction. In-plane distances
tend to be overestimated while out-of-plane distarare underestimated. A statistically
significant difference was found between the cdmacfactors in the X (p = 0.043 and p

<0.001), Y (p < 0.001 for both scanners) and Z (p001 for both scanners) axes for the

Table4.2: Calculated average scanner correction factoradf axis.

Scanner X-Axis Y-Axis Z-Axis .
Volumetric

Correction Factor

Correction Factor Correction Factor Correction Factor

eXplore Locus
Ultra Isocenter
Scanner One

0.9998 + 0.00006 1.0009 + 0.00012 1.0002 + 0.00021 1.0008 + 0.00034

eXplore Locus
Ultra Offset
Scanner One

1.0008 * 0.00063 0.9968 + 0.00018 0.9987 + 0.00040 0.9962 + 0.00063

eXplore Locus
Ultra Isocenter
Scanner Two

1.0033 = 0.00013 0.9981 +0.00012 0.9978 + 0.00014 1.0020 + 0.00012

eXplore Locus
Ultra Offset
Scanner Two

1.0022 + 0.00010 0.9999 + 0.00009 0.9998 + 0.00008 0.9993 + 0.00012

1.0011 + 0.00007

eXplore SpecZT

1.0008 * 0.00002

0.9990 + 0.00004

1.0009 + 0.00043

eXplore CT 120

1.0027 + 0.00006

1.0031 + 0.00103

1.0005 + 0.00014

1.0064 +0.00133

eXplore RS

0.9963 + 0.00021

0.9965 + 0.00069

0.9957 + 0.00025

0.9886 + 0.00092
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two different bore positions of the two eXplore uscUltra sccanners. These results
suggest that the value of the correction factorsesawithin the micro-CT bore. The
calibration phantom should ideally be placed aselas possible in the bore to the
anticipated location of targets.

The results of Tukey tests comparing the correctamtors for each scanner are
summarized in Table 4.3. Generally, no significdifference was found between the X
and Y correction factors for the scanners, indingatl single average correction factor can
be used for the in-plane direction. The X and Yrection factors were only found to be
significantly different for the two eXplore Locudtth scanners. However, for these two
scanners the absolute difference between the Xdadtors were quite small, with < 1%
difference. In general, the X and Y correctiotéas were generally significantly
different from the Z correction factors. This rikssuggests the out-of-plane correction

factor is unique from the in-plane correction fasto

Table 4.3: Results of Tukey test ( p <0.05) to determineoifrection factors for each scanner are

significantly different for each axis.

Scanner X&Y X&Z Y&Z
eXplore Locus Ultra Isocenter Scanner One  Yes No Yes
eXplore Locus Ultra Offset Scanner One Yes Yes No

eXplore Locus Ultra Isocenter Scanner Two  Yes Yes Yes

eXplore Locus Ultra Offset Scanner Two Yes Yes Yes
eXplore SpecZT No Yes Yes
eXplore CT 120 No Yes Yes
eXplore RS No No Yes
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432 Geometric Correction to Calibration Phantom

The average error in bead distance within the iitn phantom for all sets of images
was calculated with and without application of ttedculated correction factors. The
corrected and uncorrected bead distances are sumachan Table 4.4. Application of
the correction factors reduced the error in beasitipos for the calibration phantom in
four out of five image sets. In nearly all cades torrected and uncorrected error were
found to be significantly different. The p-valudes each scanner are also summarized in
Table 4.4.

negligible to 83 um in absolute terms or 0 to 0.BBBercent terms.

The mean difference in corrected andowacted errors ranged from

Table: 4.4: Summary of the mean error in the measured beaahdiss of the calibration phantom for each

scanner. The uncorrected errors and the correctecsealculated using the appropriate scalingofacis

provided. Each error is described with both a na@solute value in um and as a percent of the betd

distance. Finally, the p-value of the t-test betwéhe corrected and uncorrected error of eachnscas

provided.

Scanner Uncorrected Corrected Uncorrected Corrected Error Value
Error (um) Error (um) Error (%) (%) P

eXplore Locus Ultra 2242 22+3 0.096 + 0.013 0.101+0.016 p=0.03

Isocenter Scanner One

eXplore Locus Ultra _

Offset Scanner One 38+3 31+4 0.172 +0.014 0.148 +0.014 p = 0.002

eXplore Locus Ultra 19+1 7+1 0.078+ 0.006 0.031+0.007  p<0.001

Isocentre Scanner Two

eXplore  Locus Ultra 36+1 3B+1 0.146+ 0.003 0.150+0.003  p=0.16

Offset Scanner Two

eXplore SpecZT 18+4 11+3 0.080 £ 0.016 0.054 +0.014 p <0.001

Explore CT 120 507 7+1 0.200 +0.027 0.007 +0.001 p = 0.001

eXplore RS 92+6 9+2 0.380 +0.027 0.042 +£0.011 p <0.001
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4.3.3 Bead Arrangement of Calibration Phantom and Validation
Phantom

The average distance between beads within theraadibh phantom was measured to be
24.14 + 7.51 mm. Within the validation phantom, éwerage bead distance was 39.41 +
12.99 mm. The smallest FRE of the rigid body regi®n of the measured calibration
bead locations to the validation phantom locatias 18.4 + 6.3 mm, or approximately
three fiducial bead diameters. A large FRE indiatkeat the bead pattern in the
validation phantom is unique from the bead pattathin the calibration phantom.

434 Geometric Correction to Validation Phantom

The average error in bead distance within the aibd phantom for all sets of images
was calculated with and without application of tatculated correction factors from the
calibration phantom. The corrected and uncorrebeall distances are summarized in
Table 4.5. The p-values for the two-tailed t-tdstswveen the corrected and uncorrected
errors are also summarized in table 4.5. In tlsesnners with minimal geometric
accuracy errors, application of the correction degtslightly increased the geometric
errors of the images. However, this increase veastatistically significantly except for
the offset position of the second eXplore LocusdJkcanner. For the two remaining
scanners, application of the correction factorsifantly improved the geometric

accuracy of the scanner.
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Table 4.5: Summary of the mean error in the measured beaandiss of the validation phantom for each

scanner. The uncorrected errors and the correctecsealculated using the appropriate scalingofact

from the calibration phantom are provided. Eacbres described with both a mean absolute valyenin

and as a percent of the total bead distance. I¥inkhé p-value of the t-test between the corrected

uncorrected error of each scanner is provided.

Scanner Uncorrected Corrected Uncorrected Corrected Error Value
Error (um) Error (um) Error (%) (%) p
eXplore Locus Ultra 37427 38 + 26 0100£0.080  0.101+0.074  p=0.46
Isocenter Scanner One
eXplore  Locus Ultra _
Offset Scanner One 44 + 36 54 + 41 0.132 +0.138 0.16340.158  p=0.26
eXplore Locus Ultra 27 £15 29 £ 15 0.077 £ 0.068 0.084 £+0.056  p=0.69
Isocentre Scanner Two
eXplore  Locus Ultra 44422 80 +54 0.132+0.117 0.215+0.145  p=0.01
Offset Scanner Two
eXplore SpecZT 15+ 10 19+13 0.047 +0.041 0.049 #0.033  p=0.35
eXplore CT 120 67 + 27 22+ 16 0.168 +0.037 0.052+0.025  p<0.001
eXplore RS 148 + 61 27 +19 0.370 +0.086 0.074+0.054  p<0.001
4.3.5 Comparison of Validation Phantom Errors

The eXplore CT 120, eXplore speCZT and eXplore R§ielded images with a voxel
size of approximately 50 um. The corrected andotrected errors of these three
scanners were compared using ANOVA and Tukey tsgts p < 0.05 to see if errors
were consistent across three scanners with imafetheo same voxel size. The
uncorrected errors of all three scanners were faar statistically different. However,
the corrected errors of all three errors were ponfl to be statistically different. This

indicates scanners of the same voxel size tend\e bnique geometric inaccuracies but
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will possess similar non-unique accuracies wherrected by the phantom.  The
corrected and uncorrected errors of the two passtiof the two eXplore Locus Ultra
scanners were also compared using a two-taile@égaitest. The uncorrected errors of
the isocenter (p = 0.29) and offset (p = 0.94) towss were not significantly different.
Similarly, the corrected isocenter (p = 0.23) affded (p = 0.21) positions were also not

significantly different.

4.4 Discussion

We have demonstrated the use of a specializedra@tib phantom to measure and
correct the geometric accuracy of five differentratCT scanners spanning four model
types. The calibration phantom can be used tailzt traceable correction factors that
improve the localization of fiducials in micro-CTmages whose positions are

independent of the initial calibration phantom.

In two of the five scanners tested, calculation apglication of the correction
factors were found to significantly improve fiducicalization independent of the
calibration phantom. For these two scanners, tb@ngeometric error of the images was
reduced from 0.20% and 0.38% to 0.01% and 0.04%entwely. For the three
remaining scanners, application of the correctiaatdrs slightly increased geometric
error of the validation phantom; however, the iase was not statistically significant.
Although small in absolute terms, the calibratidraptom can provide a significant and
meaningful improvement for completing image-guideitro-injection procedures. For
the worst-case scanner, the mean error in fidlegalization for the validation phantom
was reduced from 0.370% of the bead distance t6490of bead distance. Over a 20
mm travel of a typical small-animal mechatronic idey this represents a reduction of
error from 74 um to 15 um. An improvement of 59 pravides a considerable benefit
towards achieving a desirable position error > 200 for a mechatronic device. In
addition, the linear correction factors of eachnsea axis will multiply to result in a
larger volumetric correction factor. The volumetdorrection factor characterizes the
change in voxel volume resulting from the calcudat®rrection factors. The greatest
volumetric correction occurred for the eXplore R&lavas approximately 1.14%. This

value indicates the un-calibrated scanner wouldxpected to underestimate the volume
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of an object by 1.14 % based on the correctionofaghlues. These results suggest
measurement, and if need be, correction of the g&@minaccuracies in micro-CT
images is required for image-guided interventionargy other application that demands
high geometric fidelity of images.

The small size of the calibration phantom allowwifit within the bore of a wide
range of micro-CT scanner designs and to be easilgrporated into the designs of
mechatronic devices. The use of an automateditdgoallows the correction factors to
be calculated quickly. The most significant intgatton to the work flow of mechatronic
micro-injection procedures would be the time regdito scan and reconstruct images of
the calibration phantom. However, micro-CT meab@itr devices typically require a
scan at the start of interventions to register degice with the micro-CT scanner.
Measurement and correction of scanner geometriccuracies could be incorporated
into the registration process of mechatronic dessicgither the scanner is well calibrated
and the correction factors provide no significanpiovement at the cost of a minimal
time increase for registration or best case, apjtio of the correction factors provides a
meaningful improvement to target localization aadjéting accuracy. In either case, the
end user is assured that localization errors regufrom geometric errors have been
minimized and will not affect the success of thigiterventions. The application of
correction factors can provide a major improvemartargeting accuracy with minimal
additional cost in time or resources and shouldnicerporated into the design of any

micro-CT guided mechatronic device.

Statistical analysis of the correction factors sgig the geometric inaccuracy of
micro-CT scanners is slightly anisotropic in naturélthough the anisotropy was
statistically significant, it was extremely smalllhe largest percent difference between
the mean scaling factors of an axis of a scanneraparoximately 0.5% for the isocenter
of the second eXplore Locus Ultra scanner. Thand Y correction factors were
generally not significantly different from each ethbut were generally significantly
different from the Z correction factor. These tesare not surprising. In the scanners
tested, the same X-ray detector pixel spacing &l dsr measurement of the in-plane

direction along the x and y axes but not alongztaxis. These results suggest a single
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averaged value of the X and Y correction factons loa used along these axes. When
exceptions existed for this trend, the absolutéeihce between these two correction
factors remained quite small (< 0.5 %), suggeséingaverage correction factor can still
be used. Between the isocenter and offset positainthe two eXplore Locus Ultra

scanners a significant difference in correctiontdesc was found along all three axes.
These results suggest the geometric accuracy ofor@i€ scanners may vary with

location in the bore. The calibration phantom stdherefore be placed as close to

targets as possible.

Interesting inferences can be made from the catiedlcorrected and uncorrected
errors across the micro-CT scanners. The eXpldra2n, eXplore speCZT and eXplore
RS all yielded images with an isotropic voxel sit@pproximately 50 um. The eXplore
speCZT had a small geometric error indicating itswalready well-calibrated for
geometric accuracy, whereas the eXplore CT 120eaxplore RS possessed correctable
initial geometric errors. A Tukey test found thdbeee scanners to have statistically
significant difference in uncorrected errors. Heese the corrected errors of these three
scanners were not significantly different and alleapproximately the same. These
results suggest use of the calibration phantom amarect the geometric accuracy of
poorly calibrated micro-CT scanners to correspoittl the accuracy of an already well
calibrated scanner of equivalent voxel size. Sirty|] both eXplore Locus Ultra scanners
were well-calibrated and possessed a similar sgegiimetric error. Between these two
scanners, no significant difference was found betwthe uncorrected and corrected
errors. The eXplore Locus Ultra results again ssggcanners of the same voxel size

will possess similar geometric errors when caligalat

For comparison of results, previous studies tangfyathe geometric accuracy of
micro-CT scanners have been limited. Furthermamme of these previous studies
offered methods to correct geometric inaccuraciésowever, previous studies have
measured the in-plane geometric error of both X@are Locus Ultra and eXplore CT
120. Duet al reported a 0.2% error for the eXplore Locus Ultrahis is comparable to
the mean errors of 0.10 + 0.01 % and 0.08 + 0.0det%écted by our calibration phantom
at the isocenter and 0.17 + 0.01 % and 0.15 *+ @(Qdetected offset from the isocenter.
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Bahri et al reported a 0.3% error for the eXplore CT 120, Whi& comparable to the
averaged error of 0.20 £ 0.03 % detected usingcalibration phantom. Our phantom
found both the eXplore Locus Ultra and eXplore CJI0 1o undersize voxels when
compared to the manufacture’s specifications, whéckhonsistent with the findings of
both Duet al and Bahriet al. The results reported in this paper appear inwitk these

previous results.

4.5 Conclusion

We have developed a traceable calibration phantodh aatechnique to evaluate the
geometric accuracy of micro-CT scanners. The gemtnetrors detected by this new
phantom are in-line with previous errors reportsthg non-traceable phantom designs.
In two of the five scanners evaluated using the n@vantom design, statistically
significant correction factors were derived to ectrthe scanner geometric accuracy.
However, for many applications, the impact of thesgection factors would be small.
These results suggest that non-traceable phantsigndeare sufficient for the geometric
calibration of micro-CT scanners for the majoritly applications. Use of a traceable
calibration phantom may be useful for applicatialnanding the highest geometric
fidelity of images, such as small animal image-gdidinterventions or the
characterization of medical devices. The calibragghantom is an easily implemented
assurance to micro-CT end users that the geonmfedetity of their images has been

calibrated against a traceable standard of measmtem
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Chapter 5

5 3D Image-Guided Robotic Needle Positioning System
for Small Animal Interventions

5.1 Introduction

Clinical medical robotics is a mature field and eloz of clinical robotic systems have
been developed for use in a wide range of inteiveat applicationd. Today, use of
medical robotics is increasingly becoming partaitine procedures for example, the da
Vinci robot by Intuitive Surgical for radical pragectomy? This growing use and
importance of medical robotic systems is a starirest to the state of robotics for use
with small animals in preclinical research. A pardar preclinical application, that could
greatly benefit from the use of robotics is the elepment of an image-guided robotic
system for needle interventions. Although a nundfesystems have been developed for
image-guided clinical needle interventidnso such systems are in use for routine
preclinical use. Rather, sub-optimal non-robotitd anon-image-guided techniques
remain the norm for small animal needle intervergio Techniques typically used for
small animal needle interventions require surg@gbosure of targefs’ percutaneous
injections through the sKirf or stereotactic devicésExposure of the subjects to surgery
suffers from associated surgical mortality and nbtyp, which may confound research
results. Both percutaneous and surgical techniquesiltimately highly dependent on
the ability of a human operator to correctly placeeedle, and they suffer from problems
of accuracy and repeatability. Stereotactic devare limited to interventions within the
skull and are limited by the accuracy of anatontlases and localization of external
landmarks. In comparison, the current methods &ffyiacused for small animal needle

interventions are relatively unsophisticated in panson to clinical methods.

Imaging technology has outperformed robotics indbeelopment of specialized
small-animal systems for preclinical research. I8gaus small-animal imaging systems
have been developed for all the major clinical imggmodalities including computed
tomography (CT), magnetic resonance (MR), positesnission tomography (PET),
single-photon emission computed tomography (SPE&ID) ultrasound. These small-
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animal imaging systems have achieved popular udeaaa considered to have greatly
contributed to preclinical researth.CT imaging developed for use with small-animals,
commonly referred to as micro-CT, is a particulaaging modality of interest. Micro-CT
scanners are available from at least a dozen metonéas’ with typical voxel sizes ranging

from 5um to 450um and trans-axial fields of view ranging from 12®cm??* 3

To ameliorate small animal needle interventionaumber of previous efforts have
been made to integrate robotic devices with micfomdaging systems to perform image-
guided needle intervention$!’ In addition, several devices not explicitly inted for
imaging-guidance have also been developed for smestle interventions and could be
potentially integrated with micro-CT imagin@.'® The development of these systems
combines the accurate and non-invasive targetikatedn of imaging with the positioning
accuracy and repeatability of robotic systems. @&sign requirements these devices must
satisfy are demanding. A needle positioning emwbr< 200 um may be required to
successfully complete small animal needle intefieest’ Furthermore, the design of these
devices must be extremely compact to allow themetdully integrated into the small bores

of micro-CT imaging systems.

Five previous efforts for potential small animalcna-CT robotic needle intervention
systems have been identified. Unfortunately, nohthese systems are ideal. The system
developed by Waspe et'dlis the most sophisticateshd best characterized of these devices.
The system was successfully integrated with a m@Foscanner and achieved a mean
targeting error of 154 + 11i83m in a tissue mimicking phantom. The system was able to
successfully inject tungsten beads into a rat bréddowever, the system was too large to fit
within a micro-CT bore and required transport oé tAnimal to the robot workspace
following imaging. The system also suffered fraariations in targeting accuracy as
evidenced by the large standard deviation in targetrror. The four remaining systems also
suffer from a number of drawbacks. The three systeleveloped by Kanzides et 4l

1'® and Ramrath et &f all lack a technique to register the robotic desiagth a

Hwang et a
micro-CT imaging system. The accuracy of theseelsystems was only evaluated in air
rather than in tissue mimicking phantoms. Ramedtlal achieved an impressive mean
positioning accuracy of 3gm; however, the robot is based on a stereotacticel@nd is

limited to interventions in the skull. Kanzidesatétand Hwang et alchieved poorer mean
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targeting accuracies of 0.4 mm and 2 mm respegtivdlhe fourth system, developed by
Nicolau et af®, did not have its overall targeting accuracy cbimdzed, but the authors
demonstrated its ability to localize the needle tgp within 0.7mm. None of the

aforementioned authors evaluated the ability of tedot to operate within a micro-CT bore.

This paper presents the design of a micro-CT gugtadll-animal robotic needle-
positioning system and demonstrates its abilitypéoform needle interventions within the
bore of the scanner with a targeting accuracy #&um. The robotic system implements a
spherical linkage design, based on the miniatudaatdf previous clinical systems used for
prostaté’ and breast biopdy The spherical linkages of the robot are desigoecreate a
remote center of motion (RCMJ. In order to simplify the robotic design and mainta
small targeting error, a novel implementation oé tRCM is used in the system. The
positioning error of the robotic system is quaatifiusing targeting experiments in tissue-
mimicking phantomsln vivo experiments were performed to test the robotitesy's ability
to direct a needle to a specified target in a xeafognouse model and to assist with tumour

interstitial fluid pressure (IFP) under image guide.

5.2 Methods
5.2.1  Mechatronic System Design

5.2.1.1 Kinematic Frame Design

High rigidity is the critical factor in the succesfa kinematic frame design used for high
targeting accuracy. The rigidity of the kinemdt@me can be most easily improved by
miniaturizing the size of the mechanism. Decreadéie size of the frame by half would
increase its rigidity by eight times. In additieasmaller frame will also allow the robotic
system to operate within a micro-CT bore and coteplgerventions without the need to
relocate the animal. Not requiring relocation loé animal during interventions reduces
opportunities for target motion and improves targgiaccuracy. The kinematic frame

design must therefore be as compact as possible.

The use of a robot architecture based on a fixewte center of motion (RCM) is
best suited for completing a specific task in afic@d workspacé. The RCM

architecture, is well established within clinicabotic systemé? In an RCM-based robot
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architecture all of the rotational axes of the itolmersect at a common point in 3D
space. This architecture allows for higher angmability in a confined space such as a
scanner bore. An RCM design also has the addedn#atye of allowing needle
translation and orientation to be decoupled whesitioming the needle for interventions.
The decoupling of translation and orientation naogker makes it necessary to
simultaneously control multiple degrees of freeddaring the most delicate part of

procedures: needle insertion.

A comparative analysis was performed to determieeRCM architecture best suited for
the kinematic frame. The designs considered weeedbuble parallelogram linkade,
the goniometric ard and the spherical linkatfe?® The double-parallelogram design was
found to be unsuitable for this application becanisis size and number of components
required. The goniometric arc is a simpler desipant the double-parallelogram.
However, it is difficult to manufacture a lineardomg from CT-compatible materials to
support the tool in a goniometric arc design. Tdreous materials typically used in most
linear bearings will generate streak artifacts bseaof high attenuation and non-ferric
CT-compatible materials typically lack rigidity, wh results in bearing deflection and
friction. The spherical linkage was found to betéethan the other two options due to its
simplicity of design. The spherical linkage desajso allows for ease in adjustability
and calibration to create a precise RCM independetite manufacturing tolerances in
each part of the linkage. The RCM adjustment i®agaished by splitting the base link
(Figure 5.1) into two parts to control the oriem@atof each hinged connection in the
linkage. The orientation of the hinged connectioas then be calibrated to intersect at
the RCM. A spherical linkage was selected forkimematic frame of the system due to
its simplicity and ability to achieve a precise RCM
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Figure5.1: A schematic representation of the proposed RCMalijgkdesign, which consists of two parts: a
forward (labeled L through Ls) and a rear spherical linkage (labeled,;). The forward spherical linkage
consists of five links (L-Ls) supporting the needle driver and five hinged @mtions (R-Rs) pinned to the
base (). The rear linkage is a mirror image of the fordvéinkage and consists of four linkage elements
(I;-15) and four hinged connections-(r). The extra pinned connectionsfRn the forward assembly is
used to adjust the axis of each pinned connecRgmauid R) in the base link (Land Ls) to create a precise
RCM. The linkage functions as a pantograph to taimsthe rear linkage to counterbalance the fodwar
linkage and payload using the brass weights atthttéhe rear spherical linkage. The two encodees
mounted to the base ). and record the angle of each rotational axise feedle is mounted to the link L
and its axis is aligned along the rotational axis Rhe spherical linkages can be manipulated usitigr
motors or through manual manipulation of a handbeimted to the rear spherical linkage. The axisaah
hinged connection in the spherical linkages conegitg a common point in space to form a remoteecent
of motion: (RCM) at the forward spherical linkagedgrcm) at the rear linkage
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5.2.1.2 Mechatronic System Description

The mechatronic system contains a total of six elegrof freedom. Two degrees of
freedom are contained within the systems spheliigghges, which form two rotational

axes: roll and pitch. The rotational axes contre¢dle orientation during interventions.
Three degrees of freedom are contained in a cubtdln3-axis xyz linear stage, which

supports the spherical linkage (Figure 5.2). Tihedr stage controls needle translation
during interventions. The stage provides 3 cmtadke along the x and y axes and 1.5
cm along the z axis, with an accuracy 2.54 um theis. The position of the stage
along each axis is tracked using three optical éexso Finally, the system consists of a
one degree of freedom linear needle driver. Theglleedriver is used to insert and retract
the needle during interventions. Both the mouse &ed robotic system are secured
directly to the couch of the micro-CT scanner (Fegg5.2). The entire system is compact

enough to operate entirely within the micro-CT bore

The spherical linkage assembly consists of twosparforward and a rear linkage
(Figure 5.1). The forward and rear linkages areptemli together through an elongated
shaft assembly. The shaft assembly and assodiakedje functions as a pantograph to
allow the rear linkage to counterbalance the foduarkage and payload. The forward
spherical linkage contains an encoder (RM22SC00130EBCO00, Renishaw,
Gloucestershire, U.K.) for each of the two rotaéibmxes. The two encoders are
mounted to the base of the spherical linkage acordethe angle of each rotational axis.
The encoders allow for real-time monitoring andptiiy of each rotational axes’ angle.
The spherical linkages can be manipulated usifigeeihotors or manual manipulation of
a joystick mounted to the rear spherical linkagde axis of each hinged connection in
the spherical linkage converges to a common paispace to form an RCM. The angle
between each hinged connection in the spheridehdja defines the size and shape of the
operating envelope of the kinematics frame. Thee bk (Figure 5.1, L) defines the
reference axis of the rotational coordinate systeunich is fixed at the RCM. The
encoders mounted on the robot base are used tauraghsg relative angles between the
two successive linkages (Figure 5.1, links:and L) and between the links; land base

respectively.
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Figure 5.2: (Top) Photograph of the robotic apparatus moumtedhe CT scanner animal couch and
control system. The mechatronic apparatus conefstsn XYZ linear stage that supports the spherical
linkage. (Bottom) Photograph of the forward sphariinkage and attached needle driver. The needle
driver is mounted such that the axis of the needrsects the RCM of the spherical linkage. Theuse
bed is attached to a double ball joint, which imtis clamped to the animal couch via a pair ofdwel
aluminum rails giving a total of six degrees ofelem. The fiducials mounted to the aluminum shaft
below the mouse bed are used to register the obite CT scanner. This registration will accound a
correct for the variability introduced when the obis reattached to the micro-CT.

The forward spherical linkage consists of six linkad five hinged connections
supporting the needle driver. The rear linkage midor image of the forward linkage
and consists of five linkage elements and four éihgonnections. The extra pinned
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connection in the forward assembly is used to adhes axis of each pinned connection
in the base link to create a precise RCM. Figuteshows a schematic representation of

the RCM linkage design.

To determine the stability of the RCM, a precisioaling ball (6.35mm diameter,
part 29011, Jergens Inc., Cleveland, OH) was attht¢b the linkage and aligned to the
RCM. The tooling ball displacement throughout thhesical linkages’ full range of
motion was measured using a calibrated xyz stagd@®) Newport Corp., Irvine, CA)
and attached indicator (Model 25164-10, The L.&r8tt Company, Waite Park, MN).

The measured tooling ball deviation was < 12.5 longthe x, y and z axis.

The motorized needle driver is mounted to the &dispherical linkage to insert
and retract the needle (Figure 5.2). The needlerdis mounted such that the axis of the
needle intersects the RCM of the spherical linkagke robot implements the RCM in a
unique fashion compared to previous designs foldlsanamal interventions. The RCM
of the system is positioned at the target locatiathin the animal, using the 3-axis xyz
linear stage. Next, the needle driver insertsnigedle to the RCM location, which also
corresponds with the target. This is a clear djgace from previous robotic designs
where the RCM is typically placed on the skin scefa The RCM is positioned at the
target rather then the skin to improve targetingueacy through simplification of the
needle driver design. The needle driver is notireq to position the needle tip at a
range of depths. Rather, the needle driver ongdaeo position the needle tip in either
an inserted or retracted position. The use of d B&op to control the needle’s inserted
position eliminates the need for encoders to tthekdriver position. As part of the robot
calibration procedure, the needle is adjusted tat the inserted needle tip position at
the RCM of the robot’s linkages.

The electronics of the robot are divided into tseparate control systems: one
system for the xyz stage and one system for thergath linkage and needle driver. The
spherical linkage and needle driver are driven teper motors controlled by a multi-
axis dual-loop controller (MAXNet, Pro-Dex Oregondw Systems, Oregon, WA) and
stepper motor drivers (BSD-01v2, Interinar Elecitean Tampa, FL). The xyz stage is
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powered by three stepper motors coupled to leadwscr The stepper motors are
controlled by a multi-axis controller with integeat stepper motor drivers (DMC2133
with SDM-20242, Galil Motion Controls, Rocklin, CA) Each axis of the xyz stage
contains a linear encoder, which feeds into thetiranis controller. Custom closed-loop
software on the controller monitors the encodersaimpare the target position of each
axis against its desired position. Both controltesyss are interfaced to a host PC via an
ethernet hub. Custom software on the host PC gamodsams and commands to each of
the controllers. The user enters the desiredipasind orientation of the needle into the
PC. The software then uses appropriate inversenidatie equations to calculate the

appropriate commands to send to each controller.

5.2.2 Robot Calibration

5.2.2.1 Coordinate System Calibration

The coordinate system of the robot was calibrabeehtsure accurate control of the robot
position. The coordinate system of the robotigned to the three axes of the xyz linear
stage and tracks the position of the device's RTIM. RCM position was calibrated by
repositioning the xyz linear stage at 7.5 mm in@eta along each axis covering a total
range of £15.0 mm, £15.0 mm and £7.5 mm. At eaditjpm, the encoder count for each
of the xyz linear stage’s three axes was recordaagua depth gauge (Model 2776S,
Mitutyo Canada, Toronto, ON) mounted onto a catdmamanual xyz stage (M-462,

Newport Corp., Irvine, CA). The encoder step sfee the xyz linear stage was

calculated by averaging the measurements alongaashThe flatness, straightness and
perpendicularity of each axis of the XYZ lineargdavere also verified using a granite
surface plate (Grade B-18, The L.S. Starrett Comppdkaite Park. MN), indicator

(Model 25164-10, The L.S. Starrett Company, WadekPMN) and the same calibrated
manual xyz stage used earlier to determine theilisgabf the RCM. Flatness was

evaluated by running the indicator along the s@fat the stage for each of the three
translational axes and recording any deviationgaightness was evaluated by placing
the indicator onto a surface perpendicular to astedional axis. The stage was then
advanced a known distance along the axis and thtamte compared to the distance
measured by the indicator. The straightness meamnt was completed three times;
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once for each of the translational axes. The pelipatarity was evaluated by placing the
indicator against surfaces parallel to a transtaiaxis. The stage was then advanced
along the axis and the indicator recorded for amfion. The deviation of the flatness,
straightness and perpendicularity was1.81 pm, < 0.77 pm and< 74.4 prad

respectively. These values were all measured dvenr of stroke.

The angular orientation of each of the two armthanforward spherical linkages
was also calibrated. The robotic system was pifated onto a granite surface plate,
which served as a reference plane. Each of theatms was independently orientated so
that one arm was in a plane perpendicular and omewas in a plane parallel to the
granite surface. Each arm was adjusted to wittbnu2n of the perpendicular or parallel
plane using the same calibrated manual xyz stagenalicator as earlier. The encoder
values of the two encoders in the spherical linkagee recorded with the arms in this
orientation. The two arms were then rotated 9@eoiThe encoder values of the second
orientation were recorded giving the step sizeagblute reference of the encoder home

position.

5.2.2.2 Optical Needle Tip Calibration to RCM

To complete an intervention, the RCM of the rolstranslated to correspond with the
localized position of the target. It is therefofedhe utmost importance that the needle tip
reaches the RCM when it is at the inserted positidrhus, a method to accurately
calibrate the needle tip to the RCM is criticathe success of the robotic system. Waspe
et al. previously developed a method to evalua¢eREM calibration of a needle in a
robotic system for small animal interventidrisThe method involved photographing the
needle tip using a high-resolution macro lens. Thmera was fixed in two planes
perpendicular to each of the robot’s rotationalsaxén each plane, a 23-gauge needle
was photographed at predetermined angles throudheutespective axes’ full range of
motion. In each photograph, the needle was thegmested and its center line
calculated. Using the center lines, the locatidntte RCM was calculated by
determining the center of rotation of the needlesax The calibration error was
determined by calculating the distance of the reeealkes from the RCM point.

Unfortunately, this calibration method is limitedvgn our robotic system RCM
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implementation. The method by Waspe ebaly accounts for the location of the needle
axis and not the needle ti'he needle axis may travel very closely to the RQMthe
needle tip may be much further from the RCM depegdipon its insertion depth. Thus,
the needle may miss the target even through thertexp calibration error was quite
small. To avoid this problem, the calibration noethof Waspe et awas modified to

account for the needle tip position.

Calibration of the robot was again completed usn@CD camera (EOS-1D
Mark IV, Canon Canada Inc., Mississauga, ON) ahtyh-resolution macro lens (MP-E
65 mm /2.8 1-5x, Canon Canada Inc., Mississaugd). Orhe pixel size of the images
captured using this camera and lens was approxihtatdde 1.0 um. A length of 27
gauge drill stock (Model 3009A239, Mcmaster-Caruréra, OH) sharpened to form a
conical tip was mounted onto the needle driver.e iitsertion depth of the needle was
adjusted using a set-screw on the needle drivére Set-screw was iteratively adjusted
until the magnitude of tip motion in both rotatibraxes was minimized in the camera
viewfinder. The needle was then photographed im planes perpendicular to each of
the rotational axes. For each plane the needle plastograph five times at
approximately equally spaced angular positions. tHa pitch axis the needle was
photographed over a range of 60°. In the roll #xes needle was photographed over a

range of 120°.

Once all the photographs had been acquired, theleéip was segmented in each
image using a semi-automated algorithm developddATLAB (The Mathworks Inc.,
Natick, MA). A Sobel edge detector was first apglito the needle tip images. The
identified edge points from the Sobel edge detegtbrch followed the outer edge of the
needle tip, were detected based on a user indtadiz. A linear least squares regression
was applied to the detected points to determindities of best fit for both of the two
edges of the needle tip. The bisector of the inesl of best fit was then calculated. The
needle tip location was finally determined by céting the intersection of the bisector
with the detected points of the needle edge. Tinscess was repeated for each

photograph to yield a set of tip positions for eathhe planes. The calibration error in
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each plane was then calculated by determiningdta tange of movement of the needle

tip over the full range of motion in the two rotatal axes.

5.2.2.3 Calibration Fixture Needle Tip Calibration to RCM

A calibration fixture was introduced to simplifyemeedle tip calibration process. The
fixture consists of a Delrin plastic block with &thess verified to within 25.4 um
(Figure 5.3). The calibration fixture was itseéirified to ensure its top surface matched
the RCM position. The fixture was mounted to tbbat using two 6.35 mm diameter
aluminum shafts (Figure 5.3). The shafts were nmechto have an approximate 200 pm
eccentricity in their diameter. By rotating theiainum shaft, the top surface of the
calibration fixture can be adjusted upwards andrdeards to match the RCM location.
The correct height of the block was determined loynting the fixture to the robot and
advancing the needle driver to the fully insertedipon. A needle was then placed into
the loosened needle holder of the driver. The meedls slowly lowered in the holder
until its tip was at the surface of the Delrin ldocThe needle tip was identified as being
at the block surface by lightly sliding a 25.4 pmeet shim back and fourth while
lowering the needle. The needle tip caught thensdmd no longer allowed it to slide
freely when in contact with the needle tip. Thede holder was then tightened to fix
the inserted needle tip to correspond with the lblmarface. The calibration block was
then detached from the robot and the needle tigrgbd using the viewfinder of the
camera and macro lens. This process underwentadatarations of calibration fixture
adjustment until needle motion was minimized in taeera viewfinder. With needle
motion minimized, the eccentric shaft was fixed hwa set-screw to maintain the
appropriate calibration fixture position. The badition fixture can then be mounted to

the robot and used to calibrate the needle tipeased.

The calibration fixture reduces the time requiteccomplete needle calibration.
Ccalibrating the needle with a camera requiresexative process of adjusting the needle
insertion depth every time the needle is calibratetterative calibration is time
consuming and requires approximately 30 minutesotoplete. On the other hand, the
calibration fixture requires only one iterative ibghtion of the fixture itself. Once the

fixture is calibrated, it can be mounted to theatodnd used to calibrate the needle tip in
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less than five minutes. The results of the catibn using the fixture were validated
using the camera and macro lens. The needle was agaged at five approximately
equally spaced positions in planes perpendiculdhéoroll and pitch axes. The needle
tips were then localized in each of the photograpbmg the previously described
technique. The calibration error was calculated degermining the total range of
movement of the needle tip in each plane. Thebalon results of the calibration

fixture were compared to the iterative optical loadtion results to determine the

difference in the accuracy of the two methods.

Figure 5.3: Photograph of the calibration fixture used totket needle tip position at the RCM when the
needle driver is in its forward position. The ikt consists of a Delrin plastic block that is m@anto the
robot via two aluminum shafts, one attached to i@k and one attached to the robot (same shaft
supporting the fiducials visible in Figure 5.2).eTheedle height was set by slowly lowering the éoes!
needle until its tip was at the surface of the sbhimop of the Delrin block.

The repeatability of the needle driver was charasdd to ensure the stability of the
needle tip calibration. The needle tip will quigkbecome un-calibrated if the needle
driver does not consistently and reproducibly pltde needle tip to the correct depth,
which corresponds with the RCM. To characterize leedle driver repeatability, the

needle orientation was adjusted to be fully uprigéihg the spherical linkage encoders.
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The needle was then inserted and retracted ninestiwhile maintaining a constant
orientation. Each time the needle was insertedvais photographed using the high-
resolution macro lens. The location of the tip wadculated in each of the nine
photographs using the needle tip localization tephe described during RCM
calibration. The repeatability was characterizgalbtermining the standard deviation of

the needle tip position in the photographs.

5.2.3 Robot to micro-CT Robot Registration

5.2.3.1 Registration Process

A two-stage registration process was developeegsster the coordinate system of the
robot to the micro-CT scanner (eXplore Ultra Locw@eneral Electric Healthcare
Biosciences London, ON, Canada). The two-stagistragon was developed to achieve
a balance between a high quality registration aeditme requirements of an end user to
complete a pre-clinical intervention. Completioh the primary first step of the
registration requires that a removable 6.35 mm dibicate fiducial bead (McMaster-
Carr, Cleveland, OH) be mounted onto the devidbeatRCM. In addition, an array of
six more borosilicate bead secondary fiducials wesinted onto the robot below the
animal bed (fiducial array visible in Figure 5.2)Vith the RCM fiducial bead attached,
the robot was positioned at four different locasiamthin the micro-CT bore, and a CT
image was obtained each time. Using registrataftware developed in MATLAB (The
Mathworks Inc., Natick, MA), the rigid body transfoation between the two sets of
coordinates was calculated by comparing the positb the RCM fiducial in robot
coordinates to its position in each of the fourges This primary registration can be
used alone to guide to the robot to targets in or€F images. However, if the robotic
system is removed and then reattached to the miiérdved, this primary registration is
no longer valid due to variability in robot reattatent'® Unfortunately, repeating the
primary registration each time the robot is redt¢acto the micro-CT to complete an
intervention is time consuming and laborious. Twid constant repetition of the

primary registration a secondary registration wagetbped.
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The secondary registration takes advantage of ihebarosilicate secondary
fiducials attached to the robot below the animadl l§Eigure 5.2). During primary
registration, these six fiducials are imaged alaith the RCM fiducial bead. One of the
scans acquired for the primary registration is led tobot at its home position. To
complete the secondary registration, the reattacbleot and six secondary fiducials are
imaged with the robot at its home position. Thgisiation software is then used to
calculate the rigid body transformation using thesecondary fiducial positions in the
primary registration home scan and the secondalycifal positions in the secondary
registration home scan. This secondary registratill account for and correct the
variability introduced when the robot is reattachhedhe micro-CT scanner. A target in
the micro-CT images can then be localized in robotrdinates by applying both
registrations. Through the secondary registratiom,.end user is only required to acquire
one image at the initiation of an interventionheatthen four. Furthermore, imaging of
the fiducials for secondary registration can beuiameously acquired while imaging the
small animal, to localize targets. Since the smaaiimal must always be imaged, the
secondary registration does not increase the notaber of scans required and allows for
the primary registration to be reused across maliigerventions. Unfortunately, use of
the secondary registration will also reduce ovetaltgeting accuracy since two
registration errors, from the primary and secondaryl be combined. The primary
registration can be used by itself to improve tangeaccuracy; however, this will be at
the expense of increasing total registration timgse of the combined registration
reduces time for procedures at the expense of acgurThe end-user must determine

which registration process will best suit their lgggion needs.

5.2.3.2 Registration Software

The fiducial bead mounted onto the robot RCM wagnsented and its centroid was
determined in each of the four images acquired floe primary registration.

Segmentation was accomplished through a threshadddoregion-growing. The center
of the segmented RCM fiducial was then calculatsidgia squared-intensity-weighted
centroiding. The centroiding algorithm used wasnid in simulated images to have an

error of < 5% of the image voxel size in localizB centroids® The centroided RCM
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fiducial positions were then rigidly registered tteeir homologous robot coordinates
using a least squares algorithtnThe results of the primary registration represerthe
translation and rotation required to align the damate system of the micro-CT scanner

with the robotic system.

The secondary registration first required thairdythe primary registration, with
the robot at its home position, the centroids af Hix secondary fiducial beads are
determined using the technique previously descrid@dring the secondary registration,
again with the robot at its home position, thesessicondary fiducials are reimaged and
their centroids determined. The two sets of caddérare then registered using a rigid
body transformation. This secondary registratigpresents the transformation required
to realign the robot axes at the time of the irdation with the robot axes at the time of
the primary registration. The errors of the pripaecondary and combined registration
were characterized by calculation of the fiduciegistration error (FRE) and target
registration error (TRE)> The TRE of the primary registration was calcudatey
acquiring five additional images, not used in tlkgistration, of the RCM fiducial at
positions in the robot’s full range of motion. Thecondary and combined TREs were
calculated by attaching and reattaching the robdhé micro-CT scanner bed five times
with the RCM fiducial still attached. In each ineadive of the six secondary fiducials
were used to calculate the secondary registrafidre sixth secondary fiducial in each of
the five images was used to calculate the secoritlREy. The combined TRE in these
five images was calculated using the position & RCM fiducial in the images

following robot reattachment to the scanner bed.

5.2.4  Robot Targeting Accuracy

5.2.4.1 Targeting Accuracy Phantom Design

Tissue-mimicking phantoms were used to quantify tdageting accuracy of the robotic
device. The phantoms consist of a 15% by weighdtigesolution (Porcine Skin Type A,
Sigma-Aldrich, St. Louis, MO) that forms a crosskid matrix®
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5.2.4.2 Targeting Accuracy Experiment

Two separate sets of targeting experiments werepladed. The first set used the
combined registration process to guide the robtartgets in tissue-mimicking phantoms.
The second set used only the primary registrattoguide the robot. For each set, the
targeting phantom was first secured to the phartiolder of the robotic device and the
robot inserted into the bore of the eXplore Locusdmicro-CT scanner. The phantom
was then imaged using a 16 second anatomical $ca#0&Vp and 20 mAs. The image
was reconstructed to yield an image with 153.9 potropic voxel size (example shown
in Figure 5.4). The image of the phantom was thenalized within MATLAB. Ten
image voxel coordinates within the phantom were ualip localized and selected as
target positions. For each set, the location @heaf the 10 target voxel coordinates
within robot coordinates was calculated using eitheombined registration or a primary
only registration. For each target, the robot R@lt placed at the target location, the
needle inserted and an image acquired. Througheutrgeting experiments, the needle
angulation remained constant, at approximatelyi@@he roll axis and 45° in the pitch.
Needle angulation was maintained constant to atbngeting accuracy to be quantified
independently of angle.

For each acquired image, the distance of the ndemitetarget voxel coordinates
was determined by first segmenting the insertedlleeasing a threshold-based region
growing algorithm. The center line of the neediethe image was estimated using
principal components analysis (PCA) to fit a 3Delito the segmented needle. The
targeting accuracy was quantified by calculating distance of each 3D fitted line to the
target voxel. The distance of the line to the éangpxel represents the accumulation of
error from a number of sources including robot posing error, registration error,

needle calibration error and needle deflection.

5.2.4.3 Needle Angulation Accuracy

We used a gelatin phantom to evaluate the variatiameedle positioning over the full
range of needle angulation. The gelatin phantos placed onto the animal bed of the

robot and the robot was then oriented in severemfft positions (see Table 5.1)
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covering the angular range of the robot motion. eAth orientation the needle was
inserted into the gelatin phantom and imaged bymieo-CT scanner. In each image,
the needle center-line was calculated using theessrohnique previously described.
Ideally, all seven center-lines should interse@ abmmon point in space (i.e., the RCM)
if no variation in needle positioning is presenthaangulation. An iterative solution was
used to calculate the point in space with the ssaaBum of squares distance from each
of the centerlines. The variation in needle porifig over the full range of needle
angulation was then quantified by calculating tretashce of each center-line to the point
of best fit.

Figure 5.4: View of reconstructed CT scan used for the neeatigeting experiment. For each target, the
robot RCM was placed at the target location, thedieinserted and an image acquired. For eachrachui
image, the distance of the needle from target vorelrdinates was determined by first segmenting the
inserted needle using a threshold-based regioniggoalgorithm. The center line of the needle ie th

image was estimated using principal componentsyaisalPCA) to fit a 3D line to the segmented needle
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5.2.5 Preclinical Application

All in vivo imaging was performed under a protocol approvedhieyUniversity Health
Network Animal Care and Use Committee. Measuremearte performed in two female
SCID mice, each bearing a single subcutaneous huceavix carcinoma tumour
(ME180). A tumour was established in the first s®iby suturing a 2 to 3 nitumour
fragment, along with a 1.5 mm radio-opaque pelBsiekley Co., Bristol, CT), into the
dorsal subcutaneous tissue. A tumour was estallishthe second mouse by suturing a
2—3 mnt tumour fragment into the subcutaneous tissueehthd limb. The experiment
was performed once the tumours had reached appatedynl cm in diameter. The mice
were anesthetized using a 2% by volume isofluratygien mixture, the hair removed
from their tumours’ areas, and they were immobdizea supine position with their front
and back paws taped to a custom-built mouse phatfoounted on the roboThe mice
were imaged using a standard anatomical imagintpeob consisting of a 16 second scan
with an 80 kVp and 60 mAs. The images were recaotd to yield a 153.9 pum isotropic

voxel size.

The mouse bearing the dorsal tumour with the imtpld radio-opaque pellet was
used to evaluate the robot’s ability to perform geguided needle placement vivo.
Similar toin vitro experiments, a 23-gauge needle was mounted amettdle driver. The
tumour was immobilized by taping it onto a pladtiock and surrounding it with pieces
of rigid foam. A pre-needle insertion CT scan wasf@med to visualize the radio-
opaque pellet. The robot RCM was placed at there@itmass (CM) of the radio-opaque
pellet and the needle was inserted. A post-needlerion scan was acquired to confirm
successful contact with the target. This process iepeated for three angles of insertion
chosen randomly, and the distance between theegpdind surface of the radio-opaque

pellet measured.

Interstitial fluid pressure (IFP) measurements eveerformed in the mouse
bearing the hind limb subcutaneous tumour, using wick-in-needle technigu@.
Measurements were made using a 23-gauge needkiraogtboth a front and side port
connected to a pressure transducer (Model P23Xkyatid Apparatus, Canada), which

in turn was connected to a data acquisition sygteowerLab 4/35 with LabChart Pro,
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ADInstruments Pty Ltd., USA) through 50 cm of PER6Olyethylene tubing (Becton
Dickinson, Franklin Lakes, NJ, USA). The entire teys was flushed with a heparin
sulphate/saline solution (1:10). A pre-needle itiserscan was performed, the tumour
indentified, and a position chosen such that tte port of the needle would be inside the
tumour volume, while the front port would be in e tissue. IFP measurements were
made as the needle was inserted, and maintaine@0faec after reaching the target
location. A post-needle injection scan was perfarn@ confirm the location of the
needle inside the tumour. The needle was thenctetteby approximately 3 mm while
continuously monitoring IFP. The two positions wethosen to demonstrate the

importance of correct needle placement on staliferféasurements.

5.3 Results

Table 5.1 provides a summary of the results obthifoeg each of the experiments

described in the methods.

5.3.1 Robot Calibration
53.1.1.1 Optical Needle Tip Calibration Error to RCM

The RCM calibration error represents the range ation of the needle tip as the robot’s
rotational axes are moved through its full rangenation. In the roll plane, the RCM
calibration error range was found to de= 43 pm and\,= 28 pm, where the x and yaxis
represent the horizontal and vertical axis ori@utgberpendicular to the z axis which
represents the long axis of the CT bore. In thehpilirection the RCM calibration error
was Ay=69 pm andA,= 30 um. Added in quadrature the total errors wEm®R=51
pum and Errasicr= 75 pm. The maximum calibration error is expedi@accur at the
extremes of the rotational axes. Figure 5.5 digpacomposite photo of the calibration
photos and the segmented needle tip locations.

5.3.1.2 Calibration Fixture Needle Tip Calibration Error to RCM

RCM calibration was also completed using a prenigialibration block. In the roll

plane, the RCM calibration error wag=36 pmaA,=70 pm. In the pitch plane the RCM
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Table5.1: Summary of the results obtained for each expearime

Error (um)
A.1l Optical Needle Tip Calibration Error to RCM
Roll plane
Ay 43
Ay 28
Pitch plane
Ay 69
A, 30
A.2 Fixture Based Needle Tip Calibration Error to
RCM
Roll plane
Ay 36
Ay 7
Roll plane
Ay 36
A, 7
A.3 Needle Driver Repeatability
Oneedlt 9
B Robot Registration
Primary
I:REprimar\/ 21
TREyiman, 31
Secondary
FREsecondar 70
TREsecondar 79
Combined
TREcombine( 139
C Robot Positioning Accuracy
Primary Registration Positioning Accuracy
Totak 131 +£25
Combined Registration Positioning Accuracy
Totak 206 + 20
C.3 Needle Angulation Accuracy
Gangl (< 50°) 72+ 62
Gangle (< 30°) 51+ 31
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calibration error waay=11 pm and\,=5 pm. Added in quadrature the total errors were

Errorrei=75 um and Err@fe= 12 um.

5.3.1.3

Needle Driver Repeatability

The needle driver must consistently position thedhetip at the same location in space

following repeated insertions and retractions. nBigant variations in needle positioning

by the needle driver will reduce the ability of thgstem to maintain calibration. Needle
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driver repeatability is the standard deviation aedle depth in multiple insertion
procedures. The needle driver repeatability wasdao besneeqi=£9 pum.

Figure 5.5: Composite photographs of the calibration photosnig the pitch (top left) and roll (top
right) of the needle throughout its full range oftion. The bottom two photographs show close-@vsi
of the segmented needle tip locations in the gibcittom left) and roll (bottom right) directions.

5.3.1.4 Robot to Micro-CT Robot Registration

The primary robot registration is the transformati@quired to convert the micro-CT
scanner coordinate system to the robot coordingteis, and was calculated using the
location of the fiducial bead at the RCM of the obbThe fiducial localization and
registration errors were found to be RFRRn=21 £ 6 pm and TRGman=31 £ 12 um.

The secondary robot registration is the transfdionaequired to relate the robot
coordinate system at the time of an interventioth®time of the primary registration,
and was calculated using fiducials fixed to theotdibame. The fiducial localization and
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registration errors were found to be FREiday 70 = 25 pm and TRcondary 79 * 14

pum.

The combined registration is the combined trams&tions performed in the
primary and secondary registrations. The combregdstration error represents the total
error of the complete registration process. Stheecombined registration itself has no
fiducials, there is no fiducial registration ertor report. For the combined registration
the TREombined139 + 63 um.

5.3.2 Robot Positioning Accuracy

5.3.2.1 Combined Registration Positioning Accuracy

The needle positioning accuracy is the distancéhefsegmented needle track in the
gelatin phantom from the target pixel in a micro-fdlage. The targeting experiments
were completed with the rotational axes of the tadggproximately constant: with the
needle pose at 90° in the roll plane and 45° toGhebore in the pitch plane. The
calculated mean targeting errors along the thresg@s axes were:g%~=194 + 16 um,
Yero=33 £ 17 um and &o=57 £ 19 um. The total mean error of the needitipm was
Totakro= 206 £ 20 um. An ANOVA test (p = 0.05) found arsficant difference
between the mean targeting errors of each axiFukky test (p = 0.05) found the errors

of all axes to be significantly different from eaather.

5.3.2.2 Primary Registration Positioning Accuracy

A second set of targeting experiments were comglaising only the primary

registration. The calculated mean targeting eri@ong the three images axes were
Xerro=119 + 22 um, ¥r0=19 + 10 um and &o=46 + 24 um. The total mean error of
the needle position was Tatal= 131 £ 25 um. An ANOVA test (p = 0.05) found a
significant difference in the mean targeting erroirgach axis. A Tukey test (p = 0.05)

found the errors of all axes to be significantlifetient from each other.
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Table 5.2; Summary of needle angulations used to test nekadlection at different angles of
attack. The variables. and B represent the angle of the primary and secondeagkc
measured by the encoders. The angle of attacksepie the angle between the needle axis

and the normal vector to the surface of the phantom

Scan a° B Angle of attack Error
(degrees) (pm)
1 45 135 11 34
2 25 155 14 51
3 25 115 21 24
4 66 155 21 110
S -5 114 30 34
6 60 178 25 56
7 105 172 50 189

5.3.2.3 Needle Angulation Accuracy

The consistency of needle accuracy was evaluatedsieyting the needle multiple times
to the same position in space at varying anglesttatk (10 to 50 degrees). The results
for these experiments are given in Table 5.2, dvsthat the average normal distance

from each axis to the fixed target was determieloet Errognge= 72462 pm.

5.3.2.4  Preclinical Application

The experimental setup used in each of the smatiarexperiments is shown in Figure
5.6. The robot was used to target a radio-opagllet peplanted in a subcutaneous
dorsal tumour under image guidance. Post-needégtias CT projection images showed
that the needle was successfully delivered todhget (Figure 5.8). Measurement of the
distance between the needle tip and the surfatieeopellet was difficult due to partial
volume effects and beam hardening artifacts cabgetie radio-opaque pellet and steel
needle. The measured distance between the nepdi@di pellet surface was 0.41+0.12
mm. The CM of the radio-opaque pellet shifted 0@28 mm relative to its pre-needle
insertion position. A real time CT scan of the finaedle placement showed that the shift
in pellet position was due to contact with the nee well as tissue deformation during

needle insertion.

Robot-guided IFP measurements were made at twtidosan the subcutaneous

hind limb tumour. In the first location the postedle insertion CT scan demonstrated
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that the front port of the needle was straddlirgllbundary between tumour and healthy
tissue, and the side port was in the centre otuheour (Figure 5.7a). The needle was
then retracted 3 mm and a CT scan showed thattbetinont and side ports of the needle
were inside the tumour volume (Figure 5.7b). Tbeusacy and stability of the wick-in-

needle technique requires that both ports of tleglleeare exposed to a similar external
pressure. If the pressure at one port is subathntower than the other, fluid flow is

directed out of the IFP system and a decreasingspre is measured. Region Il of
Figure 5.7c demonstrates this effect. When thalleewas retracted to the second
position shown in Figure 5.7b, the IFP measurerstatiilized (Figure 5.7b, region 1V).

This highlights the important of using an accufadeition system under image guidance

to perform reliable IFP measurements.

The robot was used to target a radio-opaque peflelanted in a subcutaneous
dorsal tumour under image guidance. Post needétion CT projection images showed
that the needle was successfully delivered todhget (Figure 5.8). Measurement of the
distance between the needle tip and the surfadbeopellet was difficult due partial
volume effects and beam hardening artifacts cabgetie radio-opaque pellet and steel
needle. The measured distance between the needied pellet surface was 0.41+0.12
mm. The CM of the radio-opaque pellet shifted 8838 mm relative to its pre-needle
insertion position. A real time cine-CT scan o thst needle placement showed that the
shift in pellet position was due to contact witle theedle as well as tissue deformation

during needle insertion.
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Figure5.6: Photograph of the experimental setup used foattmal interventionga, top) outside, andb,
bottom) inside of the bore of the CT scanner. The only pathe apparatus that resides inside the sc
is the mouse bed and part of the needle drivenitimize artifacts in the image.
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Figure 5.7: Wick-in-needle measurements of IFP demonstratiggimportace of needle placement
stable and accurate resultg) The front port of the IFP needlessaddling the tumour boundary (outlir
while the side port is in the centrén) Both the front and side ports are within the tumboundar
(outline). (c) Results of IFP measurements showing (1) thengedle insertion baseline (1) the signa
the needle is inserted; (IlIl) the measured IFmatposition shown ifa); and (IV) the measured IFP at

position shown ir{b).
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Figure5.8: Projection views obtained from two sequential €&ans thatemonstrate the ability to perfo
image guided needle placement in viy@, left) A pre-needle insertion image highlighting the toma of
the needle, the tumour (red outline), and the ragiaque pellet (fiducial)(b, right) A postneedl
insertion image showing the needle making contditt the radio-opaque pellet.

54.1 Robot Calibration

During the initial setup of the robot linkages, REM of the robot was found to remain
relatively fixed in space with a maximum deviatioh 12.5 uym. As a result, the
calibrated needle tip would be expected to tragkath corresponding closely to the
surface of a sphere when the robot is adjustecugifrots full range of motion. The
center of the sphere is the RCM position and tliBusaof the sphere is the needle
calibration error. The calibration error is quéiat by measuring the range of pixels the
needle travels along each axis in each plane.hA&wis in Figure 5.5, tha,andA, errors
should be equal and the twg errors should both be equal to half this valkirthermore,
the segmented needle tips in both planes shoutd &circular path. However, this is
not true for the obtained results. A number ofrses of error exist in the methods used,
causing the measured calibration error to deviatm fthis ideal case. First, the use of

photography to validate the calibration resulta ithree-dimensional path being projected
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onto a two-dimensional plane. Errors in positignthe camera truly perpendicular to
each of the rotational axes will result in the requhths failing to track a circular path.
Secondly, to measure the radius of the sphereydhbdle tip must track a path of at least
90 degrees or greater. In the roll axis, the ree¢diveled approximately 120 degrees
allowing the sphere to be correctly characteriziedthe pitch direction, the robot’s range
of motion is limited to approximately 60 degre€Bhe track measured in the pitch axis
travels a smaller sector of the sphere comparedeaoll axis. The errors measured in
the pitch axis will inherently underestimate thdilration error. The roll axis results

therefore are a better characterization of the leezadibration errors.

The calibration results demonstrated that the awls has the largest error, as
expected. However, for the optical calibratiore fhitch axis contains the largest errors
even though the pitch error should be inherengg.leThe likely cause of this aberration
is deflection in the shaft of needle itself. Deflens inherent to any needle will result in
overestimates of calibration error as the distarepeeled by the needle will be amplified
by deflection. Depending on how the needle is nedirthis error may occur in the roll
plane, the pitch plane or some combination of #he tTwo different needles were used
for the optical calibration and the fixture calibom. The needle selected for the optical
calibration likely deflected in the pitch directioresulting in an unexpectedly large pitch
calibration error. Needle deflection along witle fbreviously discussed sources of error
cause the calibration results to deviate from tagpected results.

The radius of the calibration error sphere, ortthe calibration error, is shrouded
behind a number of other unavoidable error sourcékwever, an estimate of the
independent needle tip calibration error can bdilled from reported results. As
discussed, the pitch axis lacks sufficient rangmofion to accurately estimate the sphere
radius. An estimate must therefore come from tleresults. Two potential cases exist
for the roll results: either needle deflection ated in the roll plane or deflection did not
occur in the roll plane. If no deflection errorgst in the roll plane, thé, measured in
the roll direction should be approximately half This case is true for the optical calibration
results. The radius of the calibration error sphiertherefore approximately equal to the

mean ofA, and half ofA, or 25um. If deflection did occur, the relationship beamAx
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andAy no longer holds true. For the fixture calibratideflection is evident witia, much
larger thenAy. In the deflection case, the most reasonablenasti of the sphere radius is
half of A. A4is the most reasonable estimate since it correspaiittl the calibrated needle
axis. For the calibration fixture, the radius dan estimated to be approximately a8.
The expected standard deviation of both calibratemors is the needle driver

repeatability of 9.1 um.

The two estimates of the calibration errors foe tptical method and fixture
method are extremely close and less than one sthrieviation apart. The results
suggest that the calibration obtained using thesenhethods are equivalent. However,
calibration can be completed much faster usingisttere rather than the iterative optical
method. Therefore, the calibration fixture sholddthe preferred method of completing
calibration.

5.4.2 Robot Registration

For the primary registration (robot coordinatesfittucial bead centroids in micro-CT
images), the robot coordinates are measured wgh &ccuracy using a calibrated XYZ
positioning stage with a measurement resolutio®.&f um. However, the secondary
registration is a registration of fiducial bead tteis from two different micro-CT
images. The secondary registration therefore hascéntroiding error in both sets of
coordinates whereas the primary only possessegrtbe in one coordinate set. The
secondary registration would therefore be expetdthve twice the fiducial centroiding
error of the primary registration. However, theamd RE of the secondary registration is
approximately 2.5 times larger than the TRE of phienary registration. This suggests
that much of the TRE arises from fiducial localiaaterror (FLE) in the centroiding of
fiducials in the micro-CT images. The registratemmors would therefore be expected to

be reduced if using a scanner with higher resatutio

Either the primary registration alone or the camebli registration can be used to
guide the robotic device for interventions. Usetld primary registration would be
expected to result in much higher targeting acgurgith greater repeatability than the

combined registration. The combined registrationtains the accumulation of many
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more error sources then the primary registratidrhe combined registration contains
errors from both the primary and secondary regdistia along with errors resulting from
attaching and detaching the robot from the micro4€&nner bed. As a result, the
primary registration offers the advantage of nearlffth of the TRE of the combined
registration and a much smaller standard deviatiokinfortunately, the primary
registration is more time-consuming then the comtbimegistration. Four scans are
required to complete the primary registration amelytmust be repeated every time the
robotic system is removed from the scanner bed.cohtrast, the combined registration
can be completed with a single image, which canabguired simultaneously with
imaging of the small animal. Depending on the @ggibn, the end user must determine

the ideal balance between time requirements antgracy.

Waspe et al’is the only other method developed to registetatio system with
a micro-CT imaging system. The reported FRE ané ©Rthe registration process were
96 um and 210 um respectively. Both the primany eombined registrations offer a

reduction in error over this method.

5.4.3 Robot Positioning Accuracy

The 153.9 um micro-CT voxel size is relatively kg relation to the desired needle
targeting accuracy of 200 um. Therefore, in ortdebe able to use the micro-CT to
meaningfully quantify targeting error, a techniqoagpable of sub-voxel accuracy is
required. Unfortunately, the needle tip cannot lbealized to sub-voxel accuracy.
Rather, to achieve the desired measurement accuhecypeedle must be segmented and
a line of best fit calculated to determine the meexkis in the micro-CT image. The
metric used to calculate targeting accuracy issthartest distance of the needle axis to
the target. Unfortunately, this metric does natvite any information about the error in
needle depth or its associated variability. Furtiege, the reported errors were measured
at a constant angle and do not account for vanatictargeting accuracy due to needle
angulation. The reported targeting errors theeefmderestimate the true targeting error.
The targeting errors can be corrected to bettaesgmt the true targeting error by using
the errors measured during needle calibration aetlle angulation testing, which do
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account for these other factors. Since these eag all independent, their means and

standard deviations can be added in quadraturgtitnae the true targeting error.

The RCM deviation is known to be a maximum of 1@r& through the robot’s
full range of motion. In comparison, the mean efrom the point of best for the robot
angulation testing was 72+ 62 um. Therefore, #mgation in angular targeting accuracy
is largely not the result of mechanical errors.thieg this error would largely be due to
needle tip calibration error and needle deflectiothe tissue-mimicking phantom. Error
resulting from needle tip calibration error is ctamé and should remain near constant
with respect to needle angulation. The large stehdleviation observed in needle
angulation accuracy is likely the result of needidlection. As shown in Table 5.the
error was the smallest for angles of attack leas 80° from the normal. For these small
angles the mean error was 51 + 31 um. The emaletkbto increase with larger angles of
attack. For the example illustrated in Figure %08 the maximum angle tested of 50° the
error increased to 188 um. These results areunptising: the larger the angle of attack,
the more obliquely the needle penetrated the phantarface and the greater the
proportion of the needle within the phantom. Botlthese conditions are conducive to
needle deflection. Targeting error increases Wl angle of attack of the robot is

largely the result of needle deflection.

A source of error typically neglected in the litere is the rearward deflection of
the robot itself during needle insertion. Thisoeris neither accounted for in the robot
targeting error or calibration error. The roboffleltion is the result of the entire
machine shifting due to reactionary forces actingtee needle driver as it advances the
needle through the tissue. To determine the madmitd this deflection in our design, a
brass weight, which exerted 10 N of force, was nedino the robot RCM. The
deflection of the robot with the brass weight wasasured using an indicator to be 151
um. However, the needle driver is capable of @gling a maximum force of 2 N, which
corresponds with a rearward robot deflection ofu8@. This illustrates the need to make
the robot as rigid as possible. Although our sysie suitable for inserting needles into
soft tissue, the rigidity of this device would nedbe improved for applications like

drilling into harder materials like bone.
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Figure 5.9: A composite image of the needle tracks from thedfee angulation accuracy experiment
(section 5.2.4.3). All of the needle tracks, vttt exception of one track, approached the targjet pvith

an angle of attack (from the normal) of less th@nd&grees. The one track labeled as (*) illustrates
exaggerated needle deflection with the needle amping the target at 50 degrees from the normagrevh
the needle is perpendicular to the phantom surface.

Combining the measured targeting error with the d¢alibration error and
angulation error, the resultant targeting errors both the primary and combined
registration techniques would be 142 + 41 um ar®Rl288 um. Including the presence
of a 2 N axial load, the targeting errors would1d® + 41 um and 218 + 38 um. These
estimates of targeting error are better represgataif the true targeting error of the
robotic system. Even with the inclusion of addiab error sources, the targeting
accuracy of the robot is approximately equal toith&ging voxel size of 153.9 um. This
targeting accuracy makes the robot potentially wlskeir targeting small vessels with a
high degree of confidence. Although the secondagistration reduces the time

requirements of interventions, the targeting aaoyra greater than the image voxel size.
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This method would be useful for targeting largeudures like the left or right ventricle
of a mouse’s heart or a large tumour. Since thiabiity in targeting is relatively low in

comparison to the mean error, the targeting acgucauld be further improved to
achieve finer targeting accuracies using micro-C&nsers with smaller voxel sizes.
One approach to improve the targeting accuracynioduced by Ramratlet al. to

measure the magnitude and direction of needle mgisaknt using a high-resolution
camera’ An appropriate correction can then be applieeémpositioning the needle to

reduce error from needle misalignment.

5.4.4  Preclinical Application

Under image guidance, the robot was able to suitdlstarget a 23G needle to a 1.5
mm radio-opaque pellet implanted in a subcutangoosur. Tissue deformation was
observed during the initial penetration and retoscof the needle, and could potentially
result in missing the intended vivo target. While the effect of tissue deformation was
negligible in our ability to target a 1.5 mm radipaque pellet, it likely worsens with
smaller targets and with proximity of the targetthe skin (where the observed tissue
deformation was the largest). Using real-time imggédance it may be possible to
reduce, if not eliminate, the effect of tissue defation.

The wick-in-needle technique requires proper ptaaa of the needle for reliable
IFP measurements in small tumours. Both the frodtside ports of the IFP needle must
be inside the tumour volume, which becomes diffical small animal tumours with
diameters between 5 and 10 mm. The average disketaeen the front and side port of
our IFP needle was approximately 5 mm. Thereforgyremt deal of uncertainty in
manually placing the IFP needle in mouse tumourallemthan 10 mm is expected. For
example, we have found that performing repeatedualameedle placement in an intra-
muscular ME180 tumour 7 mm in diameter resultdHiR Values that differ by a factor of
five. In this study, we have shown that the robgibsition system in combination with
image guidance provides an accurate method to guégelle placement, and reliably
perform IFP measurements. Additionally, the desojnthe robot allows for spatial
mapping of IFP over the tumour volume and is arliegon we plan to explore in the

future.
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55 Conclusion

The design of a micro-CT guided needle positiorapstem for small animal intervention
has been presented. The system has been devétopekieve a mean targeting error of
less than 20Qum while maintaining a high degree of user friendéme The robot is
compact enough to operate within the micro-CT bdenall animals can be imaged and
the intervention performed without transporting taeimal from one workspace to
another. Not requiring transport of the animaluesgbs opportunities for targets to shift
from their localized position in the image and difigs the workflow of interventions.
An improved method of needle calibration is presdnthat better characterizes the
calibration using the position of the needle tiphotographs, rather than the needle axis.
A calibration fixture was also introduced that deditally reduces the time requirements
of calibration while maintaining calibration accaya Two registration modes have been
developed to correspond the robot coordinate systémthe coordinate system of the
micro-CT scanner. The two registration modes ddfbalance between the time required
to complete a registration and the overall redistinaaccuracy. The development of
slow high accuracy and fast low accuracy regisirathodes provides the user with a
degree of flexibility in selecting a registratiorode best suited for their application. The
errors of the high accuracy primary registratiomne\eRE;iman,=21 + 6 pm and TREman~

31 + 12 um. The error in the low accuracy combiregistration was TREGmpined139 + 63
pm. Both registration modes are therefore suitémesmall animal needle interventions.
The targeting accuracy of the robotic system wasn ticharacterized using targeting
experiments in tissue-mimicking gelatin phantoriifie results of the targeting experiments
were combined with the known calibration and neet#iection errors to provide a more
meaningful measure of the needle positioning acyuia the system. The combined
targeting errors of the system were 149 + 41 ym 2RI+ 38 pm using the primary and
combined registrations respectively. Finally, pilo vivo experiments were completed to

demonstrate the performance of the system in adsigzal application.
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Chapter 6

6 Summary and Future Work

6.1 6.1 Summary of thesis:

The purpose of the work in this thesis was to dgvé@nage-guided needle positioning
systems to increase the accuracy and repeatatilitgedle interventions in a variety of
clinical applications. Each project involved naotlyodesigning a mechatronic system for
the application, but also interfacing and co-reggisg each system with various clinical
US probes and a micro-CT small animal imaging swste The specific technical

developments, registration methods, and validatbreach system are summarized

below.

6.1.1 A 3D Ultrasound-guided prostate biopsy system

In Chapter 2, we developed a 3D TRUS-guided bigpysgem, which can make use of
any manufacturer's end-fire TRUS probe that rec@dd displays the 3D locations of
biopsy cores: ? It is composed of a 3D TRUS imaging subsystem anpassive

mechanical arm with a fixed remote center-of-mopaositioned near the tip of the TRUS
probe. The RCM is intended to minimize prostatdiomoduring reorientation of the

probe when aiming at different targets in the byoplein. The stabilization of the TRUS
probe and associated linkage is accomplished wsimgchanical spring-loaded counter-
balancing system that maintains the position amehtation of the probe even when the
physician removes his hand from the haridléThis permits smooth motion of the

transducer with a light touch of the physician'adha

To calibrate and register the system to the 3D bfage, the device was
constrained into a known pose with the US transdaligned to the RCM of the device.
This provided a link between the encoder readouhéopose of the linkage, and also
provided a means to register the first 2D US imiagthe 3D reconstruction linking the

image to the device kinematics.
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By adding 3D information to the prostate biopsygadure, our system should
improve the recording procedure as well as theiptayss ability to accurately guide the
biopsy needle to selected targets. This would Imefi@al in cases where the patient was
diagnosed on biopsy to have atypical small acimalifpration (ASAP) and requires the
physician to rebiopsy the same area. Using the BDY image, the physician was able
to observe the patient’'s prostate in views curyemtbt possible in 2D procedures.
Overall, our 3D system should result in prostatgpby procedures that are stereotactic
and more reproducible, which may lead to higherceanletection rates and improve the

yield on repeat biopsy.

Finally, integration of our system into the cutrgrostate biopsy procedure
requires minimal physician retraining as proceduwratkflow is maintained. By adhering
to the imaging tools and protocols of current byopsocedures, clinical integration of

our 3D system should be cost effective.

6.1.2 A 3D ultrasound-guided prostate therapy system

In Chapter 3, we developed a mechanical assistestgie therapy system, that facilitates
the physician in performing transperineal prostdterapy procedures, in which the
needle can be positionede(, ready for insertion) manually with improved acayand
flexibility, and the needle insertion into the pate is done manually by the physicfan.
Our approach to the problem differs from the pramproaches in that many of the
benefits of a robotic system (accuracy and improweddle coverage) can be realized
with the option to control the needle location &mgectory (including oblique) manually.

The device was calibrated by constraining thedgeinto a known orientation
providing a fixed link between the encoder readind kinematics. To register the image
to the system, a string phantom was fixed to a knpwasition on the device, which was
in turn submerged into a tank of glycerol and watelution to create a registration

image.

Combining 3D TRUS imaging system with a dynamicadldjustable needle

guide, the physician will be able to place the hedihjectory to selected targets in the
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3D TRUS image with a mean error that closely matdhe ultrasound resolution. This
would be beneficial as the physician has completdrol of the needle and can safely
manoeuvre the needle guide around obstacles li@qusly placed needles or a TRUS
probe. Although this system was tested using ar8Bging system, this system is also
compatible with any 2D system and protocol curseimtluse. Our future direction will be
to clinically validate our prostate therapy systghalivering brachytherapy first, but able
to accommodate other prostate therapy approadtessrijotherapy and laser ablation), in
which all aspects of the procedure will be carrieat intra-operatively including
dosimetry planning, monitoring of prostate changdgnamic re-planning including

obligue trajectories and needle placement veriboat

6.1.3 A 3D micro-CT-guided needle positioning system for small
animal research

Preclinical micro-injection procedures in variowesearch applications are particularly
dependent on the accuracy of mechatronic devieesy as micro-CT systems, used to
guide needle insertion into soft tissues of themahf A foundation of these
interventions is the ability to accurately localitee position of targets and fiducial
markers in space using micro-CT images. A mechatraevice with near-perfect
positioning accuracy will always miss a target uided to the wrong position in space
due to image distortion. Therefore, the geomedcuracy of micro-CT scanners is
fundamentally important for the successful completof interventions by micro-CT

guided mechatronic needle positioning systems.

Chapter 4 describes the development and testing traceable calibration
phantom and technique to evaluate the geometriaracyg of five different micro-CT
scanners, representing four scanner models. Tdmefeic errors detected within micro-
CT images by this study are not immediately obvidug could be serious in an
application (such as a micro-CT guided small animn&trvention) that may require
targeting accuracies of less than 200 futdse of this calibration phantom should
therefore be considered for any application thanateds high geometric fidelity in

images®
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In chapter 5, the design of a micro-CT guided feepdsitioning system for small
animal intervention has been presented. The syb@snbeen developed to achieve a
mean targeting error of less than 200 um while tamimg a high degree of user
friendliness. In addition, the robot is compacbegh to operate within the micro-CT
bore. Small animals can be imaged and the intéoreperformed without transporting
the animal from one workspace to another. Notiragutransport of the animal reduces
opportunities for targets to shift from their lazad position in the image and simplifies
the workflow of interventions. In addition, perfoimg the intervention within the bore of
the scanner will allow techniques that employ neai-time imaging. For example, the

GE Locus Ultra scanner is capable of acquiring ntric frame rates as high as 1Rz .

An improved method of needle calibration is présérthat better characterizes
the calibration using the position of the needbeii photographs rather the needle axis.
A calibration fixture was also introduced, whichgrsficantly reduces the time
requirements of calibrating the needle depth whilaintaining calibration accuracy.
Two registration modes have been developed tothiekobot coordinate system with the
coordinate system of the micro-CT scanner. Theregistration modes offer a balance
between the time required to complete a registiadind the overall registration accuracy.
The development of slow high accuracy and fast Eeeuracy registration modes
provides the user with a degree of flexibility ilexcting a registration mode best suited
for their application.

The targeting accuracy of the robotic system waen tcharacterized using
targeting experiments in tissue-mimicking gelatiaptoms. The results of the targeting
experiments were combined with the known calibratamd needle deflection errors to
provide a more meaningful measure of the needl@i@oisig accuracy of the system.
Finally, pilotin vivo experiments were completed to demonstrate themmeaince of the

system in a biomedical application.

6.2 Future Work

Innovations relevant to Chapter 2 of this thesisulted in the filing of two patents

included in Appendices A, and B and the licensihthe system to Eigen (Grass Valley,
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CA) where the clinical prototype system presentedehhas been developed into a
commercial product (see Figure 6'9)in addition, the series of phantom experiments
provided sufficient validation of the system to ieglinical trials in collaboration with
University Hospital, London, ON; Dr. Cesare Romdgnihe device has been approved
by Health Canada for use on human subjects andanderof clinical studies have been
approved by The University of Western Ontario EthiBoard for Health Sciences
Research Involving Human Subjects (HSREB) (see AgpeD). The purpose of this
trial was to:

1. Validate a novel adaptation of a 2D TRUS probepf@ducing 3D images of
biopsy data,

2. Determine the ability of the system to record tBel@cation of biopsy cores
removed from the prostate during the procedure.

Figure 6.1: Photograph of the Atremis prostate biopsy traglépstem by Eigen (Grass Valley, CA).

With the help from Dr. Romagnoli, the system hawlargone a number of
improvements to help to translate the initial ptgpe into a potentially useful clinical
tool. Improvements to the mechanical design allowedo substantially reduce the mass

and associated inertia of the linkage, thus makiegsier for the physician to maneuver
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the TRUS probe. The new system illustrated in FBgB2 uses a single spring-loaded
counterbalance assembly in place of the originalngpcounterweight combination

presented in Chapter 2. The new spring counterbalgmrovides two degrees of

adjustment to account for both the magnitude anentation of the payload, which

consists of the TRUS probe and connecting arm. Osege the spring-loaded

counterbalance will completely support the payleaithout further adjustment and with

minimal loss of manipulative transparency regasllefsthe linkage pose or presence of
the TRUS probe and/or attached biopsy gun.

Figure 6.2: Photograph of the clinical prototype mechanicatking system for prostate biopsy. A single
spring-loaded counterbalance assembly is usedaicepdf the original spring-counterweight combinatio
presented in Chapter 2.

Additional research questions related to this gubghat have been undertaken
include Determining a) the intra® and b) inter-session registration accuracy ofepati
3D ultrasound scar,and c) the study of prostate motion due to thindiof the biopsy

gun during the procedur@.In addition, a clinical study is currently beingdertaken to
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determine the feasibility of using the mechanigatam to guide the biopsy needle using

preoperative MRI images.

Innovations relevant to Chapter 3 of this thessutted in the filing of a patent
included in Appendix C and the licensing of thentemlogy to Eigen (Grass Valley, CA)
where the clinical prototype system presented em@rrently being developed into a
commercial product. With the help from Dr. DavitSbuza and Dr. Nikhilesh Patil, the
system has undergone some improvements to prdpadevice for an upcoming clinical
evaluation. The new device, as shown in Figure éoBsists of a right-and left-hand
needle guide to increase its flexibility and eliati® the counterweights used in the
prototype presented in Chapter 3. In addition, i@orized 3D US mover was also
redesigned to reduce both the size and weightefrtachatronic system, allowing it to
be adapted to any clinical stabilizer used for fa@sbrachytherapy.

The clinical investigation will be in collaboratiowith the London Regional
Cancer Center, London, ON. The system has beemegpby Health Canada for use on
human subjects and a clinical study has been apgrby The University of Western
Ontario Ethics Board: HSREB (see Appendix E). Thgppse of this trial is to:

1. Determine the improvement to treatment deliverygsiD imaging,

2. Determine the effectiveness of the intra-operatiekvery compensation for
prostate movement using the system,

3. Determine if 3D US imaging can be used in placa ocbmbination of 2D US and
CT imaging, and

4. Determine whether delivery can be improved usirgfigxibility of the
mechatronic device.
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Figure 6.3: Photograph of the clinical prototype system fdradound guided prostate therapy. The new
device consists of a right-and left-hand needledguio increase its flexibility and eliminate the
counterweights used in the prototype presentechap@r 3.

With respect to the small animal system introduce@hapters 4 and 5, the series
of phantom experiments and pilot animal studievipiex sufficient validation to use the
system for a number of preclinical research prgjenging from needle-guided
interventions to image reconstruction. An initialeglinical investigation using the
system will be in collaboration with the STTARR FRieical Core at Princess Margaret
Hospital, Toronto, ON. In addition, this systemg¢luding the device, phantom and
validation method developed for this project, céso e adapted to any small imaging
CT scanner with fields of view ranging from 1 to @. Since there is no method in the
literature to calibrate a micro-CT scanner to adedle standard, the phantom design can
be potentially useful for any research project tsds the CT as a means of quantitative

measuremerit.
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6.3 Conclusion

In addressing each objective of this thesis, a mundd novel mechanical designs
incorporating an RCM design with varying degreesfreedom have been presented.
Each of these designs can be deployed in a vanfeinaging modalities and clinical
applications, ranging from preclinical to humarementions, with an accuracy of control
in the millimeter to sub-millimeter range. In atiloin, a low inertia spring balance was
designed to carry larger payloads, and can be eddapt any robot architecture as a
means to improve safety. In addition, the sprirgdied counterbalance can also be
modified to provide tremor reduction or inertia aggn by adding a simple
electromechanical feedback circuit or velocity cohty combining the springs with

hydraulic dampers to form a hydro-mechanical feektaop.
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a2 Patent Application Publication (o) Pub. No.: US 2009/0234369 A1
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Bax et al. (43) Pub. Date: Sep. 17, 2009
(54) APPARATUS FOR GUIDING A MEDICAL Related U.S. Application Data
TOOL o ema e
o (60) Provisional application No. 60/814,539, filed on Jun.
(75) Inventors: Jeffrey Bax, London (CA); Derek 19, 2006.
Cool, London (CA); Lori Gardi, e
London (CA); Aaron Fenster, Publication Classification
London (CA) (51) Int.CL
A61B 19/00 (2006.01)
(52) US.CL 606/130
(57) ABSTRACT

There is provided a guide apparatus for orienting a medical
tool relative to and through a remote fulcrum or remote center

(73) Assignee: ROBARTS RESEARCH £ moti he guid ise: at 1
INSTITUTE, London, Ontario of motion. The guide apparatus may comprise: at least one
(CA) ? ? crank arm comprising at least a portion of a first hinged
coupling for hinged coupling to a stabilizer; at least one link
21)  Appl. No.: 12/303, arm comprising at least a portion of a second hinged coupling
(1) Appl.No 2303415 for hinged coupling to the crank arm at a location spaced from

. p g . .
(22) PCT Filed: Jun. 19, 2007 the first hinged coupling; a tool holder for supporting a medi-
cal tool on the link arm at a location spaced from the first
(86) PCT No.: PCT/CA2007/001076 hinged coupling; wherein the rotational axes of the first and
second hinged couplings interseci to define a remoie fulcrum.
§ 371 (o)1), The guide apparatus may be configured to be an open-loop
(2), (4) Date: Feb. 9, 2009 spherical chain or a closed-loop spherical chain.
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APPARATUS FOR GUIDING A MEDICAL

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Patent
Application Ser. No. 60/814,539 filed on Jun. 19, 2006, the
content of which is incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates generally to medical
devices and, more particularly, to an apparatus for guiding a
medical tool.

BACKGROUND OF THE INVENTION

[0003] Apparatus for guiding medical tools have been
shown to be of valuable assistance in various medical proce-
dures, for example, manipulation of surgical tools, manipu-
lation of cameras or sensors, biopsy, etc. An apparatus for
guiding a medical tool usually also improves reproducibility
compared to free-hand medical procedures, for example, sur-
gical or biopsy procedures.

[0004] These apparatus typically have one or more degrees
of freedom and may be manually driven in that the one or
more degrees of freedom may be equipped with a brake with
motive force being provided by a human practitioner, or may
be automated in that at least one degree of freedom is driven
by a computer controlled actuator.

[0005] A medical tool often needs to be oriented about a
point in, on, or in proximity to a patient’s body. However,
having the main body of an apparatus that supports the tool
located too proximal to the patient’s body may be disadvan-
tageous, since the supporting apparatus may, for example,
interfere with the view of or access to the patient by the
practitioner. An apparatus which can orient a tool about a
remote fulcrum or remote center of motion can avoid such
disadvantages.

[0006] The use of an apparatus that orients a tool about a
remote center of motion is known in robotics as described, for
example, in U.S. Pat. Nos. 5,397,323, 5,515,478, 5,630,431,
5,817,084, 5,907,664, 6,047,610, 6,246,200, and 7,021,173.
U.S. Pat. No. 5,397,323 to Taylor et al. discloses the remote
center of motion principle in surgical robots with a first axis of
rotation pointing into the remote center of motion, and a
second axis materialized by a parallelogram mechanism
implemented by two coupled parallel linkages of rigid bars
and cylindrical joints. The two axes of the remote center of
motjon are orthogonal, and the mechanism operated around
an upright initial (zero) direction.

[0007] Unfortunately, the parallelogram structure of Taylor
et al. and other conventional parallelogram mechanisms is
bulky, making it difficult to position with respect to a patient’s
body and in some cases forcing a patient to assume an uncom-
fortable or unconventional position. Therefore, there is a need
for an alternative apparatus for guiding medical tools.
[0008] Itisanobject of anaspect of the present invention to
provide a novel apparatus for guiding a medical tool.

Sep. 17, 2009

SUMMARY OF THE INVENTION

[0009] Inan aspect, there is provided an apparatus for guid-
ing a medical tool, comprising:

[0010] at least one crank arm comprising at least a por-
tion of a first hinged coupling for hinged coupling to a
stabilizer;

[0011] at least one link arm comprising at least a portion
of a second hinged coupling for hinged coupling to the
crank arm at a location spaced from the first hinged
coupling;

[0012] atool holder for supporting a medical tool on the
link arm at a location spaced from the first hinged cou-
pling;

[0013] wherein the rotational axes of the first and second
hinged couplings intersect to define a remote fulcrum.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Embodiments will now be described, by way of
example only, with reference to the attached Figures,
wherein:

[0015] FIG. 1 is a front perspective view of a 3-element
guide apparatus for guiding a transrectal ultrasound (TRUS)
probe and biopsy needle with ‘n’ representing linkage ele-
ments, and ‘1’ representing hinged coupling axes;

[0016] FIG. 2 is a front perspective view of the 3-element
guide apparatus of FIG. 1 attached to a multijointed stabilizer,
which in turn may be attached to an operating room bed or
fixture with ‘n’ representing linkage elements, and ‘i’ repre-
senting hinged coupling axes;

[0017] FIGS. 3(a) and (&) illustrate a 5-element, and (c) a
7-element closed loop spherical linkage with additional link-
age elements used to provide additional support for the TRUS
probe; ‘n’ representing connection elements, and ‘i’ repre-
senting hinge joint axes;

[0018] FIG. 4 is a schematic of 2 rotational motions within
the S-element guide apparatus of FIG. 3(a);

[0019] FIG. 5 is an illustration of the spherical coordinate
reference frame used to define the forward kinematics
between the primary alignment axis (base) and tertiary align-
ment axis (probe tip);

[0020] FIG. 6(a) is an exploded isometric view of the dif-
ferential gear train used to decouple the rotation and linear
travel of the TRUS about the tertiary alignment axis; FIG.
6(b) is an isometric view of the differential gear train; FIG.
6(c) is a top cross-sectional view of the differential train
illustrating how the central shaft is coupled to the base and
outer ring;

[0021] FIG. 7 is an illustration of the top view of the guide
apparatus of FIG. 1 laid open on a surface showing the layout
of the arcuate arms, braking sub-assembly, and encoders;
[0022] FIG. 8(a) is an illustration of a trans-rectal ultra-
sound (TRUS) transducer with an attached biopsy guides
showing an 18-gauge biopsy needle constrained within the
imaging plane of the 2D US beam; FIG. 8(b) shows a sche-
matic diagram of the TRUS transducer, biopsy needle and
guide in the rectum during a prostate biopsy; FIG. 8(c) is an
illustration of a TRUS image of the prostate with a biopsy
needle (arrow) in the inner gland;

[0023] FIG.9 shows steps of a 2D and 3D prostate segmen-
tation algorithm; (a) the user initializes the algorithm by
placing 4 points on the boundary to generate an initial con-
tour; (b) deformable dynamic contour approach is used to
refine the initial contour until it matches the prostate bound-
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ary; (c) the contour is propagated to adjacent 2D slices of the
3D TRUS image and refined; the process is repeated until the
complete prostate is segmented as shown.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0024] A guide apparatus can be useful for guiding a medi-
cal tool in 3D space. A guide apparatus may comprise one or
more rotational degrees of freedom and an adaptable cradle
for coupling a medical tool. Using this guide apparatus, phy-
sicians can maneuver a medical tool to a desired 3D position
and orjentation.

[0025] The guide apparatus is capable of producing a
remote fulcrum and can be configured to constrain movement
of a medical tool relative to the remote fulcrum. The con-
strained movements produced by the guide apparatus are
consistent with movements produced by a user during a con-
ventional surgical procedure. When the instrument is
manipulated manually, the guide apparatus will passively
follow the user’s mo while still maintaining orienta-
tion of a medical tool relative to a fixed remote fulcrum that
may be positioned to coincide with a restricted entrance point
of a patient’s body, for example a rectum or any surgical
incision. Since the guide apparatus constrains the orientation
ofa medical tool relative to and through a fixed point in space,
a user’s movements are reproduced at a scaled down rate
(minimized through the remote fulcrum) that allows for a
level of precision that was thought to only be possible with
robotic assisted machines. This improves the ability of a user
to accurately target a point of interest within a patient’s body.
[0026] FIG. 1 shows an example of a guide apparatus 1 that
may be used for 3D orientation of a medical tool relative to
and through a fixed point in space, a remote fulcrum. The
guide apparatus comprises two linkage elements or arms, a
crank 2 and a link 4. The crank 2 and the link 4 may be of any
size, or shape that allows for the remote fulcrum 0.

[0027] The linkage elements may be hingedly coupled to
form positioning elements. In FIG. 1 the crank 2 and link 4
both have an arcuate structure having a central angle of about
45 degrees. The crank has a first end 12 and a second end 14.
The link also has first and second ends 22, 24. When the guide
apparatus is in use the first end 12 of the crank is hingedly
coupled to a base or stabilizer. The first end 12 may comprise
a full hinged coupling (not shown) that is attached to a mem-
ber that is rigidly fixed to the base or stabilizer. Alternatively,
the first end 12 may comprise a portion of a hinged coupling
10 with the remainder of the hinged coupling being provided
by the base or stabilizer. The second end 14 of the crank forms
a hinged coupling 16 with the first end 22 of the link. The
second end 14 of the crank comprises a portion 18 of the
hinged coupling 16, while the first end 22 of the link com-
prises the remaining portion 20 of the hinged coupling 16.
The second end 24 of the link is coupled to atool holder 6. The
tool holder may be in the form of an adaptable cradle for
securing a shaft 32 that may be used to actuate a medical tool
40.

[0028] FIGS. 1 and 2 show a medical tool 40 and a shaft 32
for actuating the medical tool. The shaft may be used to
actuate longitudinal and/or rotational or angular motion of
medical tool 40 relative to the tertiary alignment axis; longi-
tudinal or linear motion along the axis provides one degree of
freedom, while rotational or angular motion about the axis
provides another degree of freedom. The shaft 32 passes
through a cylindrical joint provided by tool holder 6. The
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shaft 32 may be coupled directly to the medical tool 40, or
may be coupled to a sleeve or any other convenient structure
for receiving the medical tool 40. The medical tool 40 shown
in FIG. 1 is a combination of a transrectal ultrasound (TRUS)
transducer 46, a biopsy needle 44 and a needle guide 42.
[0029] A remote fulcrum 0 produced by the guide appara-
tus 1is shown in FIGS. 1and 2. As shown in FIG. 2 the remote
fulcrum 0 is formed at an intersection of the rotational axis
(i=1) of the first hinged coupling formed between the first end
12 of the crank and the base or stabilizer 70 and the rotational
axis (i=2) of the second hinged coupling formed between the
second end 14 of the crank and the first end 22 of the link.
When the guide apparatus is in use and is coupled to the
medical tool 40 the axis (i=3) of the medical tool 40 passes
through the remote fulcrum. In certain examples, the axes of
the medical tool 40 and its shaft actuator 32 are collinear and
both pass through the remote fulcrum.

[0030] The guide apparatus may be equipped with further
components as desired to aid in the orientation or tracking of
a medical tool, for example, without limitation, brakes for
locking a hinged coupling, encoders for measuring rotational
angles of a hinged coupling, counterweights and/or spring
balances to offset the mass of the system, computer controlled
actuators for automating rotation of a hinged coupling, addi-
tional linkage arms or the use of linkage arms having an
adjustable arcuate structure. Further components that may be
incorporated into the guide apparatus will be apparent to the
skilled person, and suitable combinations of optional compo-
nents will also be apparent depending on the particular medi-
cal tool and the particular use of the guide apparatus.

[0031] One example of an optional component that may be
included in a guide apparatus is a rotational encoder. As seen
in FIGS. 1 and 2, a first rotational encoder 60 that may be
mounted to the first end 12 of the crank 2, while a second
rotational encoder 62 may be mounted to the first end 22 of
the link 4.

[0032] As another example of an optional component,
counterweight 52 is mounted to the link arm to offset the mass
ofamedical tool and associated hardware supporting it; while
counterweight 50 is mounted to the crank arm to offset the
mass of the crank arm, counterweight 52, and the link arm.
The counterweights may be replaced or used in conjunction
with a spring balance to offset the mass of the system.
[0033] Asyetanother example of an optional component, a
braking mechanism may be mounted within the crank and/or
the link to inhibit motion of linkage elements relative to each
other. In one example, a spring clutch may be mounted within
the first end 12 of the crank arm to prevent or inhibit motion
of the crank relative to the stabilizer or base fixture. The
spring clutch (shown in FIG. 9) may be comprised of two
brake pads, in which at least one of the brake pads is affixed
to the first end 12 of the crank, and at least one torsion spring
is wrapped around the pair of brake pads.

[0034]  As still another example of an optional component,
a guide apparatus may be equipped with motors (not shown),
for example servo motors that may be controlled by a com-
puter to automate the motion of various linkage elements. In
a particular example, each hinged coupling independently
may be controlled by a servo motor.

[0035] As a further example of an optional component, a
guide apparatus with an adjustable remote fulcrum may be
produced by incorporating linkage arms having an adjustable
arcuate structure (not shown). To make the remote fulcrum
adjustable, an additional two hinged couplings can be inte-
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grated into the guide apparatus shown in FIG. 1. The first
additional hinged coupling can be located between 12 and 14
of the first crank with its axis of rotation being parallel to the
axis 70. By adjusting the angle between 12 and 14, the point
of intersection between i=1 and i=2 can be changed. In order
to maintain the remote fulcrum, a second additional hinged
coupling on link 4, between 22 and 24 with its axis of rotation
parallel to the axis 72, can be used to adjust the intersection
point between i=2 and i=3 to coincide with the previous
adjustment. This optional component is particularly useful to
adjust the remote fulcrum for different medical tools and/or
different uses, or to account for manufacturing tolerances in
the device. Typically, the remote fulcrum of the guide appa-
ratus would be adjusted prior to a surgical procedure, set in
place, and then maintained in a fixed position throughout the
procedure. A planar coupling can be used in place of the first
additional hinged coupling between 12 and 14 if the planar
connection is parallel to the plane formed by the axis i=2 and
72. A planar coupling can be used in place of the second
additional hinged coupling between 22 and 24 if the planar
connection is parallel to the plane formed by the axis i=2 and
70.

[0036] An even further example of an optional component
are further linkage elements, for example a second crank arm
and a second link arm. While the guide apparatus has so far
been described as comprising two linkage elements, FIGS. 3
and 4 show that the guide apparatus can be configured two
comprise further linkage elements and be converted from an
open-loop spherical chain to a closed-loop spherical chain.
For example, to reduce inertia effects from the use of two
arcuate linkage elements in an open-loop spherical chain, 2 or
4 additional linkage arms (FIG. 3) may be integrated into the
design and form a closed-loop spherical chain. The closed
chain design can dampen the inertia effects present in the
open chain design illustrated in (FIG. 1). This would be useful
for applications where improved sensitivity is required for
finer adjustments (e.g. small animal interventions), or the
guide apparatus is supporting relatively large payloads (e.g.
the addition of motors to automate the motion of the guide
apparatus under the control of a computer). Additional link-
age elements (FIG. 3) may also be useful for supporting a
number of different medical tools of varying sizes and
weights. The closed-loop spherical chain is more capable of
supporting unbalanced loads from the additional support pro-
vided by the additional linkage illustrated in (35) and (3¢). As
can be seen in FIG. 3a-c, the tool holder can be constructed as
two separate portions that are independently linked to the link
arms. The ring portions may be free of each other and may be
aligned by a shaft passing through the rings. The ring portions
may also be rotatably coupled to each other.

[0037] When the guide apparatus is manipulated manually,
the closed kinematics frame will follow the user’s hand move-
ments with minimal resistance. Accordingly, any number of
different paths of motion may be achieved by the guide appa-
ratus. Two paths of motion that are intuitive to most user’s are
illustrated in FIGS. (4a) and (4b). As illustrated in FIG. (4a),
the apparatus can revolve about the base alignment axis of a
hinged coupling between the first end of the crank and the
base or stabilizer. This rotation becomes more apparent as the
angle between the medical tool axis and the base alignment
axis increases. There is also a natural tendency for many
user’s to change the angle between the medical tool axis and
the base alignment axis as this produces a side-to-side motion
of the medical tool about the remote fulcrum point of the
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guide apparatus. As shown in FIG. 4b, as each of the cranks
rotates away from one another, the opposing inertial forces,
which are generated within the linkage, will direct the medi-
cal tool along a path which is perpendicular to the path of
motion previously described for FIG. 4a. Therefore, the addi-
tional two linkage elements are useful as they reduce the
effect of inertial influence in comparison to a corresponding
open-loop chain design. User’s are able to recreate the intui-
tive paths of motion shown in FIGS. 4a and 4b with reduced
veer or drag due to inertial forces of a heavy medical tool.
[0038] Various configurations of linkage arms or hinged
coupling are readily available to the skilled person. For
example, the crank arm 2 and the link arm 4 may be of any
size, or shape that allows for a configuration of the guide
apparatus that produces a remote fulcrum 0. The crank and the
link may be of equal length, the crank may be longer than the
link, or the crank may be shorter than the link. The crank and
the link may be the same or different in terms of rigidity or
flexibility. The crank and the link will typically be arcuate,
and the crank and the link may be the same or different in
terms of arcuate structure. The arcuate structure may have any
suitable central angle for maintaining a remote fulcrum. For
example, an arcuate crank or an arcuate link may each inde-
pendently have a central angle of about 10, 20, 30, 40, 50, 60,
70, 80, 90, 100,120,130,140,150,160,170,180,190, or 200
degrees, or any suitable angle therebetween. Typically, the
central angle will be less than 360, 330, 300, 270, 240, 210,
180,150,120, 90, 60, or 30 degrees, or less than any angle
therebetween.

[0039] Hinged couplings do not need to be placed at the end
of linkage elements. For example, the first end of the crank
arm may extend beyond the first hinged coupling, As another
example, the second end of the crank arm and/or the first end
of the link arm may extend beyond the second hinged cou-
pling. The link arm is coupled to the crank arm at a second
hinged coupling sufficiently spaced from the first hinged cou-
pling to achieve two positioning elements and such that their
rotational axes can define a remote fulcrum.

[0040]  Still further optional features will be apparent to the
skilled person.

[0041] While the guide apparatus 1 shown in FIGS. 1 and 2
has so far been described in terms of structural features, a
guide apparatus may also be described in terms of its axial
components and planes defined by the axial components. The
guide apparatus typically comprises a primary (or base)
alignment axis (i=1); a secondary alignment axis (i=2) that
intersects the base alignment axis at a remote fulcrum point 0
and at a fixed angle to the base alignment axis, defining a first
plane that represents a first positioning element; a tertiary
alignment axis (i=3) which intersects the base and secondary
alignment axes forming a fixed angle between the secondary
and tertiary axes, and defining a second plane that represents
a second positioning element; and, the first, and second posi-
tioning elements are separately adjustable in order to provide
a pre-determined and/or angular relationship between the
base and tertiary alignment axes. The first, and second posi-
tioning elements are separately adjustable to allow for 3D
orientation of the tertiary alignment axis through the remote
fulcrum.

[0042] As seen in FIGS. 1 and 2, the crank 2 of the guide
apparatus is parallel to the first plane defined by the intersec-
tion of a base alignment axis (i=1) and a secondary alignment
axis (i=2), while the link 4 is parallel to the second plane
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defined by the intersection a secondary alignment axis (i=2)
and a tertiary alignment axis (i=3).

[0043] The firstand/or second positioning elements may be
manually, automatically or both manually and automatically
adjustable. The first and second positioning elements provide
for adjustment of the distance between the primary alignment
axis (i=1) and the tertiary alignment axis (i=3) by adjusting
the polar position of the first and second positioning elements.
As seen in FIGS. 1 and 2, adjustment of the angular displace-
ment between the primary and tertiary alignment axis may
comprise a link arm having a first end 22 hingedly coupled to
a second end 14 of a crank arm where its first end 12 may be
hingedly coupled to a grounded fixture or stabilizer 70 shown
in FIG. 2. The second end 24 of the link arm may comprise a
cylindrical joint to which medical tool(s) 40 may be coupled.
Typically, the base, secondary and tertiary axes of therevolute
hinged couplings and cylindrical joints of the crank and link
converge to a remote fulcrum point 0, thereby forming an
open-loop spherical chain.

Kinematics Equations of Motion

[0044] The guide apparatus may be considered as a coor-
dinated spherical linkage assembly, which comprises two
hinged couplings and three linkage elements. The axis of each
hinged coupling converges to a common point to produce a
remote fulcrum. The linkage assembly is a compound spheri-
cal joint with two degrees of freedom (DOF), as defined by
the Kutzbach criterion:

g 1
DoF(n, )=ln—~1+ Y (pi =i = 1)
i=l

where:

[0045] “n’ represents the total number of connected ele-
ments and ‘j’ is total number of lower pair joints in the
mechanism. For a single joint, ‘i’ the relative mobility
of the joint and the number of elements connected to it
are given by ‘f;” and ‘p,’, respectively. The mobility of
each linkage element relative to each other is quantified
by ‘T.

[0046] Equation 1 is useful for analyzing a complex linkage
to quantify its mobility and/or to determine the degrees of
freedom provided by the linkage.

[0047] The first hinged coupling defines the reference axis
of the coordinate system and is fixed to the multi-jointed
stabilizer that may be attached to an exam room bed (or
fixture). Because each linkage element is constrained to pivot
about a common point (ie., the remote fulcrum), the mobility
of one linkage element, I, is constrained to three degrees of
rotation. The angular size and length of each element in the
linkage assembly defines the size and shape of the operating
envelope of the kinematics frame.

[0048] The spherical linkage assembly supports a medical
tool and its associated supporting elements through a tool
holder so that the longitudinal axis of the medical tool is
collinear with the tertiary alignment axis (i=3). The angular
position of the axis of the medical tool, relative to the base
alignment axis, is determined by measuring the angle
between the base and secondary alignment axes. As shown in
FIG. 1, shaft 32 with a sleeve may be coupled to a cylindrical
joint provided by the tool holder, with the sleeve adapted to
receive the medical tool 40. The cylindrical joint allows the
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shaft, sleeve and medical tool, to pivot and slide freely along
the axis of the tertiary alignment axis, providing an additional
two DOF as the probe penetration and relative rotational
angle to the supporting frame are defined.

[0049] The following equations represent the forward kine-
matics equations of motion for the open-loop linkage:

1 1 1 1 2
tani[9+c)=cus§(¢1—;)§ec§(¢+g)cmi{ 21
1 1w 1 a1 3]
tan3 (6 ¢) = sinz (Y - SJoscs (v + 3oot5¢
tan%«p = tan%(w - Dsint@+ clesc(d <) “
'an%w =cosé Bl
tan%[7+§] =cos%[dl— %)sec%(g{n- %)cot%f l
1 1 1 1 7
s (y-8= smilw - %)csciw + g)colif;
or Equation 2 to 5 and
[0050]
[7a]

cot%§=l/\/7um'y,

[0051] Equations 2, 3 and 4 were derived by applying the
Napier analogies to spherical triangle APC (FIG. 5), and
Equation 5 was determined by solving the right spherical
triangle ABE. Applying the Napier analogies to spherical
triangle ABC, gives Equations 6 and 7. Equation 7a is derived
by solving the right spherical triangle ABE.

[0052] Equations 2-7 are useful to calculate the orientation
of the medical tool in 3D space relative to the remote fulcrum
based on encoder positions in the open-loop chain design.
Alternatively, replacing Equation 6 and 7 with 7a, Equations
2-5 and 7a are useful to calculate the orientation of the medi-
cal tool in 3D space relative to the remote fulcrum based on
encoder positions in the open-loop chain design. For, corre-
sponding calculations for the closed-loop chain design can be
performed using Equations 2 to 5.

[0053] The position vector, r defining the 3D position of the
medical tool relative to its fulcrum is defined as:

x 81
2z

rcosfsing
= | rsinfsing

reosp

(see Figure 5)

[0054] Equation 8 is useful for coordinate transformation
from a spherical coordinate system (which references angles
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as with Equations 2-5 or Equations 2-7 or Equations 2-5 and
7a) into a Cartesian coordinate system (X,y,z) with the origin
being a remote fulcrum 0.

[0055] The encoders 60, 62 mounted to the hinged cou-
plings (FIG. 2, i=1, 2) are used to measure the angles (E+%)
and y, respectively.

[0056] In order to uniquely define the orientations of the
medical tool about the remote fulcrum, as defined by the
vector r (FIG. 5), information about any two of the three
possible angles (gamma (angle ABC), xi (angle CAB), and
zeta (angle PAC) designated as y, &, and T, respectively)
measured by the encoders at the hinged couplings is needed to
solve the forward kinematics equations.

[0057] In one example, the position of each arm (AB and
BC in FIG. 5) in the linkage is determined by measuring the
spherical angles at each of the hinged couplings A and B,
respectively. The encoder mounted at ‘A’ would measure the
angle (E+%), and the encoder mounted at the second hinged
coupling ‘B’ would be used to measure the angle between the
two arms (y). Equation 6 and 7 or Equation 7a can be used to
decouple the values for (€) and (), required to solve the
Equations 2-5.

[0058] In an alternate example, where an additional two
arms are incorporated to produce a closed-loop chain design
(FIG. 3), the encoder mounted at point B, can also be mounted
at points D or A. If the second encoder were mounted at
coupling ‘D’, the analysis described in the previous para-
graph would be used since the encoder provides the same
information. However, if both of the encoders were mounted
atpoint ‘A’, each encoder would be used to measure the angle
of rotation of link AD and AB about the x-axis (FIG. 5). The
encoder mounted on arm AD would measure (C-E), and the
encoder mounted on arm AB would measure (§+C). This
would provide enough information to solve Equations 2-5
without the need for Equations 6 and 7 or Equation 7a. Since
the encoders can be mounted in different configurations,
Equations 2-5 can be used to optimize the encoder placement
for a particular application. This is because the encoder sen-
sitivity to movement is different for each of the cases
described above.

[0059] Degrees of freedom of the guide apparatus may be
provided by hinged coupling of linkage elements. Additional
degrees of freedom may be provided depending on the medi-
cal tool and its associated hardware and actuator. For
example, FIG. 1 shows a medical tool 40 and a shaft 32 for
actuating the medical tool, with the medical tool axis and the
shaft axis being collinear with the tertiary alignment axis
(i=3). The shaft may be used to actuate longitudinal and/or
rotational or angular motion of medical tool 40 relative to the
tertiary alignment axis; longitudinal or linear motion along
the axis provides one degree of freedom, while rotational or
angular motion about the axis provides another degree of
freedom. The shaft may be equipped with a lockable collar to
prevent linear motion of a medical tool during a procedure.
The shaft 32 passes through a cylindrical joint provided by
tool holder 6 and is coupled to a differential gear train 30 that
is housed within tool holder 6. The differential gear train may
be used to decouple degrees of freedom, for example linear
and angular motion about an axis. Furthermore, the differen-
tial gear train may be equipped with or coupled to encoders to
measure each decoupled degree of freedom.

[0060] As illustrated in FIG. 1, a differential gear mecha-
nism 30 housed within tool holder 6, mechanically decouples
two degrees-of-freedom provided by the shaft and its cou-
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pling to the tool holder. These degree of freedoms represent
the linear and the angular orientations, respectively of the
shaft 32 and its associated medical tool about a longitudinal
axis.
[0061] Referring to FIG. 6, an example of a differential gear
train is illustrated. The differential gear train comprises of
three basic components:

[0062] Base Drum (121)

[0063] Planetary Gear Train (123 and 126)

[0064] Outer Ring (122).
[0065] Referring to FIGS. 6 and 7, the angular and linear
displacement of a medical tool about the tertiary alignment
axis is measured using two rotary (rotational) encoders (FIG.
7: 232, 233), by measuring the angular displacement of the
base drum (FIG. 6:121) and outer (122) rings respectively.
Three miter gears 123, whose axis are perpendicular to the
tertiary ali axis, are cc d to the shaft 32 by a
friction wheel 125. In an alternate embodiment, a spur gear
meshing with a rack embedded within a splined shaft would
be used in place of the friction wheel 125. Meshing with the
inner gears 123, are a set of three matching miter gears 126
pivotally attached to the inner ring 121, and axis of rotation
parallel to the tertiary alignment axis, transfers the linear
displacement of the shaft to a rotational movement that is
aligned with the longitudinal axis of the shaft. The three miter
gears 126 attached to the base drum 121, engages with the
inner diameter of the outer ring 122 by means of a friction
wheel 127. In an alternate embodiment, a spur gear meshing
with an internal gear mounted to the inner ring would be used
in place of the friction wheel 127.

Rotational Motion of the Differential Gear Mechanism

[0066] The base drum, which has an outer diameter (D=1.
75 inches), is mechanically coupled to the shaft 32 (see FIG.
7) and to one of the two encoders having a friction-wheel (see
231inFIG. 7, which has a diameter, dencoder=1.0 inches). As
shown in Equation 9, the ratio of the drum diameter, D, to the
friction wheel diameter of the encoder, d,,,.,4.,,» determines
the error reduction ratio between the encoder and the posi-
tional accuracy of the medical t00] (W, czion)-

D 6l

Hreduction = 77—
encoder

Hreduction = 1.8

[0067] As shown in Equation [10], the ratio of the encoder
accuracy, 8,,o40-(Renishaw 2006) to the error reduction
ratio, Preduction, defines the accuracy of the rotational
motion for the shaft 32 (3,;,,4)-

o = Sencoder [10]
P Yreducion
St = £0.29°

Linear Motion Using a Differential Gear Mechanism

[0068] The planetary gear train 123, 126, which comprises
three pairs of miter gears, converts the longitudinal or linear
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movement of the shaft (i.e. penetration of the shaft along its
axis into a subject’s body) to a rotational motion of the outer
ring (see 122 in FIG. 6).

[0069] As the shaft 32 is displaced 1.0 inches along the
longitudinal direction, the 1:1 ratio of the miter gears (Berg
M72N-72-S) produces a displacement of 1.0 inches along the
inner diameter of the outer ring (see Item 122 in FIG. 6). As
shown in Equation [11], this movement results in an angular
displacement of the outer ring:

1.0” 1
ADanguiar = - +360°,

where d = 1.387 inches

ADangutar = 82.618°

[0070] Because the friction wheel of the encoder, (den-
coder=1.0 inches), is coupled to the outside diameter of the
outer ring (D=1.75), the accuracy of the encoder (Renishaw
2006) is minimized (see Equation [9]). Equation [9] is com-
bined with the results of Equation [11] in order to obtain the
encoder sensitivity for the penetration of the shaft and its
associated medical t001, 8, ,errarion”

£0.5° (12}
9, ion = ———————-1.0"
PO~ BDangular * Hreduciion

[0071] As mentioned above, the guide apparatus may be
equipped with optional components as desired to aid in the
orientation or tracking of a medical tool, for example, without
limitation, brakes for locking a hinged coupling, encoders for
measuring rotational angles of a hinged coupling, counter-
weights and/or spring balances to offset the mass of the sys-
tem, computer controlled actuators for automating rotation of
a hinged coupling, or additional linkage arms. Further com-
ponents that may be incorporated into the guide apparatus
will be apparent to the skilled person, and suitable combina-
tions of optional components will also be apparent depending
on the particular medical tool and the particular use of the
guide apparatus.

[0072] Particular examples of encoders, counterweights
and braking mechanisms are now described.

[0073] Referring to FIG. 7, to determine the spatial orien-
tation of the tertiary ali axis to thebaseali axis,
two rotational encoders 60, 62 mounted to a first end 12 of the
crank 2, and a first end 22 of the link 4 are used to measure the
polar rotation of the crank arm relative to the base fixture, and
the relative angles between the crank arm and the link arm. To
measure the angle between the base fixture and the crank arm,
arotational encoder 60, mounted to a first end 12 of the crank
by fasteners 206 measures the relative angular orientation of
the encoder magnet 207 fixed to the shaft 208, which is in turn
is rigidly mounted to a fixture or stabilizer. To measure the
angle between the crank arm and the link arm, an angular
encoder 62 mounted to a first end 22 of the link by fasteners
209 measures the relative angular orientation of the encoder
magnet 210 fixed to the shaft 211, which is in turn is rigidly
mounted to the second end 14 of the crank by pin 212.
[0074] Referring to FIG. 1, to dynamically balance the
guide apparatus, counterweights may be affixed to the crank
arm and/or the link arm. The counter weight 52 mounted to
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the first end 22 of the link is in place to offset the mass of a
medical tool and associated hardware supporting it; while
counterweight 50 mounted to the first end 12 of the crank is in
place to offset the mass of the crank arm, counterweight 52,
and the link arm. In an alternate embodiment, the counter-
weights may be replaced or used in conjunction with a spring
balance to offset the mass of the system.

[0075] Referring to FIG. 7, a first end 12 of the crank arm
comprises a spring clutch to prevent movement of the crank
about the attached base fixture or stabilizer. The spring clutch
comprised of two brake pads (214 and 215) in which at least
one of the brake pads is affixed to the first end 12 of the crank,
and at least one torsion spring 213 is wrapped around the pair
of brake pads. When the torsion spring is in its relaxed state,
the inner diameter of the spring must be smaller than the outer
diameter of the brake pads. When the torsion spring(s) are
mounted onto the brake pads, the force of the spring causes
the pads to collapse onto the shaft, which in turn is rigidly
fixed to the stabilizer or fixture. The frictional force generated
by this clamping action prevents the crank arm from rotating
about the primary alignment axis.

[0076] Referring again to FIG. 7, the second positioning
element 250 includes a spring clutch integrated into a first end
22 of the link arm to prevent movement of the link arm about
the secondary alignment axis. The spring clutch comprised of
two brake pads (216 and 217) in which at least one of the
brake pads is affixed to the first end 22 of the link arm, and at
least one torsion spring 218 wrapped around the pair of brake
pads. When the torsion spring is in its relaxed state, the inner
diameter of the spring must be smaller than the outer diameter
of the brake pads. When the torsion spring(s) are mounted
onto the brake pads, the force of the spring causes the pads to
collapse onto the shaft, which in turn is pinned to the first
positioning means. The frictional force generated by this
clamping action prevents the link arm from rotating about the
secondary alignment axis.

[0077] As will be recognized by the skilled person, the
guide apparatus may be used for different medical applica-
tions using a variety of medical tools. In one particular
example, a guide apparatus may be used as a 3D mechanically
tracked transrectal ultrasound (TRUS) prostate biopsy sys-
tem.

[0078] Definitive diagnoses of prostate cancer are typically
determined from the histological assessments of tissue
samples drawn from the prostate during biopsy procedures.
Most biopsies are performed by a physician using a trans-
rectal ultrasound probe (FIG. 8a, b) which uses a needle guide
attached to the probe in order to constrain an 18 gauge needle
so that it is always visible in the 2D US image (FIG. 8c). Each
biopsy core is identified separately as to its location. As a
result, so the pathologists can report the extent and the grade
of the cancer. Depending on the pathological results of a
biopsy procedure, urologists must either avoid the previously
targeted biopsy sites or target those locations directly. There-
fore, it is important to know exactly where the initial sample
was taken in order to target more relevant tissue if the patholo-
gist requests a repeat biopsy.

[0079] Currently, physicians are limited to using 2D tran-
srectal ultrasound for guiding a biopsy needle into the pros-
tate. Since 2D ultrasound images do not provide any spatial
information about the location of the biopsy sample, it is
difficult for physicians to plan repeat biopsy procedures.
[0080] A guide apparatus forms part of an effective
mechanical 3D biopsy system that addresses the limitations
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of current 2D biopsy procedures, and minimizes the cost and
retraining the physician must acquire. The biopsy system
consists of a 4 degree-of-freedom guide aparatus comprising
an adaptable cradle that supports a commercially available
trans-rectal ultrasound transducer. Using this apparatus, phy-
sicians can maneuver an ultrasound transducer while a track-
ing system records the 3D position and orientation of the
biopsy needle in real-time.
[0081] This approach involves the use of a device com-
posed of two mechanisms (FIGS. 1, 2):

[0082] a. an articulated multi-jointed stabilizer (FIG. 2),

and

[0083] b. the guide apparatus shown in FIG. 1 having a
TRUS transducer 46, a needle guide 42, and biopsy
needle 44.

[0084] The end-firing TRUS transducer (with the biopsy
needle guide in place (42, FIG. 1) is mounted to the guide
apparatus in a manner where the TRUS transducer is actuated
by shaft 32 for rotational and linear movement along the
longitudinal axis of the TRUS transducer. This will allow the
physician to insert the TRUS transducer through the restricted
opening of the patient’s rectum and to rotate it in order to
acquire a 3D image of the prostate. In certain examples, the
multi-jointed stabilizer does not contain angle sensing encod-
ers. However, the guide apparatus comprises angle sensing
encoders mounted to each joint in order to measure the angle
between the arms as well as the rotational and longitudinal
motion of the shaft 32 and its associated medical tool 40, in
this case the TRUS transducer 46, a needle guide 42, and
biopsy needle 44. Information from the encoders is transmit-
ted to a computer for further processing. This arrangement
will allow the computer to determine not only the relative
position of the transducer but also the needle relative to
remote fulcrum 0.

[0085] In use, the TRUS transducer is mounted into the
guide apparatus such that the tip of the probe is initially set to
the remote fulcrum point of the guide apparatus. The multi-
jointed stabilizer is unlocked and the physician manipulates
the transducer (the fulcrum of the guide apparatus), to the
patients rectal sphincter. The stabilizer mechanism is then
locked and the probe is inserted into the patient’s rectum. The
physician (or a motor) rotates the probe about its longitudinal
axis to acquire a 3D TRUS image of the prostate. The prostate
is then segmented using a manual semi-automated segmen-
tation algorithm. An example of prostate segmentation is
shown in FIG. 9. Further information (e.g, functional, ana-
tomical or probability image), if available, is registered to the
3D TRUS image and displayed as an overlay on the computer
screen (FIG. 9). After the target in the 3D TRUS image is
chosen using the US image as a guide, one or more linkage
elements of the guide apparatus are then unlocked using a
separate braking system then the one used to lock the stabi-
lizer. The transducer is then free to allow the physician to
move it to a new location while the TRUS probe and needle
position is tracked by the encoders and associated software.
At the same time, the needle trajectory is continuously dis-
played as a graphic overlay in the 3D TRUS image. When the
needle path intersects the chosen target, the linkage elements
of the guide apparatus are locked in place and a biopsy is
performed in real time using 2D US guidance. The biopsy
location is then recorded in 3D from the tracker orientation,
and the system is ready for the next biopsy. After the needle is
withdrawn, a 3D image may be obtained to determine if there
is any movement or swelling of the prostate.

Sep. 17, 2009

[0086] Biopsies are typically performed with a thin,
18-guage needle mounted on a spring-loaded gun connected
to the ultrasound (“US”) probe, forcing the needle to stay in
the imaging plane so that it is always visible in the US image.
The location of each core is registered, so that the pathologist
can report the extent and grade of the cancer. This is espe-
cially important if the histological result is equivocal and the
pathologist requests a repeat biopsy. It is, therefore, important
to know from what exact location the=sample was obtained in
order to target more relevant tissue if a repeat biopsy is per-
formed.

[0087] FIG. 8 shows a TRUS with an attached biopsy guide
that holds a needle. The needle extends into the plane of the
TRUS image so that it is continuously visible therein.
[0088] While the method of performing biopsy has been
described with specificity to manual biopsy needle insertion
using a template, other types of biopsy needle insertion meth-
ods will occur to those of skill in the art. For example, inser-
tion and/or alignment of the biopsy needle can be performed
in a number of manners. In one embodiment, a robotic assem-
bly is used to control the alignment and insertion of the biopsy
needle. In another embodiment, a computer is used to control
the needle guide in order to control the alignment of the
biopsy needle, but still permits manual control of its insertion.
In still another embodiment, via a robot or can be computer-
controlled.

[0089] In a further embodiment, an end-firing US trans-
ducer can be coupled to a magnetic tracking device that
provides position information to the computer. In this man-
ner, 2D images with position and orientation measurements
are simultaneously acquired using a free-hand magnetically
tracked approach and are then reconstructed into 3D TRUS
images in real-time. A free-hand magnetically or optically
tracked scanning approach is used to allow the user to
manipulate the transducer freely, and record the position and
orientation of the transducer in space. The magnetic tracking
approach is based on a small 6 degree-of-freedom magnetic
field sensor (receiver) mounted on the TRUS transducer, and
a transmitter is placed near the patient to produces a spatially
varying magnetic field. The small sensor measures the three
components of the local magnetic field strength, and these are
used to calculate the TRUS transducer’s position and orien-
tation, which are then used in the 3D reconstruction algo-
rithm.

[0090] In still yet another embodiment, markers can be
attached to the TRUS transducer and a camera tracks move-
ment of the markers in order to determine the position and
orientation of the TRUS transducer.

[0091] The above-described embodiments are intended to
be examples and alterations and modifications may be
effected thereto, by those of skill in the art, without departing
from the scope of the invention which is defined by the claims
appended hereto.

1. An apparatus for guiding a medical tool, comprising:

at least one crank arm comprising at least a portion of a first
hinged coupling for hinged coupling to a stabilizer;

at least one link arm comprising at least a portion of a
second hinged coupling for hinged coupling to the crank
arm at a location spaced from the first hinged coupling;

a tool holder for supporting a medical tool on the link arm
at a location spaced from the first hinged coupling;

wherein the rotational axes of the first and second hinged
couplings intersect to define a remote fulcrum.
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2. The guide apparatus of claim 1, further comprising a
brake for inhibiting rotational motion of the first hinged cou-
pling.

3. The guide apparatus of claim 1, further comprising a
brake for inhibiting rotational motion of the second hinged
coupling.

4. The guide apparatus of claim 1, further comprising a first
brake carried by the crank arm and actuable to inhibit rota-
tional motion of the first hinged coupling; and

a second brake carried by the link arm and actuable to

inhibit rotational motion of the second hinged coupling.

5. The guide apparatus of claim 1, further comprising a
rotational encoder for sensing rotational motion of the first
hinged coupling.

_ 6. The guide apparatus of claim 1, further comprising a
rotational encoder for sensing rotational motion of the second
hinged coupling.

7. The guide apparatus of claim 1, further comprising a first
rotational encoder carried by the crank arm for sensing rota-

* tional motion of the first hinged coupling; and a second rota-

tional encoder carried by the link arm for sensing rotational
motion of the second hinged coupling.

8. The guide apparatus of claim 1, further comprising a
motor for controlling rotational motion of the first hinged
coupling.

9. The guide apparatus of claim 1, further comprising a
motor for controlling rotational motion of the second hinged
coupling.

10. The guide apparatus of claim 1, further comprising a
first motor carried by the crank arm actuable to control rota-
tional motion of the first hinged coupling; and a second motor
carried by the link arm actuable to control rotational motion
of the second hinged coupling.

11. The guide apparatus of claim 1, further comprising a
counterweight or a spring balance for offsetting mass of the
crank arm and the link arm.

12. The guide apparatus of claim 1, further comprising a
counterweight or a spring balance carried by the link arm
adjacent to the second hinged coupling.

13. The guide apparatus of claim 1, further comprising a
counterweight or a spring balance carried by the crank arm
adjacent to the first hinged coupling; and a counterweight or
aspring balance carried by the link arm adjacent to the second
hinged coupling.
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14. The guide app of claim 1, wherein the tool holder
axis passes through the remote fulcrum thereby forming an
open-loop spherical chain.

15. The guide apparatus of claim 1, further comprising a
shaft, for g a medical tool, led to a cylindrical
joint of the tool holder.

16. The guide apparatus of claim 15, wherein the shaft axis
passes through the remote fulcrum thereby forming an open-
loop spherical chain.

17. The guide apparatus of claim 1, further comprising:

a second crank arm coupled to the first hinged coupling;

and

P

a second link arm coupled to the tool holder; and

a third hinged coupling for hinged coupling of the second
crank arm and the second link arm at a location spaced
from the first hinged coupling and the tool holder.

18. The guide apparatus of claim 17, wherein the tool
holder comprises two rings each independently coupled to the
link arms.

19. The guide apparatus of claim 1, further comprising a
medical tool.

20. The guide apparatus of claim 19, further comprising a
counterweight for offsetting the mass of the medical tool.

21. The guide apparatus of claim 19, wherein the axis of the
medical tool passes through the remote fulcrum.

22. The guide app of claim 19, wherein the medical
tool is an ultrasound transducer.

23. The guide apparatus of claim 1, further comprising a
shaft, for actuating a medical tool, coupled to a cylindrical
joint of the tool holder and coupled to a differential gear train
housed within the tool holder.

24. The guide apparatus of claim 23, further comprising
first and second rotational encoders housed within the tool
holder, for measuring angular displacement of a base drum
and outer ring, respectively, of the differential gear train.

25. The guide apparatus of claim 1, wherein the crank arm
and the link arm are each of an arcuate shape having a central
angle of less than 90 degrees.

26. The guide apparatus of claim 1, further comprising:

a second crank arm coupled to the first hinged coupling;

and

alink arm assembly acting between each crank arm and the

tool holder, each link arm assembly comprising at least
two hingedly coupled link arms.
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COUNTERBALANCE ASSEMBLY
FIELD OF THE INVENTION

[0001] The present invention relates generally to counter-
balances and, more particularly, to a counterbalance for a
joint of a mechanical arm.

BACKGROUND OF THE INVENTION

[0002] Apparatus comprising a mechanical arm that can
hold and guide a payload have been shown to be of valuable
assistance in various industrial procedures or medical proce-
dures, for example, manipulation of tools, manipulation of
cameras Or sensors, etc.

[0003] These apparatus typically have one or more degrees
of freedom and may be manually driven in that the one or
more degrees of freedom may be equipped with a brake with
motive force being provided by a human user, or may be
automated in that at least one degree of freedom is driven by
a computer controlled actuator.

[0014] the first and second cams fixed eccentrically relative
to the pivot of a joint;

{0015] and the relatlonsh.\p of the first spnng to the second
spnng aﬂﬂ me lll'bl cam 0 I.lle w\.uuu cam DU]L\B prcbcrvw
throughout rotation of the joint.

[0016] In another aspect, there is provided a mechanical
arm assembly comprising:

[0017] an arm rotatable about a pivot,

[0018] a first force generating device for maintaining the
arm at a datum,

[0019] asecond force g ing device for cc

for the first generating device to maintain the arm in posmons
other than the datum.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Embodiments will now be described, by way of
ple only, with refe to the hed Figures,

wherein:

[0021] FIG. 1a illustrates a dual spring counterbalance
bly at a joint of a mechanical arm using springs that are

[0004] A balancing mechanism may be used to
the force of gravity for hinged and/or articulated arm. Elimi-
nation or reduction of the effects of gravity allow the use of
smaller power sources, gears and/or less effort exerted by a
manual user. This is desirable from a cost standpoint and
allows for a more compact design which, in turn, allows
greater accessibility to the workspace

[0005] Several counterbal hani have been
previously disclosed, for example, U.S. Pat. No. 4,756,204,
U.S. Pat. No. 4,546,233, orUS Pat. No. 4500251

[0006] Balanci i used on articulated arms
and hinge mechanisms include counterweights. However, the
use of counterweights can result in added mass and increase
in arm inertia.

[0007] A tension spring or passive pneumatic balancer may
be used for balancing within a small angle or within a single
quadrant (i.e. from a horizontal to vertically upward orienta-
tion). However, conventional tension springs typically do not
adequately balance the gravitational load. Also, it is inherent
in most spring balancing methods that complete balance is
possible only for one or two configurations of the arm and
spring combination. As the robot arm moves away from that
configuration in either of two possible directions, an unbal-
ance is generated. Thus, a danger of this mechanism may be
drifting or falling under the force of gravity when actuation is
removed or reduced. Therefore, such mechanisms are usually
provided with brakes to alleviate the potential danger, or are
overbalanced against gravity.

[0008] Compression springs operating on small moment
arms may overcome an angular limitation problem and offer
better balance over the entire range of travel of the robot’s
arm. However, the problem of drift or falling under gravity
also exists with compression springs.

[0009] TItisan ob]ect ofan aspect of the present mvexmon to
provide a countert ly for ajoint of a mect

arm.

SUMMARY OF THE INVENTION

[0010] In an aspect, there is provided a counterbalance
assembly for a joint of a mechanical arm comprising:
[0011]  a first force generating device;

[0012] a second force generating device;

[0013] the first and second force generating devices inter-
acting with at least first and second cams, respectively;

fixed to a ground and cams set eccentrically relative to the
pivot of the joint;

[0022] FIG. 15 illustrates a variant of the counterbalance
assemb‘y shown in FIG. 1a with a different orientation of
springs and cams;

[0023] FIG. 1c illustrates a dual spring counterbalance
assembly having springs attached to the payload arm;
[0024] FIG. 1d illustrates a triple spring counterbalance
assembly with an additional spring and an additional cam
being added to the counterbalance assembly shown in FIG.
15;

{0625] FIG. le illustrates a simplified variant of the coun-
terbalance assembly shown in FIG. 1d with removal of a
spring resulting in two springs interacting with three cams;
[0026] FIG. 1fillustrates a mechanical arm of the counter-
balance assembly shown inFIG. 14, sprmycam relationship
in a spring bal for a mecl ] arm;
[0027] FIG. 1g is the same as FIG. 1f'except that the bolt
head extension of a spring is cut away to more clearly show
two cams;

[0028] FIG. 2a illustrates a cross-sectional view of a dual
spring counterbalance assembly showing springs coupled to
cams set eccentrically relative to a pivot of a joint;

[0029] FIG. 2b is a schematic diagram illustrating the geo-
metric relationship between each spring-cam assembly
shown in FIG. 2a;

[0030] FIG. 3 illustrates a cross-sectional view of a
mechanical arm comprising a variant of the spring balance
mechanism shown in FIG. 2;

[0031] FIG. 4 illustrates the phase relationship between
springs and cams in various configurations of mechanical arm
rotation;

[0032] FIG. 5illustrates a variant to the design presented in
FIG. 3; and

[0033] FIG. 6 illustrates an example of a medical guide
apparatus that can comprise the spring balance mechanism
shown in FIG. 1.

DETAILED DESCRIPTION

[0034] FIGS. 1a to 1e are schematic illustrations of spring
counterbalance assemblies which show the geometric rela-
tionship of spring and cams. Referring to FIG. 1a and 15, the
spring counterbalance assembly comprises two compression
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springs (101, 102), each of which are fixed at the base (or
grounded fixture) and the other end(s) are connected to eccen-
tric circular cams (103, 104) by a yoke (not shown), such that
each cam is free to rotate about the fulcrum or pivot (120) of
a joint, and the springs are free to compress (or stretch). The
springs may be adjustable. Cam 103 is eccentrically set rela-
tive to the pivot (120) of ajoint by a distance equal to el (110),
and cam 104 is eccentrically set relative to the pivot (120) of
the joint by a distance of e2 (115).

[0035] Spring (101) interacts only with cam (103), and
spring (102) interacts with cam (104). Both of the cams are in
turn pinned to the lever/arm (105) that supports the payload
(125). The compressive (or tensile) force exerted by each
spring results in a net torque being exerted about the pivot
(120) of the lever supporting the load.

[0036] FIGS. 1a and 1b schematically illustrate different
orientations of springs and cams in a counterbalance assem-
bly designed to fully support the weight of a payload about a
hinged connection which is connected to a ground or stable
fixture. The base of each spring is anchored to the ground (or
fixture) while the lever/arm (105), pinned to the cams (103,
104) is free to rotate about the pivot (120) of a joint of a
mechanical arm. The ability to establish equilibrium of torque
relative to pivot (120) is not limited to specific spring-cam
onentanons shown in FIGS. 1a and 15 as will be apparent
from equilibrium equations provided below.

[0037] InFIG.1athe relationship between spring (101) and
cam (103) to the lever/arm supporting the load is orientated
such that the line joining the pivot (120) and el (110) is not
coincident with the line joining the pivot (120) to the center of
gmvnty of the payload (125), which includes mass of the
lever/arm (105). In an example of an aliernate orien
shown in FIG. 15 the relationship between spring (101) and
cam (103) to the lever/arm supporting the load is orientated
such that the line joining the pivot (120) and el (110) is
coincident with the line joining the pivot (120) to the center of
gravity of the payload (125), which includes mass of the
lever/arm (105). In both FIGS. 1a and 15 the orientation of the
spring/cam relationship is preserved throughout rotation.

Thus, if the cam is in a desired position with respect to the
pivot, that will define the orientation of the spring in space. If
the spring is in a desired position in space, that will define the
position of the cam with respect to the pivot.

[0038] In the configuration shown in FIG. 15, the orienta-
tion of the cam to the lever/arm constrains spring (101) to a
vertical position. If the eccentric point is in between the
pivot/fulcrum and center of gravity as shown in FIG. 15,
spring (101) will exert a compressive force in its current
configuration to offset the payload when the arm is horizontal
(theta (130)=0 degrees). If the pivot/fulcrum is in between
eccentric pointand center of gravity (not shown), spring (101)
will exert a tensile force to offset the weight of the payload.
The user can initially set spring (101) such that its initial
compression offsets the mass of the payload, for example
when the arm is in the horizontal position (ie, when the cam
103 is 90 degrees out of phase with spring 101). The pre-
compression of spring (101) will typically be set with the arm
(105) in the horizontal position since the torque exerted by the
arm is greatest at this point. However, pre-compression may
also be set with the arm being above or below horizontal by
extrapolation.

[0039] In FIG. 1b, the relationship between spring (102)
and cam (104) to the lever/arm supporting the load is orien-
tated such that the line joining the pivot (120) and el (10) is

coincident with the line joining the pivot (120) to the center of
gravity of the payload (125), which includes mass of the
lever/arm (105). The orientation of the cam to the lever con-
strains spring (102) to a horizontal position. If the eccentric
point is in between the pivot and center of gravity (not
shown), spring (102) will exert a tensile force in its current
configuration to offset the linear change in force of spring
(101). If the pivot (120) is in between eccentric point and
center of gravity as shown in FIG. 15, spring (102) will exert
a compressive force. In the specific example shown in FIG.
15, spring (102) is not adjustable, and is set by design such
that the spring exerts no load on cam (104) when the arm
(105) is in a vertical orientation (90 or 270 degrees relative to
a Cartesian coordinate system where 0 degree corresponds to
the positive X axis).

[0040] Still referring to FIG. 15, the relationship between
each cam-spring pair is such that each cam is 180 degrees out
of phase with each other (pivot (120) is in-between the eccen-
tric points (110) and (115)). In this configuration, each of the
springs is constrained to be 90 degrees out of phase with each
other (perpendicular). The relationship created from the con-
strained relationship between each spring/cam pair is the
torque exerted by spring (101) leads spring (102) by 90
degrees.

[0041] In an alternate embodiment, each spring/cam pair
can be rotated about the pivot (120) to any position (for
example, springs are aligned, 0 or 180 degrees) as long as the
relationship between the cam and corresponding spring is
maintained.

[0042] Thus, the ability to establish equilibrium relative to
pivot (120) is not limited to specific spring-cam orientations
in FIGS. 1a and 16 as will also be apparent from
equilibrium equations provided in the following paragraphs.
[0043]  Alternatives to FIGS. 1a and 15 are shown in FIGS.
1c-1e. FIG. 1c is an alternate embodiment of the mechanism
illustrated in FIGS. 1a and 15 where the springs are attached
to the arm (105) and the cams are attached to the ground (or
fixture). FIG. 1d adds an additional spring (140) and cam
(145) to the spring/cam relationships shown in FIGS. 1a and
1b and thus eliminates the need for spring (102) to exert both
compressive and tensile loads. Spring (102) as shown in
FIGS. 1a and 15 when coupled by a yoke to cam (104) can be
required to exert both tensile and compressive loads. Addition
of spring (140) and cam (145) shown under the cutaway
portion of cam (104) in FIG. 1d, allows the use of compres-
sion springs (102 and 140) that abut their respective cams
(104 and 145) and exert only compressive loads. FIG. 1e
shows a further simplification of the assembly illustrated in
FIG. 1d with spring 102 interacting with both cams (145 and
104). Cam 145 is shown under the cutaway of cam (103). The
assembly design shown in FIG. 14 allows for the use of
compression spring (102) to abut cams and only exert a com-
pressive load, while removing the need for spring (140). The
assembly shown in FIG. 1e can be even further simplified by
setting spring (102) to interact with both cams (103 and 104),
thus removing the need for spring (140) and cam (145). FIGS.
1f and 1g show the assembly design of FIG. 1d as imple-
mented on a mechanical arm.

[0044] The following is a description of the equilibrium
equations that govern the geometric spring/cam relationships
shown in FIG. 1a-le. The force friction has been omitted
from this analysis as it has no bearing on the equilibrium
equations when the machine is at rest. Friction can be used as
an advantage to construct inexpensive mechanisms that

B R T T
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behave in a similar manner to the case illustrated in FIG. 1 but
do not fully balance the load. The sum of all the frictional
forces between every moving part within the mechanism
wouid prevent drift.

[0045] Referring to FIG. 1a, equilibrium about the pivot
(120) is established when the net torque is zero, i.e.:

TATAT,=0 w,
where Tg is the unbalanced torque due to the payload (125),
and the unbalanced torque produced from spring (101) and
(102) are Tx and Ty respectively. The unbalanced torque
produced by the weight is the product of the gravitationai

[0050] The spring (102), and cam (104) can be replaced
with multiple spring and cam assemblies.

[0051] If (es,2=€,5%=.. . ), and (K,,=K,,=.. .) then the
spring (102) can be repiaced by multiple springs acting
against the cam (104).

[0052] Ifmultiple springs are used in place of (101), then
each spring can be preloaded a different amount to offset
the payload when the arm is horizontal.

[0053] Now referring to FIG. 1c, an alternate embodiment
of the mechanism illustrated in FIGS. 1a and 15 is shown
where the springs are attached to the arm (105) and the cams

0 e arm.

are hed to the ground (or fixture). Consistent with the

force due to the payload M, and the shortest di t
the force vector (M=mg) and the point (120):

T=Mr cos(8) Q).
The net torque of spring (101) about (120) is equal to the sum
of the torque produced from the compression of the spring
dueto the arm displacement (130) and the pre-compression of
the spring when the arm is horizontal (130: 6=0), and is given
by:

T,=~(K,e,5in(0)+K,Ay)(e, cos(6)) @),
where Ky is the spring rate of (101), and Ay is the displace-
ment of the spring from rest when the arm is horizontal. The

net to;ciu;iaroduced from spring (1 02)?5_ gl;l; i)}T h
T,=K,e,” cos(0)sin(6) @),

where Kx is the spring rate of (102) and is uncompressed

when the arm is in a vertical orientation (up or down). Sub-

stituting equations (2-4) into 1 gives the following:
Mrcos(6)-K, Aye, cos(0)+K,e,” cos(6)sin(8)-K, e,

sin(©)cos(6)-0 &

Equation 5 is equal to zero and independent of the angle 6,
and the spring-cam orientations (135: a) and (140: b) under
the following conditions:

Mr=K,Aye, ),

K,e"Kye,? -
Equation 6 provides that spring (101) pre-compression is set
to counterbalance the payload (125) at the arm position
within the desired rotation where the torque exerted is great-
est, typically when the arm is horizontal. Equation 7 provides
the physical constraints which govern the relationship of each
spring cam pair.

[0046] Equation 5 can be expanded and written in the fol-
lowing form:

Mr cos(0)- (K, Avae K pAyse 5t - . . Joos(0)+

(Koo +K x5+ - . - )cos(B)sin(0)-(K,pe 1,2+

K157+ . . . )sin(0)cos(6)=0 ®).
Equation 8 is equal to zero and independent of the angle 6,
and the spring-cam orientations (a:135) and (b:140) under the
following conditions:

Mr=K,obyaeiatKApsenst - . - ©),

Keaer Ko+ - . - Ky 24K 157+ . (10).
[0047] From equations 9 and 10, the following illustrative
embodiments are apparent:

[0048] The spring (101), and cam (103) can be replaced
with multiple spring and cam assemblies.

[0049] If (e,,*=e,,>=...),and (K,,=K,,=...) then the
spring (101) can be replaced by multiple springs acting
against the cam (103).

embodiments shown in FIGS. 1a and 15, in FIG. 1¢ equilib-
rium about the pivot (120) is established when the net torque
is zero, i.e.:

T+ T A+T,=0 ),

where Tg is the unbalanced torque due to the payload (125),
and the unbalanced torque produced from spring (101) and
(102) are Tx and Ty respectively. The unbalanced torque
produced by the weight is the product of the gravitational
force due to the payload M, and the shortest distance between
the force vector (M=mg) and the point (120):

T,=Mr cos(6) @.
The net torque of spring (101) about (120) is equal to the sum
of the torque produced from the compression of the spring
due to the arm displacement (130) and the pre-compression of
the spring when the arm is horizontal (130: 6=0), and is given
by:

Ty = (Kyeysin(@+ m) + K, A, )(e;cos(@ + 7)), (L1a)
= (=K,eysin(0) + KyA,)(~e;cos(6), (1b)

where Ky is the spring rate of (101), and Ay is the displace-
ment of the spring from rest when the arm is horizontal. This
spring force is equal and opposite of the spring in FIG. 1a,and
the cams are 180 degrees out of phase to the cam arrangement
in FIG. 1a.

The net torque produced from spring (102) is given by:

T,=-K,e5? cos(8+m)sin(+7) (12a),
T,=-Ke,? cos(6)sin() (12b),

where Kx is the spring rate of (102) and is uncompressed
when the arm is in a vertical orientation (up or down).
Substituting equations (2), (11) and (12) into (1) gives the
following:

Mr cos(6)-K, Aye, cos(0)-K.e;” cos(O)sin(B)+K, e,

sin(6)cos(6)=0 13).
Equation (13) is equivalent to equation (5).
[0054] InFIGS. 1a-1e when the illustrated mechanism is in
balance, the torque exerted by the payload is equal and oppo-
site to the torque exerted by the springs, regardless of the
angular orientation of the arm (105). As illustrated in equation
(7), this condition is met when the product of el squared and
Ky is equal to the product of €2 squared and Kx. If el and e2
are equal, then both springs must have the same spring rate
(Kx=Ky).
[0055] If tension springs are used in place of compression
springs in FIG. 1a, then placing the payload on the opposite

www.manharaa.com

201



side of the pivot (or rotating both cams 180 degrees), equilib-
rium about the pivot (120) is established when the net torque
is zero, i.e.:

~TT,~T,~0 ),

where -Tg is the unbalanced torque due to the payload (125),
on the opposite side of the fulcrum illustrated in FIG. 14, and
the unbalanced torque produced from tension spring (101)
and (102) are -Tx and -Ty respectively. The unbalanced
torque produced by the weight is the product of the gravita-
tional force due to the payload M, and the shortest distance
between the vector (M) and the point (120):

=T g=-Mr cos(6) ).

The net torque of spring (101) about (120) is equal to the sum
of the torque produced from the extension of the spring due to
the arm displacement (130) and the pre-tension of the spring
when the arm is horizontal (130: 6=0), and is given by:

T,=+(Kye, sin(0)+K,Ay)(e, cos(6)) 3),

where Ky is the spring rate of (101), and Ay is the displace-
ment of the spring from rest when the arm is horizontal. The
net torque produced from spring (102) is given by:

T,=-K .2 cos(B)sin(8) ).

where Kx is the spring rate of (102) and is uncompressed
when the arm is in a vertical orientation (up or down).
Substituting equations (2-4) into 1 gives the following:

~Mr cos(0)+K, Aye, cos(6)-K.e,” cos(0)sin(6)+K e,

sin(®)cos(8)=0 ).
Since this is equation 5, then it becomes apparent that tension
springs can be used as a replacement for compression springs
[0056] Now referring to FIG. 2a, an alternate embodiment
is illustrated, where both of the compression springs are piv-
otally attached (250) at the base (or grounded fixture) and the
other ends are fixed to the cams by a hinged connection (roller
bearings 255 and 260). This mechanism exerts its torque
through the pins (265) and (270) to the arm (205) supporting
the payload (225).
[0057] The section view of this assembly illustrates that
spring (201) and (202) can only exert compressive loads on
the cams. Spring (201) is compressed between the adjustment
screw (275) attached to the base (290) and the bushing (285),
resulting in a compressive load on cam (203). Spring (202) is
compressed in a similar manner between adjustment screw
(280) and bushing (290) to exert compressive loads on cam
(204). As a result this variation is capable of fully supporting
the weight of the payload to a maximum of 90 degrees from
its rest position. The rest position of the arm is in the hori-
zontal position (not shown in FIG. 2a).
[0058] Adjustment screw (275) is used to set the pre-com-
pression load on spring (201) to support the weight of the
payload when the arm is in the horizontal position
(preload=Mr). Adjustment screw is set such that the spring
(202) exerts no load on cam (204) when the arm (205) is in a
vertical orientation (illustrated in FIG. 2a).
[0059] FIG. 25 is a schematic diagram illustrating the geo-
metric relationship between each spring/cam pair shown in
FIG. 2a.
[0060] Equilibrium equations will now be described with
reference to FIG. 2b. In FIG. 25, equilibrium about the pivot
(220) is established when the net torque is zero, i.e.:

TATAT,0 14),

where Tg is the unbalanced torque due to the payload (225),
and the unbalanced torque produced from spring (201) and
(202) are Tu and Tv respectively. The unbalanced torque
produced by the weight is the product of the gravitational
force due to the payload M, and the shortest distance between
the force vector (M=mg) and the point (220):

Tg=Mr cos(8) ).

The net torque of spring (201) about (220) is equal to the sum
of the torque produced from the compression of the spring
due to the arm displacement (239) and the pre-compis

the spring when the arm is horizontal (230: 8=0), and is given
by:

T,=K, e, cos(0-a,)[(1y+¢,) = (1%~ 2e,, sin(®)+e,?)
12, py) ),

where Ky is the spring rate of (201), and Ay is the displace-
ment of the spring from rest when the arm is horizontal and 1,
and 1, is the distance between the pivot (220) and a pivot (250)
where the springs 201 and 202, respectively, are coupled to
the ground (or fixture). The net torque produced from spring
(202) is given by:

T, =K e, cos(8-a,)[(1?+e;2)' ?~(1,2-2e,1, cos(B)+e,?)

2 (16),

where Kx is the spring rate of (202). If1,>>e, and 1,>>e,, then
equation (14) can be reduced to equation (5) or (13) as the
directions of the force vectors Fu and Fv become horizontal
and vertical respectively in the limit as 1,,1,—>0c0.

[0061] FIG. 3 illustrates a variation to the design presented
in FIG. 2. A shoulder holt (395) was integrated into the
previous design to allow compression spring (302) to exert
both compressive and tensile loads on cam (304). This assem-
bly was designed to support a payload exerting a maximum
torque of 27.5 in-1b. This device can support the payload to a
maximum of +180 degrees from the horizontal rest position
of the arm.

[0062] When the housing (305) supporting the cam (304) is
moved away from the base (300), the spring in turn is trapped
between the head of the shoulder bolt (or washer 310)
attached to the base (300) and washer 315 (attached to hous-
ing 305). Thus, the compression of the spring (302) is con-
verted into a tensile load that is in turn exerted on cam 304.
[0063] Alternately, if the housing (305) is displaced toward
the base (300), the compression spring (302) is now trapped
between washer 310 (now fixed to the housing 305 instead of
the shoulder bolt 395 previously described) and the base 300
(and washer 315). Thus, the compression spring is now exert-
ing a compressive load on cam 304.

[0064] FIG. 4 illustrates the phase relationship between
springs 201 and 202 of the counterbalance assembly shown in
FIG. 2 with the addition of a shoulder bolt (295). The shoulder
bolt (295) in this design allows the mechanism to apply both
compressive and tensile loads to the cam (204). Since the
maximum spring compression is not equal to the maximum
spring tension, this system will support 97.5% of the payload
through its full range of motion. However, if the shoulder bolt
were applied to both springs 1 and 2 in the embodiment
illustrated in FIG. 2, substantially all of the load but not 100%
would be supported through a full 360 degrees of rotation. If
the shoulder bolt were applied to both springs 101 and 102 in
the embodiment illustrated in FIG. 1a or 15, substantially all
of the load, and up to 100% would be supported through a full
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360 degrees of rotation. As ‘1, and 1, approach infinity then
the embodiment shown in FIG. 2 becomes equivalent to FIG.
laor1b.

[0065] FIG. 4 shows a side view of the springs 201 and 202
illustrating the phase relationship between each spring-cam
pair for various arm rotations, with rotational positions stated
in relation to a Cartesian coordinate system with 0 degree
corresponding to positive X axis. This device was designed to
support a payload exerting a maximum torque of 200 in-lb:

[0066] Arm at 180 degrees (left column): In this orien-
tation, the preload of spring (201: bottom left) is set to
exert a torque to balance the payload. The spring (202)
does not exert an unbalanced torque in this rotational
position.

[0067] Arm at270 degrees (center column): Spring (201:
bottom center) does not exert an unbalanced torque in
this configuration. Spring (202: top center) is relaxed
and does not exert an unbalanced torque to the arm.
Since the payload is directly over the pivot, the system is
in equilibrium.

[0068] Arm at O degrees (right column): In this arm
rotational position, the preload of spring (201: bottom
right) is set exert a torque to balance the payload. The
spring (202) does not exert an unbalanced torque in this
arm position.

[0069] FIG.S5: illustrates an alternate variation to the design
presented in FIG. 3. The spring cam pair(s) illustrated in FIG.
3 were rotated to align both springs in a vertical orientation.
However, the relationship between the cam and correspond-
ing spring is still maintained. This design modification sup-

ports 97.5% of the load to a maximum of 90 degrees from its
. Tha wnct wmn, s AF tln nwn da inm tha vamtiaal
T . The rest position of the arm is in the vertical

position.

[0070] While the Figures show counterbalance assemblies
for ajoint of a mechanical arm where the assembly comprises
two or three springs, the skilled person having the benefit of
reviewing the Figures will recognize that the counterbalance
assemblies need not be restricted to spring balance mecha-
nisms and will further recognize equivalent counterbalance
assemblies.

[0071] While springs have been used in the Figures it will
berecognized that any force generating device may be used in
the counterbalance assembly described herein. A force gen-
erating device refers to any structure or device which provides
resistance to compressive or tensile forces in response to
linear deflection imposed thereon. More specifically, any
structure or device that exhibits resistance to linear compres-
sionor tension along a longitudinal axis thereof may be useful
as a force generating device. Thus, a force generating device
includes a longitudinal axis along which linear forces shall be
imposed as a result of rotational movement of a mechanical
arm. The force generating device interacts with a cam to
converts rotational movement of the arm into linear deflection
of the force generating device. An example of a force gener-
ating device is a spring-like device. A spring-like device is
any device or structure that acts like a compression or tension
spring in providing resistance to a linear compression and/or
tension along a longitudinal axis. An example of a spring-like
device is a unit of rubber or other resilient material, or a
hydraulic or pneumatic pressurized cylinder any one of which
may be used in an equivalent manner to a compression or
tension spring by providing resistance to a linear force along
alongitudinal axis. Another example of a spring-like deviceis
a spring, such as a compression spring or a tension spring.

Compression springs is an example of a low cost force gen-
erating device that may be utilized to provide a simplified
arrangement within the counterbalance assembly. A com-
pression spring includes a longitudinal axis along which lin-
ear compressive forces may be imposed as a result of rota-
tional movement of a mechanical arm. Examples of
compression springs include relatively standard die springs as
commonly available in the industry. The exact number and
size of such springs used in the counterbalance assembly
described herein can vary depending upon the counterbalance
torque desired, the size of the robotic arm involved, and the
like, as will be recognized by the skilled person. The force
generating device may be adjustable such that the resistive
force provided by the force generating device may be
increased or decreased to allow for variation in mechanical
arms.

[0072] A force generating device will interact with at least
one cam in the counterbalance assemblies described herein. A
cam is a general term pertaining to acomponent that rotates or
reciprocates to create a prescribed motion in an interacting
element, which is often termed the follower. In the context of
the counterbalance assembly described herein, a cam may be
any structure or device that is set relative to a pivot of a joint,
to exert a variable motion on a interacting portion of a force
generating device as a function of the rotation of the joint.
More specifically, a cam refers to any structure or device that
can convert rotational movement of a mechanical arm into a
linear movement parallel to a longitudinal axis of a force
generating device. A cam is typically set eccentrically relative
to a pivot of a joint of the mechanical arm. A cam may be
mounted within the circumference of a joint. Alternatively, a
cam need not be mounted entirely within the circumference
ofajoint, and may readily be set outside the circumference of
a joint where full rotation is unnecessary or where physical
collision or interference of mechanical components is not a
concern, for example as may be the case for large industrial
robotic arms. One example of a cam is an eccentric bearing.
Another example of a cam is a lever extending from the joint
that can interact with a force generating device. Cams can be
varied shape so as impart a desired linear deflection of the
force generating device.

[0073] Any technique for achieving an interaction of a cam
to its follower known in the art may be used to achieve
interaction of a force generating device and a cam in the
counterbalance assembly described herein. The Figures show
various alternatives of a spring interacting with a cam. For
example, FIGS. 1d-1g show various alternatives of a spring
abutting a cam. As another example, FIG. 2 shows a spring
hingedly coupled to an eccentric bearing. As yet another
example, FIGS. 1a-1¢ show a spring coupled to a cam
througha yoke. Each of the examples described in the Figures
may be used to achieve an interaction between a force gen-
erating device and a cam. Still other forms of coupling using
slots, pegs or other techniques known in the art can be used to
achieve the interaction of a force generating device and a cam.
Interaction as used herein contemplates a force generating
device abutting or engaging a cam, and a force generating
device being linked or coupled to a cam.

[0074] The counterbalance assembly has been structurally
shown in the Figures using at least two springs with each
spring interacting with at least one cam that is mounted eccen-
trically relative to a pivot of a joint of a mechanical arm.
Functionally, the spring/cam relationships can be divided into
first and second groups. The purpose of each group is to
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generate torque. The torque generated by the first and second
groups together allows the counterbalance assembly to main-
tain an equilibrium of torque exerted on a joint throughout the
desired rotation of the joint. The torque provided by the first
group is used to counteract the torque exerted by the mechani-
cal arm and its associated payload at a rotational position,
typically horizontal, where torque exerted by the arm is great-
est. The torque provided by the second group is to counteract
the linear change in force exerted by the first group. For
example, the linear change in force due to linear displacement
of springs in the first group when the arm is above horizontal
results in the torque exerted by the mechanical arm being
greater than the torque exerted by spring/cam pairs in the first
group causing the arm to drift back to horizontal. In contrast,
the linear change in force due to linear displ of

FIG. 1b. With the arm in this position, the line between the
pivot (120) and the center of eccentric cam (103) is substan-
tially perpendicular to the longitudinal axis of spring 101. At
this same arm position, the iine beiween the pivot (126) and
the center of eccentric cam (104) is substantially parallel to
the longitudinal axis of spring 102. In certain examples, with
the arm in this position, the line between the pivot (120) and
the center of eccentric cam (103) is perpendicular to the
longitudinal axis of spring 101, and the line between the pivot
(120) and the center of eccentric cam (104) is substantially
parallel to the longitudinal axis of spring 102.
[0080] Counterbalance assemblies, for example spring bal-
anceassemblies, described herein may be used in conjunction
with further components as desired to aid in the orientation of
1 1 arms, for example, without limitation, brakes for

springs in the first group when the arm is below horizontal
results in the torque exerted by the mechanical arm being less
than the torque exerted by spring/cam pairs in the first group
causing the arm to drift back to horizontal. The torque pro-
vided by the second group can maintain equilibrium when the
arm is below and above the horizontal. Thus, the torque
provided by the second group compensates for the first group
to maintain the arm in positions other than the horizontal. The
horizontal is the rest position or datum.

[0075] Using the specific example shown in FIG. 2 for
illustration only, the purpose of spring 201 is to offset for the
weight of the payload. To account for its weight, the initial
compression of the spring is set with an adjustment screw (for
example, item 275, FIG. 2) such that the torque exerted by the
spring through the cam is equal to the counter torque resulting
from the weight of the payload. The purpose of the second
spring is to offset for the linear change in force with compres-
sion of the first spring.

[0076] For ple, the pre-comp load of spring
201 may be set with the arm in a rotational position, typically
horizontal, where the arm exerts its greatest torque. Thus, the
torque exerted by spring 201 maintains the system in equilib-
rium with the arm in the horizontal position. This arm posi-
tion is the datum or rest position. When the arm is displaced
from its horizontal position when with the pre-compression
load of spring 201 set, the lever will return to its initial rest
position (horizontal) without spring 202 present due to
change in force exerted by the spring 201 due to linear dis-
placement of the spring. With spring 202 in place, when the
arm is displaced from the horizontal, the change in force
applied by spring 201 is counteracted by spring 202. The
result is the lever will not return to its initial equilibrium
position defined by spring 201. With the addition of spring
202, its equilibrium position is no longer related to orientation
(230) of the lever/arm.

[0077] Counterbalance assemblies described herein may
maintain equilibrium of torque for an unlimited degree of
rotation. Torque equilibrium may be maintained for arm rota-
tions greater than 1 degree, 45 degrees, 90 degrees, 135
degrees, 180 degrees, 225 degrees, 270 degrees, 315 degrees,
360 degrees, and even greater, in both positive and negative
directions.

[0078] Counterbalance assemblies described herein may
be used for one or more than one joint in a mechanical arm.

[0079] The following relationship as described with refer-
ence to FIG. 15 holds true for the counterbalance assemblies
shown throughout the Figures. Pre-compression of a first
spring to counteract torque of a mechanical arm is set for an
arm position which exerts its greatest torque, ie horizontal in

locking a hinged arm, encoders for measuring rotational
angles of a hinged coupling, counterweights and/or other
balances to offset the mass of the system, computer controlled
actuators for automating actuation of a hinged coupling. Fur-
ther components that may be incorporated into the mechani-
cal arm will be apparent to the skilled person, and suitable
combinations of optional components will also be apparent
depending on the particular mechanical arm and the particu-
lar use of the mechanical arm.

[0081] As one example of an optional component, a coun-
terweight may be mounted to the arm to offset the mass of a
payload and/or mass of one or more elements of an articulated
arm. Although the counterbalance mechanism described
herein can eliminate the need for counterweights, counter-
weights may, if desired, be used in conjunction to offset the
mass of the system.

[0082] Asyetanother example of an optional component, a
braking mechanism may be mounted within the mechanical
arm to inhibit or stop motion of arm elements relative to each
other.

[0083]  As still another example of an optional component,
the mechanical arm may be equipped with motors (not
shown), for example servo motors that may be controlled by
a computer to automate the motion of various linkage ele-
ments. The counterbalance mechanism described hercin
reduces the force required by motors to actuate the mechani-
cal arm.

[0084] As another example of an optional component, in
embodiments where springs are used in a counterbalance
assembly the compression or tension of one or more springs
is adjustable.

[0085]  Still further optional features will be apparent to the
skilled person.

[0086] The spring balance mechanism may be used in con-
junction with many different types of mechanical arms, for
example, arms having industrial or medical uses.

[0087] A specific illustrative example of a mechanical arm
where the counterbalance assembly may be used is a guide
apparatus 601 that may be used for 3D orientation of a medi-
cal tool relative to and through a fixed point in space, a remote
fulcrum (FIG. 6). The guide apparatus comprises two linkage
elements, a crank 602 and a link 604. The crank 602 and the
link 604 may be of any size, or shape that allows for the
remote fulcrum 600.

[0088] The linkage elements may be hingedly coupled to
form positioning elements. In FIG. 6 the crank 602 and link
604 both have an arcuate structure having a central angle of
about 45 degrees. The crank has a first end 612 and a second
end 614. The link also has first and second ends 622, 624.
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When the guide apparatus is in use the first end 612 of the
crank is hingedly coupled to a base or stabilizer. The first end
612 may comprise a full hinged coupling that is attached to a
member that is rigidly fixed to the base or ground arm.
[0089] Alternatively, the first end 612 may comprise a por-
tion of a hinged coupling 610 with the remainder of the
hinged coupling being provided by the base or stabilizer. The
second end 614 of th k forms a hinged coupling 616 with
the first end 622 of the link. The second end 614 of the crank
comprises a portion 618 of the hinged coupling 616, while the
first end 622 of the link comprises the remaining portion 620
of the hinged coupling 616. The second end 624 of the link is
coupled to a tool holder 606. The tool holder may be in the
form of an adaptable cradle for securing a shaft 632 that may
be used to actuate a medical tool 640. The spring balance
assembly 650 is provided for the joint between first end 612
and the base or ground arm. A counterweight 652 is provided
to offset the weight of the payload. However, if desired coun-
terweight 652 may be replaced with a spring balance assem-
bly.

[0090] The above-described embodiments are intended to
be ples and alterati and modifications may be
effected thereto, by those of skill in the art, without departing
from the scope of the invention which is defined by the claims
appended hereto.

1. A counterbalance assembly for a joint of a mechanical
arm comprising:

a first force generating device;

a second force generating device;

the first and second force generating devices interacting

with at least first and second cams, respectively;

the first and second cams fixed eccentrically relative to the

pivot of a joint; and

the relationship of the first spring to the second spring and

the first cam to the second cam being preserved through-
out rotation of the joint.

2. The counterbalance bly of claim 1, wherein the
compression of the first force generating device is adjustable.

3. The counterbalance assembly of claim 2, wherein com-
pression of the first force g ing device is adjustable such
that a torque exerted by the first force generating device
offsets the torque of the mechanical arm, when the arm is in a
position to exert its greatest torque about the joint.

4. The counterbalance bly of claim 1, wherein the
compression of the second force generating device is adjust-
able.

5. The counterbalance bly of claim 1, wherein the
longitudinal axis of the first force generating device is sub-

ially perpendicular to the line ding between the
pivot and the center of the first cam, and the longitudinal axis
of the second force generating device is substantially parallel
to the line extending between the pivot and the center of the
second cam, when the arm is in a position to exert its greatest
torque about the joint.

6. The counterbalance bly of claim 1, wherein the
first force generating device applies a compressive load to the
first cam.

7. The counterbalance

herein the

of claim 1,

second force generating device applies a compressive load to
the second cam.

8. The counterbalance assembly of claim 1, wherein the
first force generating device applies a compressive load to the
first cam and the second force generating device applies a
compressive load to the second cam.

9. The counterbalance assembly of claim 1, wherein the
second force generating device applies a compressive load or
a tensile load to the second cam depending on the rotational
position of the joint.

10. The counterbalance assembly of claim 1, wherein at
least one of the first and second cams is set within The cir-
cumference of the joint.

11. The counterbalance assembly of claim 1, wherein at
least one of the first and second cams is set outside the cir-
cumference of the joint.

12. The counterbal bly of claim 1, wherein the
first force generating device at least offsets the weight of a
payload of the mechanical arm, when the arm is in a position
to exert its greatest torque about the joint.

13. The counterbalance assembly of claim 12, wherein the
second force generating device offsets the linear change in
force of the first force generating device.

14. The counterbalance assembly of claim 1, wherein the
firstand second force generating devices abut first and second
cams, respectively.

15. The counterbalance assembly of claim 1, wherein the
first and second force generating devices are coupled to first
and second cams, respectively.

16. The counterbalance assembly of claim 1, further com-
prising a third force generating device.

17. The counterbalance assembly of claim 16, wherein the
third force generating device interacts with the second cam.

18. The counterbalance assembly of claim 16, wherein the
third force generating device interacts with the first cam.

19. The counterbalance assembly of claim 1, further com-
prising a third cam that interacts with the third force gener-
ating device.

20. The counterbalance assembly of claim 1, further com-
prising a fourth force generating device.

21. The counterbalance assembly of claim 1, wherein the
first and second force generating devices are spring-like
devices.

22. The counterbalance assembly of claim 21, wherein the
product of the spring rate of the first spring-like device and the
square of the distance between the center of the first cam and
the pivot is substantially equal to the product of the spring rate
ofthe second spring-like device and the square of the distance
between the center of the second cam and the pivot.

23. The counterbalance assembly of claim 22, wherein the
spring rate of the first spring-like device is substantially equal
to the spring rate of the second spring-like device.

24. The counterbalance assembly of claim 21, wherein at
least one of the first and second spring-like devices is a
compression spring.

25. The counterbalance assembly of claim 21, wherein at
least one of the first and second spring-like devices is a
tension spring.

26-54. (canceled)
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asy United States
. . . .
a2 Patent Application Publication (o) Pub. No.: US 2008/0004481 A1
Bax et al. 43) Pub. Date: Jan. 3, 2008
(54) APPARATUS AND METHOD FOR GUIDING (52) US.CL 600/7
INSERTION OF A MEDICAL TOOL
(76) Inventors: Jeffrey Bax, London (CA); Aaron GN ABSTRACT
Fenster, London (CA); Jacques An apparatus and method for the insertion of a medical tool,
Montreuil, London (CA); Lori for example-a needle, within the human body. The apparatus
Gardi, London (CA); David and method are particularly useful in prostate brachytherapy
Martin Smith, London (CA) and in prostate biopsy. The apparatus comprises a telescop-
ing guide universally coupled to a first and second position-
Correspondence Address: ing means that are used to automatically and/or 1ly
position the guide at a desired needle insertion trajectory.
Automatic positioning of the guide is accomplished with
f to three-di ional transrectal ultrasound images
that can also be used to show needle insertion in real-time.
(21)  Appl. No.: 11/427,121 The apparatus may be manually positioned in the approxi-
- mate insertion trajectory and then a computer interconnected
(22) Filed: Jun. 28, 2006 with the apparatus may be used to achieve the final trajectory
based upon the ultrasound images. The apparatus is particu-
Publication Classifieation larly useful in cases where multiple needles are to be
(51) Imt.ClL inserted into a small target area and in cases where pubic
AG6IM 36/00 (2006.01) arch interference prevents direct access to the target area.
.
A

Sclect therapy or biopsy target in 3D
TRUS image. C

Control robot to move to cause
needle trajectory to align with target
location in 3D.

|

Cause 3D TRUS subsystem to move
transducer so that 2D TRUS image
lincs up with target.

!

Inscrt needle manually or with a
computer controlled robot
mechanism.

Track needle automatically or
manually as it is being inserted using
the 2D or 3D images
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APPARATUS AND METHOD FOR GUIDING
INSERTION OF A MEDICAL TOOL

FIELD OF THE INVENTION

[0001] The invention relates to the guiding of medical
tools for insertion within the body of an animal. More
particularly, the invention relates to an apparatus and method
for positioning a guide for use in manually inserting a
medical tool, such as a needle, within a human body at a
particular angle in three-dimensional space, usually deter-
mined with reference to a medical image of an interior of the
body. The guide may be automatically positioned by a
computer and/or manually positioned. The apparatus and
method are particularly useful as an aid in needle placement
during the treatment of prostate cancer by brachytherapy or
during prostate biopsy procedures.

BACKGROUND

[0002] There are a number of medical procedures where it
is desirable to insert a tool within a human body to a precise
position based upon medical imagery. An example of such
a procedure 1s prostate brachytherapy, where radioactive

: 1
seeds are within a cancerous prostate using a long

needle that is inserted into the prosmte from outside the
body. Ultrasound images are used to determine the location
and size of the prostate and a plate having a rectangular array
of regularly spaced holes is used as a guide in inserting the
needle at approximately the right location. An ultrasound
transducer inserted within the rectum is sometimes used to
provide real-time imagery as an aid in locating the prostate.
This approach relies considerably upon the surgeon’s skiii in
locating the prostate and is not particularly accurate in terms
of seed placement.

[0003] Recent advances in ultrasound imaging equipment
and techniques have allowed increasingly sophisticated
models of the prostate to be produced. One such advance-
ment is three-di ional ultrasound imaging, which allows
a three-dimensional model of the prostate to be assembled
from a series of two-dimensional images. Accurate targeting
of seed placement based upon these three-dimensional mod-
els can dramatically increase the efficacy of brachytherapy
and therefore improve the survival of prostate cancer
patients. However, limitations in the array-based needle
guidance technique make it difficult if not impossible to
accurately place the seeds in their target location. This is
especially true in advanced prostate cancer cases, where
enlargement of the prostate often causes a significant portion
of the target area to be occluded by the pelvic arch.
[0004] 1t would be desirable to have an apparatus for
accurately positioning a needle guide in three-dimensional
space that allows the needle to be accurately inserted into the
prostate at an angle that clears the pelvic arch and allows
seeds to be precisely placed in their target location. To
further improve the accuracy of seed placement, it would be
desirable to have the guide positioning apparatus interfaced
with a computer that automatically adjusts the position of
the guide to the optimal location for placing each seed based
upon analysis of an ultrasound image. Real-time feedback of
ultrasound imagery to the computer would also be desirable
in that it would allow the computer to make micro adjust-
ments to the needle guide position in order to accurately
place the seeds. Since many patients and surgeon’s are wary
of robotic surgical procedures, it is desirable that the needle

guide simply position the needle for manual insertion by the
surgeon and that the apparatus has sufficient override func-
tionality to allow the surgeon to manually adjust the guide
position without damaging the apparatus or endangering the
patient.

[0005] U.S. Pat. No. 6,659,956, entitled “Medical Instru-
ment Positioner”, describes a stage for a medical instrument
that could include an ultrasound probe. The patent describes
a method for translating a medical device along the axis of
the stage. It does not describe the placement or use of a
needle or other invasive medical device. U.S. Pat. No.
5,931,786, entitled “Ultrasound Probe Support and Stepping
Device”, is similar to U.S. Pat. No. 6,659,956, but also
includes rotation of an ultrasound probe in addition to
translation. This device also has a template mount for needle
insertion. No means is disclosed for guiding a needle to an
intended target within the body.

[0006] U.S. Pat. No. 6,544,176, entitled “Computer
Guided Cryosurgery”, describes a cryosurgery procedure
involving a method for acquiring medical images, use of a
computer system to plan appropriate placement of cryo-
probes, placement of the probes using a template, and
image-feedback on the appropri of the pl

This patent makes no reference to a means for guiding
placement of medical tools and relies solely on a static
template.

[0007] U.S. Pat. No. 5,494,039, entitled “Biopsy Needle
Guide and Method for Use in Prostate nyosurgery”,
describes a cryosurgery p
needle gmde is manually ad_|usted to a desired position, a
needle is inserted, and the cxyoprobe is inserted thereafter.
This device can only be used umua..y The angle of the
needle is fixed relative to the probe axis, and thus cannot be
adjusted in three-dimensional space to reach an occluded
target within the human body.

[0008] U.S. Pat. No. 4,899,756, entitled “Articulating
Needle Guide for Ultrasound Imaging and Method of Using
the Same”, describes a fully manual needle guide for use
with a surface ultrasound transducer. U.S. Pat. No. 6,695,
786, entitled “Guide and Position Monitor for Invasive
Medical Instrument”, expands on U.S. Pat. No. 4,899,756 by
including position encoding devices. However, the devices
disclosed in these d ts are neither ically oper-
able, nor compatible with trans-rectal ultrasound probes.
[0009] The publication, Gabor Fightinger; Everette C.
Burdette; Attila Tanacs; Alexandru Patriciu; Dumitru
Mazilu; Louis L. Whitcomb; Dan Stoianovici; “Robotically
assisted prostate brachytherapy with transrectal ultrasound
guidance—Phantom experiments”, Brachytherapy 5 (2006)
pp. 14-26, describes two robots for assisting in trans-rectal
ultrasound guided prostate brachytherapy. The first robot
described has inordinate flexibility of movement; the robot’s
operating envelope can extend into the patient, creating
significant risk, and requiring a complex control system with
complicated redundancy. This robot requires significant cali-
bration, since the motive part of the robot is decoupled from
the imaging device. It also consists of only a single posi-
tioning means, which limits the degrees of freedom that are
selectively available in choosing a desired insertion angle.
The second robot can position a needle, but has no mecha-
nism to allow release of the needle once it is inserted.
Furthermore, the structural supports of the robot’s stage
mechanism inhibit the inclusion of any kind of needle
release mechanism. Since most brachytherapy procedures
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require the insertion of multiple needles, this makes the
robot essentially un-useable in a clinic setting. This robot
cannot be manually controlled, and the design also prohibits
sterilization, a necessity for surgery or invasive therapy.

[0010] Prior art needle guides have suffered from limited

the first gear along the alignment axis and rotatable about a
second rotation axis parallel to or collinear with the align-
ment axis; a second link member h.aving a first end pivotally

atlacneu ioa QWUII.U (J"dDK memoer UA U.IC bﬁrUllU gear auu
havmg a second end pivotally attached to the first link

positional accuracy, do not allow needle release for multipl
needle placement and/or are either only manually adjustable
or only robotically adjustable. The need therefore exists for
an improved apparatus and method for guiding insertion of
a medical tool, preferably in a manner permitting both
manual and automatic position adjustment.

SUMMARY OF THE INVENTION

[0011] According to an aspect of the present invention,
there is provided an apparatus for the three-dimensional
positioning of a guide for manual insertion of a medical tool
within a body, the apparatus comprising: an alignment axis;
a guide axis aligned with the guide; a first plane orthogonal
to the alignment axis; a second plane orthogonal to the
alignment axis and parallel to the first plane, the second
plane spaced apart from the first plane along the alignment
axis; a first positioning means for positioning a first guide
point on the first plane, the guide axis passing through the
first guide point; a second positioning means for positioning
a second guide point on the second plane, the guide axis
passing through the second guide point; and, the first and
second positioning means separately adjustable in order to
provide a pre-determined angular relationship between the
guide axis and the alignment axis.

[0012] Accordmg to another aspect of the present inven-
tion, ther vided an appamrus for the three-dimen-
blUDﬁl PUB] l a 5u1ut: IUK
medical tool within a body, the appamtus comp:
least one positioning means attached to the guide; at least
one motor connected to each positioning means, the motor
comprising: an armature; a gear shaft connected with the
armature through a set of enmeshed gears; a manual adjust-
ment knob connected with the gear shaft; a slip clutch
connecting the gear shaft and the positioning means; and, the
manual adj knob to y adjust the
posmomng means while the motor is in operation without
overdriving the motor.

[0013] According to yet another aspect of the present
invention, there is provided a method of positioning a guide
for manual insertion of a medical tool within a body, the
method comprising: obtaining a medical image of an interior
of the body; providing the medical image to a computer in
a digital form; determining with the computer a desired
angle for manual insertion of the tool based upon analysis of
the image; and, automatically positioning the guide at the
desired angle using instructions provided by the computer to
a motorized guide positioning apparatus.

[0014] The first and/or second positioning means may be

its first and second ends at a link pivot
point; and, the first and second gears rotatable to adjust the
distance between the first guide point and the alignment axis.
In one embodiment, the first link member and the second
crank member are parallel and the first crank member and
second link member are parallel, thereby forming a paral-
lelogram linkage, with the first and second rotation axes
being collinear. The second end of the first link member may
comprise a universal joint or a spherical joint for connecting
the guide means with the first link member.

[0015] The first and/or second positioning means may
comprise a first locking means to selectively prevent move-
ment of the second link member relative to the first link
member about the link pivot point. The first and/or second
positioning means may comprise a second locking means to
selectively prevent movement of at least the first or second
gear about its respective rotation axis. The guide may
telescope between the first and second guide points and the
guide may be lockable to selectively prevent telescoping.
The first and second locking means and the lockable guide
may co-operate to prevent movement of the first and/or
second positioning means once a desired angle of tool
insertion has been established. The guide may further
include release means operable to release the tool from the
guide without adjusting the position of the tool or the
apparatus. This may be used, for example, to allow the tool
to bhe removed from the apparatus without adjusting the
position of the guide.

[0016] The angular relationship between the guide axis
and the alignment means may be determined with reference
to a medical image of an interior of the body. The medical
image may comprise an ultrasound image and the apparatus
may include means to facilitate the taking of real-time
ultrasound images, for example an ultrasound transducer for
insertion info the body aiong the axis of alignment. The
ultrasound image may comprise a three-dimensional ultra-
sound image. The apparatus may further comprise one or
more motors connected to the first and/or second positioning
means and a computer i ion means. The comp
interconnection means may comprise a digital data connec-
tion or an analog connection for providing signals to the
motor(s) for use in automatically adjusting the position of
the guide. The position of the guide may be adjusted based
upon feedback provided by real-time ultrasound images
and/or other medical images.

[0017] The armature of the motor may be eccentric rela-
tive to the gear shaft and the set of enmeshed gears may
comprise at least two eccentrically mounted gears. The
may comprise a position encoder for determining

manually, automatically, or both lly and Ily
adjustable. The first and/or second positioning means may
comprise a means of adjusting the distance between the first
guide point and the alignment axis and a means of adjusting
the polar position of the first guide point on the first plane by
rotating a first gear about a first rotation axis parallel to or
collinear with the alignment axis. The means of adjusting the
distance between the first guide point and the alignment axis
may comprise: a first link member having a first end
pivotally attached to a first crank member of the first gear
and having a second end; a second gear spaced apart from

the rotational position of the gear shaft and this rotational
position may be fed back to the computer for use in
determining any adjustments required in attaining the
desired angle of insertion. The motor is designed such that
the apparatus may be manually adjusted while the motor is
in operation without backdriving or overdriving the motor.
This advantageously permits the apparatus to be coarsely
adjusted by a surgeon into the approximate position to
facilitate proper alignment and/or allows a fine adjustment to
be made by the surgeon using the manual adjustment knob,
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thereby giving the surgeon more control over the procedure.
The manual adjustment feature also provides a safety over-
ride in the event of failure of the apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Having summarized the invention, preferred
embodiments thereof will now be described with reference
to the accompanying drawings, in which:

[0019] FIG. 1a is an illustration of a prior art needle
insertion apparatus;

[0020] FIG. 15 is another illustration of the prior art needle
insertion apparatus of FIG. 1 a;

[0021] FIG. 2a is an ultrasound image showing needle
insertion in saggital view during a prostate brachytherapy
procedure;

[0022] FIG. 2b is an ultrasound image showing needle
insertion in coronal view during a prostate brachytherapy
procedure;

[0023] FIG. 2¢ is an ultrasound image showing needle
insertion in transverse view with the needle projected during
a prostate brachytherapy procedure;

[0024] FIG. 3a is a front perspective view of an embodi-
ment of the apparatus of the present invention;

[0025] FIG. 3b is a rear perspective view of the embodi-
ment of FIG. 3a;

[0026] FIG. 4a is a partial rear perspective view of the
embodiment of FIG. 3a in a first position;

[0027] FIG. 4b is a partial rear perspective view of the
embodiment of FIG. 3a in a second position;

[0028] FIG. 5a is a partial rear perspective view of the
embodiment of FIG. 3a, overlaid with a schematic illustra-
tion of the pivot points in the positioning means;

[0029] FIG. 5b is a kinematic diagram of the embodiment
of FIG. 3a, illustrating the reference geometry;

[0030] FIG. 6a is an exploded rear perspective view of the
first positioning means of the embodiment of FIG. 3a;
[0031] FIG. 6b is a kinematics diagram corresponding to
FiG. 6a;

[0032] FIG. 6¢ is another kinematics diagram correspond-
ing to FIG. 6a;

[0033] FIG. 7 is an exploded rear perspective view of a
portion of the first positioning means of the embodiment of
FIG. 3a;

[0034] FIG. 8a is an exploded rear perspective view of the
first positioning means of the embodiment of FIG. 3a,
illustrating the locking means;

[0035] FIG. 85 is an exploded rear perspective view of the
telescoping guide of the embodiment of FIG. 3a, further
illustrating the locking means;

[0036] FIG. 9 is an exploded perspective view of an
embodiment of a motor for use in the present invention;
[0037] FIG. 10 is an exploded perspective view of an
embodiment of a needle release mechanism for use in the
present invention;

[0038] FIG. 11 is an exploded perspective view of another
embodiment of a needle release mechanism for use in the
present invention;

[0039] FIG. 12 is a flowchart illustrating a method of use
of the apparatus according to the present invention;

[0040] FIG. 13 is a continuation of the flowchart of FIG.
12; and,

[0041] FIG. 14 is a further continuation of the flowchart of
FIG. 12.
DETAILED DESCRIPTION

[0042] Referring to FIGS. la and 1b, during prostate
brachytherapy a needle 2 used for the implantation of
radioactive seeds is inserted into the prostate 19 through the
perineum 18 of a supine patient. Also shown are the rectum
16, seminal vesicle 15, bladder 14, and scrotum 13. An
ultrasound transducer 10 is inserted trans-rectally to provide

nl tima imnoag oftha naadla ? during ingartion Drafarahlv
real-time images of the needle 2 during insertion. Preferably,

the ultrasound transducer 10 comprises a side firing linear
array transducer coupled to a rotational mover for creating

three-di ional (3-D) t ctal ultrasound (TRUS)
images. In creating the 3-D TRUS images, the mover rotates
the transd about its longitudinal axis in 1° i

through a 100° arc to generate a fan-shaped scan. As the
transducer is rotated, two-dimensional (2-D) images are
digitized by a frame grabber and stored in computer memory
for reconstruction into a 3-D image immediately following
acquisition. Exemplary images are provided in FIGS. 24, 2b
and 2¢. The generation of 3-D ultrasound images is further
described in U.S. Pat. Nos. 5,842,473 and 5,964,707, which
nun havale innnmecsntad hoe safanansa

are hereby incorporated by reference.

[0043] A needle template 17 comprising a rectangular
array of uniformly spaced apart holes is provided in a
spatially fixed relationship to the ultrasound transducer 10.
By selecting an appropriate hole in the template 17, one or
more needles 2 may be inserted into the prostate 19 using the
ultrasound imagery as a guide. This prior art method relies
to a certain extent upon trial and error to achieve proper
needie placement. Since it is often necessary to insert more
than one needle, the angle of needle insertion must be
selected to prevent interference between successive needles;
the needle template 17 is inherently limited in the angles that
can be attempted and it is difficult to achieve proper seed
placement at extreme angles. Furthermore, in many cases
the pubic arch occludes a portion of the prostate and
relatively extreme angles are needed to place seeds behind
the arch. For these reasons and others, the prior art needle
placement method using a fixed template 17 has certain
surgical limitations.

[0044] Referring to FIGS. 3a, 3b, 4a and 4b, a position-
able guide apparatus according to the present invention
comprises a telescoping guide 1 for insertion of a tool into
a body (not shown). In the embodiment shown, the tool is a
needle 2 for the implantation of radioactive seeds during
prostate brachytherapy. A needle holder 3 having an aperture
complementary to the needle diameter depends from the
guide 1. A needle axis 4 passes through the aperture and is
parallel to and offset from a guide axis 5 passing through the
telescoping portion 6 of the guide 1. The guide 1 is sus-
pended from a first positioning mechanism 20 and a second
positioning mechanism 50 by means of a pair of hook joints
21 and 51. When the first and second positioning means 20,
50 are differentially moved, the hook joints (also known as
universal joints) allow the guide 1 and, by definition, the
guide axis 5 to be adjusted to any desired angular orientation
in three dimensional space relative to an alignment axis 7
aligned with a central shaft 8. Since the needle axis 4 is
parallel with the guide axis 5, it is accordingly also adjusted
to the desired angle. A plurality of motors 9 are mounted on
the central shaft 8 and are provided to facilitate automatic
adjustment of the first and second positioning means 20, 50
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under instruction of a computer (not shown) electrically
connected with the apparatus. A position encoder 11 is
mounted to the shaft 8 and provided in association with each
motor 9 1o feed back the rotational position of the motor to
the computer. The central shaft 8 provides a fixed reference
for all movements of the apparatus and can be used to secure
the apparatus to a surgical table or other operating room
fixture.
[0045] A 1 ultrasound 10 may option-
ally and preferably be provided for use in taking real-time
images of the prostate during insertion of the needle 2. The
transrectal transducer 10 is preferably mounted to the central
shaft 8 with an insertion axis 13 that is parallel to or coaxial
with the alignment axis 7 to simplify calculation of the
desired angle of tool insertion with reference to the center-
line of the images being taken. The images are preferably fed
back to the computer or computer system that is being used
to automatically control the position of the guide means so
that any changes required to the angle of insertion based
upon the images may be readily implemented.
[0046] It should be noted that the entire apparatus is
designed to be sterilizable in compliance with applicable
medical device regulations; accordingly, all electrical con-
nections are provided via conduits attached to the apparatus
through fluid tight fittings 12 selected for compatibility with
a variety of commonly known sterilization fluids and con-
ditions.
[0047] At least one locking knob 60 is provided on each of
the guide 1, the first positioning means 20 and the second
positioning means 50. These locking knobs 60 may be
rotated in order to selectively prevent their associated
mechanism froimn muvu|5 after a desired tool insertion angne
has been set. Choosing a desired combination of locking
knobs 60 allows the surgeon a number of degrees of freedom
in adjusting or selectlve]y preventmg the movement of the
pp for ize the potential for inad-
vertent n:usahgnment of the guide means after a desired
angle has been set. The function of the locking knobs 60 in
conjunction with their associated locking means will be
further described hereinafter.
[0048] Referring to FIGS. 5a and 5b, a first plane A is
provided orthogonal to the alignment axis 7 and a second
plane B is provided orthogonal to the alignment axis 7
spaced apart from and parallel to the first plane. A first guide
point, denoted as a, is located on the guide axis 5 at a
position corresponding to the first positioning means 20 and
a second guide point, denoted as b, is located on the guide
axis at a position corresponding to the second positioning
means 50. The first and second positioning means 20, 50
each comprise a means of adjusting the polar position of
their respective guide points a, b on their respective planes
A, B by rotation about the alignment axis 7, as well as a
means of adjusti b the guide points a,
b and the allgmnent axis 7. In the embodiment shown, these
two means are provided together in a parallelogram linkage,
which will be further described hereinafter. The guide points
a, b are located at the center of the hook joints 21, 51 and the
guide 1 is permitted to telescope between the guide points.
As the first and second positioning means 20, 50 are
operated to adjust the location of the guide points a, b on
their respective planes, the hook joints 21, 51 and telescop-
ing guide 1 enable the guide axis 5 to adopt a corresponding
angular orientation with reference to the alignment axis 7. A
desired angle of tool insertion can therefore be attained by
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calculating the corresponding positions of the guide points a,
b on the planes A, B in a polar co-ordinate system.

[0049] Referring additionally to FIGS. 6a, 6b and 7, the
parallelogram linkage of the first positioning means 20
comprises a first gear 22 with a first hub 28 rotationally
mounted to the central shaft 8 concentric with the alignment
axis 7 attached thereto by means of fasteners 30. The center
of rotation of the hub 28 about the alignment axis 7 is
denoted schematically as i=1. The first hub 28 includes a
first crank member 23 extending therefrom and having a first
end of a first link 24 pivotally attached thereto at a point
radially spaced apart from the alignment axis 7; this point is
denoted schematically as i=2. A second end of the first link
24 is pivotally attached to a first end of a second link 25 at
a point denoted schematically as i=3.

[0050] A second gear 26 is attached to a stand-off bushing
31 by means of fasteners 32. A spacer 33 is sandwiched
between the second gear 26 and the stand-off bushing 31.
The second gear 26, spacer 33 and stand-off bushing 31 all
have concentrically aligned interior apertures 37 of sufficient
diameter to fit over a posterior portion of the first hub 28 and
are permitted to rotate relative to the first hub 28. A posterior
end of a stand-off 34 is attached to the stand-off bushing 31
such that the stand-off'34 is spaced apart from the shaft 8 and
parallel thereto. The stand-off 34 comprises an anterior end
35 having a reduced diameter that is fitted within a comple-
mentary aperture 36 of a second crank member 27. The
second crank member 27 extends outwardly from a second
hub 29 that is rotationally mounted to the central shaft 8
concentric with the alignment axis 7. Rotation of the second
gear 26 about the posterior portion of the first hub 28 causes
the stand-off bushing 31 to co-rotate, which in turn causes
the stand-off 34 to orbit about the shaft 8 and act upon the
second crank member 27, thereby inducing co-rotation of
the hub 29 about the alignment axis 7.

[0051] The second crank member 27 is pivotally attached
to the second link 25 at a link pivot point, denoted sche-
matically as i=4, that is radially spaced apart from the
alignment axis 7 and located on the second link 25 between
its first end and a second end. The second end of the second
link 25 extends in a generally upward direction and is
connected either directly or indirectly to the hook joint 21.
In the embodiment shown, a parallelogram linkage is
formed by two sets of parallel members; the first link 24 and
the second crank member 27 are parallel, along with the first
crank member 23 and the second link 25. It will be under-
stood by persons skilled in the art that these members need
not necessarily be parallel to achieve the function of a
parallelogram linkage.

[0052] Returning briefly to FIG. 5b, the angle o, is the
rotational angle of the first gear 22 defined between the first
crank member 23 and a fixed reference perpendicular to the
alignment axis 7, whereas the angle f, is the rotational angle
of the second gear 26 defined between the second crank
member 27 and the same fixed reference. The distance
between the first guide point a and the alignment axis 7 is
defined by r, and the angle between r, and the fixed refer-
ence is depicted as 6,. Rotation of the first and second gears
22, 26 causes adjustment of the angles o, and B,, resulting
in “opening” or “closing” of the parallelogram linkage, and
may be used to adjust the position of the first guide point a
on the first plane A. Depending on the degree of counter or
co-rotation of the first and second gears, this change in
position may relate to the rotational position of the guide
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point a (a change in the angle 0,), the distance between the
guide point a and the axis of alignment (a change in r,), or
both simul ly. For co-rotation of the first
and second gears 22, 26 by the same amount causes the sum
of the angles o, and f, to remain constant; this results in a
change in 6, without adjusting r,. The second positioning
means 50 functions in a similar manner to the first position-
ing means 20.

[0053] Referring now to FIGS. 6b and 6c, the simplified
kinematics” model illustrated in FIG. 65 shows a symbolic
representation of the linkage and the nature of its intercon-
nections, which can be simplified further by reducing all of
the components into higher-order subassemblies. Applying
the Kutzbach criterion:

J
Un=1+ Y (pi = Dfi =D
i=l

to the pinned parallelogram schematic reveals that this
linkage can be reduced to a non-parametric planar joint of
mobility 2, where n is the total number of elements con-
nected, f, is the mobility of the joint and I is the mobility one
link can have relative to the other. Since this is a planar
linkage, each component can have a total of 3-degrees of
freedom.

[0054] Reconstructing the kinematics’ chain from the spa-
tial components derived in the previous expression generates
the simplified closed chain in FIG. 6¢, where the planar joint
P, (P1) has replaced the pinned parallelogram. Applying the
Kutzbach criterion to the spatial linkage gives a total system
mobility of 4. In this case, the variable | in the spatial system
has a total of 6 degrees of freedom.

[0055] The non-parametric model in FIGS. 65 and 6¢
reveals that the mobility of the system is unaffected by the
type of joint represented by P, (Pl). This element can
represent a spherical linkage, or any other type of assembly
with mobility 2, to produce a variation on the parallelogram
linkage. The length of each link can be dimensioned to suit
an application where the operating envelope needs to be
altered. The links and/or cranks need not ily be

the first hub 28. Rotating the locking knob 60 to tighten the
clamping screw 61 causes the split ring 62 to collapse upon
the base shaft 8. The frictional force generated by this
clamping action prevents rotation of the first hub 28 (and
hence, the first gear 22) about the alignment axis 7; the angle
a, therefore remains constant. However, the second gear 26
and its associated hub 29 are still permitted to rotate and the
angle B, can still be adjusted. Application of the concentric
ring brake therefore constrains the first positioning means 20
to function as a four-bar linkage. This constraint applies

sotmant and tha motow O

ustinent and e motor 9

ly o
associated with the first gear 22 is prevented from operating
while the motor associated with the second gear 26 is able
to function in the normal manner.

[0058] The front positioning means 20 further includes a
parallel brake comprising a first brake plate 65, a second
brake plate 66, a locking knob 60 and a scissor screw 67.
Each brake plate 65, 66 includes a pair of spaced apart
apertures 68 for receiving first and second linkage pivot pins
69, 70. The first linkage pivot pin 69 is used to connect the
second crank member 27 to the second link 25 at i=4 and the
second linkage pivot pin 70 is used to connect the first link
24 to the second link 25 at i=3. The first linkage pivot pin
69 is secured to the second crank member 27 and the second
linkage pivot pin 70 is secured to the first link 24, while the
second link 25 is permitted to pivot about the linkage pins
69, 70 during movement of the first positioning means 20.
When the parallel brake is installed, the apertures 68 of the
two plates are aligned and the brake plates 65, 66 abut one
another. Rotating the locking knob 60 to tighten the scissor
screw 67 urges ihe piaies io roiaie in opposiie direciions
about the linkage pivot pin 70, creating a shearing action
against the linkage pivot pin 69 that prevents it from
rotating; this in turn constrains the parallelogram linkage
such that the relative positions of the link and crank mem-
bers is fixed and the sum of the angles «, and f, remains
constant. When the parallel brake is engaged, the parallelo-
gram linkage is constrained such that the first and second
gears 22, 26 are only able to rotate in unison (at the same
speed and in the same direction) about the alignment axis 7;
c ly, only the angle 6, is permitted to change,

straight, but could be curved, bent, or any other shape.
[0056] All of the apparatus’ functions are mechanically
coordinated in such a manner where the mobility can be
systematically reduced to zero degrees of freedom. Once the
needle guide is in the desired position, the degree of freedom
can be reduced to zero, thus making the device rigid. At this
stage, the needle can be confidently inserted without concern
that the apparatus will move. Five mechanical brakes are
integrated into the design of the system to constrain each of
its decoupled movements, allowing this progressive reduc-
tion in degrees of freedom. These brakes include a concen-
tric ring brake and a parallel brake on each of the first and
second positioning means 20, 50 and a guide brake on the
telescoping guide 1, all of which will be further described
hereinafter.

[0057] Referring to FIG. 8a, the front positioning means
20 includes a concentric ring brake integrated with the first
hub 28. The concentric ring brake comprises a locking knob
60 attached to a clamping screw 61 that exerts pressure upon
a split ring 62 that resides inside the first hub 28 between
bearings 63. A snap ring 64 located within a recessed groove
(not shown) retains the bearings 63 and split ring 62 within

1!

without variation of r,. This constraint applies equally to
manual or automatic adjustment of the apparatus. When both
the parallel brake and the concentric ring brake are applied,
the first positioning means 20 is locked and the position of
the first guide point a on the first plane A is fixed.

[0059] When the first positioning means 20 is locked, the
second positioning means 50 may be able to move freely,
partially constrained or fully constrained. Re-positioning of
the second guide point b on the second plane B allows the
trajectory of the needle 2 to be adjusted and is useful in
maneuvering the needle around obstacles observed on the
ultrasound image. Many surgeons prefer to conduct these
trajectory adjustments manually, but they could also be
completed automatically through operation of the motors 9
associated with the second positioning means 50 under
instruction of the computer associated with the apparatus.
Once the desired trajectory has been established, both the
first and second positioning means 20, 50 are normally
locked to fix the trajectory and permit insertion of the needle
2 along the desired path without inadvertently misaligning
the apparatus. Locking of the first and second positioning
means 20, 50 is also useful in the event of a failure in one
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or more of the motors 9 to ensure that no adverse outcomes
result from any re-alignment of needle trajectory.
[0060] Referring to FIG. 85, the telescoping guide brake
comprises a locking knob 60 connected to a guide screw 71.
Rotation of the locking knob 60 causes the end of the guide
screw 71 to tighten a concentric ring claim 72 that friction-
ally engages the circumference of an inner portion 73 of the
telescoping guide 6 that is located within a complementary
outer portion 74. This restricts relative movement between
the inner portion 73 and the outer portion 74 and prevents
telescoping of the guide 1.
[0061] Application of the telescoping guide brake pre-
vents relative movement of the guide points a, b on their
respective planes and constrains the first and second posi-
tioning means 20, 50 to move in unison. This is particularly
useful when both of the parallel brakes are engaged, as the
first and second positioning means 20, 50 are then con-
strained to rotate in unison about the alignment axis 7. Once
a desired trajectory has been established, application of the
parallel brakes and guide brake allows the apparatus to be
pivoted out of position, for example to replace a given
needle with another type of needle or to continue with the
procedure in the event of an electrical failure, without
affecting the p: blished trajectory. Application of the
telescoping brake by itself is also useful in regulating the
speed of all of the motors 9 during the final stages of
blishing a desired traj
[0062] In manually adjustmg the apparatus, the potential
exists to move the first and/or second positioning means 20,
50 out of synchronization with the rotational position of the
motor(s) 9 and to damage the motor(s) thmugh overdriving

< addressed in the present
invention through certain design features that allow the
apparatus to be both manually and automatically adjusted,
even while the motor(s) are in operation. The ability to
manually adjust the apparatus is important from a surgical
point of view, in that it allows the surgeon to intervene either
to complete the procedure in the event of an electrical failure
of the apparatus and permits the surgeon to make both coarse
and fine adjustments during a procedure. Coarse adjusiments
are useful in moving the apparatus to the approximate
desired position, with final positioning being determined
either by the computer or manually by the surgeon with

equipped with another internal position encoder that feeds
back the rotational position of the motor to the computer.
This redundant motor position feedback helps ensure syn-
chronization of the motor with the positioning means, cven
in the event of a software glitch or temporary power inter-
ruption to the computer system.
[0064] Referring to FIG. 9, each motor 9 comprises a drive
gear 80 for engagement with a compl y gear of the
first or second positioning means, for example, the first or
second gears 22, 26. The drive gear 80 is connected with a
drive shaft 81 of the motor via an adjustable slip clutch
hanism 82. Tightening the adj nut 83 of the slip
clutch mechanism 82 increases the concentric clamping
friction between the slip clutch mechanism and the drive
shaft 81. Normally, the drive shaft 81 and drive gear 80 are
coupled through the slip clutch 82 and rotate together in
unison; however, forces applied to either the drive shaft 81
or the drive gear 80 that exceed the pre-set clamping friction
cause decoupling, resulting in independent rotation of the
two. Excessive forces may arise through interference
between the positioning means and a physical obstacle (for
example, another piece of equipment or a body part) or
through aggressive manual re-positioning of the apparatus.
The slip clutch is a safety mechanism that prevents d:
to the apparatus, particularly as a first line of defence in
preventing backdriving or overdriving of the motor 9, and
reduces the likelihood of injury to patients or people oper-
ating the apparatus.
[0065] Each motor further comprises a drive housing 85
containing a sealed motor unit 86 having an armature 87
extending outwardly therefrom into an interior of the drive
housing. A gear drive insert 88 is also inserted within the
drive housing 85 and supports an unbalanced differential
drive train which will be further described hereinafter. A fine
adjustment knob 84 is placed over the drive housing 85 and
the gear drive insert 88 is keyed thereto by means of pins 89.
A snap ring 90 resides within a circumferential interior
groove of the fine adjustment knob 84 and abuts the exterior
face of the gear drive insert 88 to retain the fine adjustment
knob in position. The drive shaft 81 extends outwardly from
the gear drive insert 88 and is permitted to rotate relative
thereto upon operation of the motor unit 86.

[0066] The motor unit 86 has a high resistance to exter-

reference to the ultrasound image using the fine adj

knobs.

[0063] To enable the computer to synchronize the rota-
tional position of a given motor 9 with the actual position of
the first or second positioning means 20, 50, the apparatus
employs a separate position encoder 11 in association with
that motor’s respective gear. For ple, manual adjust-
ment of the first positioning means 20 causes the first and/or
second gears 22, 26 to rotate; the amount of rotation is
tracked by the position encoder 11 associated with that gear
and is fed back to the computer. Since the motors 9 only
operate if instructed to do so by the computer, the rotational
position of the motor associated with a particular gear is also
continuously tracked with reference to an initial physical
calibration. By comparing the rotational position of a par-
ticular gear with the rotational position of its respective
motor, the computer is able to synchronize the motor with
the actual position of the positioning means so that further
automatic adjustments to the location of the guide point on
its respective plane produce the desired result. To further
ensure positional accuracy, the motors 9 may each be

nally induced rotation of the armature 87; in effect, the
motor unit 86 is locked when not in operation, preventing
backdriving during coarse manual adjustment. Similarly, the
high resistance to external induced rotation prevents over-
driving while the motor is in operation, permitting fine
manual adjustment to take place concurrently with auto-
matic adjustment if so desired. This resistance to rotation
can be imparted either electrically, mechanically, or both.
For example, the motor unit 86 may comprise a DC motor
with a large internal magnetic coupling force that prevents
undesired external rotation of the armature 87. In other
embodiments, the motor unit 86 may comprise a stepping
motor with similar features. The motor unit 86 may include
a large internal gear ratio to mechanically amplify its resis-
tance to rotation of the armature 87. In one embodiment, the
internal gear ratio is from 300:1 to 900:1, preferably from
500:1 to 700:1, more preferably about 600:1. It is desirable
the motor chosen for the motor unit 86 permits quantifiable
rotation of the armature 87 so that an exact movement of the
positioning means may be achieved under computer instruc-
tion. The motor unit 87 is sealed and resides within a sealed
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motor base 91 equipped with fluid tight connections 12 for
conduits containing electrical power and/or positional sig-
nals. This permits the entire apparatus to be sterilized
without damaging its eiectricai components.
[0067] Although the high resistance of the motor unit 86
to externally induced rotation is useful in preventing damage
to the motor, it would also prevent rotation of the fine
adjustment knob 84 if directly coupled to the armature 87.
In order to permit manual ad)us(ment to occur, the fine
dj knob 84 is d to the 87 through

G
8
9
35
=3
=3
[e]

manual fine adjustment, the friction of the unbalanced drive
train is easily overcome and the surgeon is permitted to
make the desired changes to the positioning means.

[0070] In performing certain procedures, in particular
brachytherapy or needle biopsy procedures, it is often nec-
essary to insert more than one tool (eg: needle, scope, etc.)
into the body simultaneously. To facilitate these types of
procedures, it would be desirable that the apparatus allows
the tool to be released once inserted to the correct position
in order that the apparatus is made free for use in inserting

an unbalanced differential drive train. The unbal d dif-
ferential drive train comprises a set of at least four drive
gears. The armature 87 is equipped with a first drive gear 92
enmeshed with a second drive gear 93. The second drive
gear 93 is located on a common shaft with a third drive gear
94 that is enmeshed with a fourth drive gear 95 mounted on
the drive shaft 81. The gear ratio of the differential drive
train between the first drive gear 92 and the fourth drive gear
95 is preferably greater than one, more preferably greater
than two, so that a rotation of the armature 87 translates into
only a partial rotation of the drive shaft 81. For example, in
one embodiment, the first drive gear 92 has twelve teeth, the
second drive gear 93 has sixteen teeth (gear ratio 1:0.75=4:
3). the third drive gear 94 has twelve teeth and the fourth
drive gear 95 has sixteen teeth (gear ratio 1:0.75=4:3),
producing an overall gear ratio of 16:9=1.78. In another
embodiment, the first drive gear 92 has twelve teeth, the
second drive gear 93 has twenty teeth (gear ratio 1:0.6=5:3),
the third drive gear 94 has twelve teeth and the fourth drive
gear 95 has twenty teeth (gear ratio 1:0.6=5:3), producing an
overall gear ratio of 25:9=2.78.

rancor TR

{6068] During manual rotation of the fine adjustment knob
84, the gear drive insert 88 orbits about the armature 87 by
virtue of its direct connection to the knob through pins 89.
Since the motor unit 86 has a high resistance to externally
induced rotation of the armature 87, the first drive gear 92
remains fixed in position. Accordingly, the second and third
drive gears 93, 94 co-rotate in the same direction as the
adjustment knob 84, while the fourth drive gear 95 counter-
rotates. Although this has a tendency to cause the drive shaft
81 to rotate in the opposite direction to the rotation of the
fine adjustment knob 84, due to the high gear ratio of the
unbalanced differential drive train this counter-rotation is
small compared with the orbital movement of the gear drive
insert 88. The net effect is to cause the drive gear 80 to rotate
in the same direction as the fine adjustment knob 84. This in
turn permits manual movement of the positioning means,
without backdriving or overdriving the motor unit 86, allow-
ing manual adjustment to take place even while the motor
unit is in operation.

[0069] The unbalanced nature of the drive train arises
from the planetary relationship of the first drive gear 92 with
the second drive gear 93 and the fourth drive gear 95 with
the third drive gear 94. This planetary relationship tends to
urge the gears out of enmeshment, creating a slightly non-
parallel alignment between the axes of rotation of the gears.
The wedging action produced by this non-parallel alignment
causes a great deal of friction between the drive gears, even
when not in operation. This friction is important in main-
taining the positioning means in an upright orientation.
Without this friction, the fine adjustment knob 84 could spin
freely and the weight of the positioning means would
backdrive the gear drive insert 88, causing the positioning
means to collapse under its own weight. However, during

a sut tool. In this manner, a plurality of tools can be
inserted to the desired position simultaneously during a
procedure.

[0071] Referring to FIG. 10, a first embodiment of a tool
release mechanism includes a stand-off 100 fixedly mounted
to the first positioning means 20 proximal the hook joint 21
and extending towards the front of the apparatus. At the
anterior end of the stand-off 100 is fixedly mounted a release
block 101 having a pair of curved fingers 102 provided at
one end thereof. The curved fingers 102 partially enclose an
aperture 103 that is oversized compared with the tool (in this
case, the needle 2) that is to be inserted therethrough. The
non-enclosed portion of the aperture 103 provides a slotted
chordal opening that is large enough to permit the needle 2
to be removed from the aperture in a direction perpendicular
to the axis of insertion 4. A pair of side brackets 110 is
secured to either side of the release block 101. Each side
bracket 110 includes a crescent shaped slot 111 with an open
end that is roughly aligned with the slotted chordal opening.
When inserted within the aperture 103, the needle 2 seats at
the apex of the crescent—shaped slots 111. Residing within

the 101 is 2 cvlindrical g block 104 having

the aperture 183 is acy block 104 having
an elliptical interior slot 105 with an upper end that is offset
from the center of the aperture. Upon rotation of the clamp-
ing block 104, the upper end of the slot 105 approaches the
center of the aperture 103 until it engages the needle 2 and
wedges it against the apex of the crescent shaped slots 111.
The clamping block 104 is counter-rotated slightly prior to
performing a procedure in order to un-lock the needle 2 and
permit longitudinal sliding of ihe needie 2 along ihe axis of
insertion 4. The release mechanism is oriented such that,
when the needle 2 is secured within the aperture 103, the
axis of insertion 4 is parallel with the guide axis 5.

[0072] To facilitate rotation of the clamping block 104, a
block crank 112 is located at the center of the block and
extends perpendicularly to its axis of rotation. A slider block
106 is confined by slide plates 107 to slide along the release
block 101 in response to screw mechanism 108. The screw
mechanism 108 is equipped with stops 109 to prevent
inadvertent over-tightening or disassembly of the release
mechanism. Operation of the screw mechanism 108 causes
the slider block to engage the crank 112 when slid along the
release block 101, thereby rotating the clamping block 104
and securing the needle 2 within the aperture 103.

[0073] Referring to FIG. 11, in a second embodiment of a
tool release mechanism a mounting block 220 is provided
that permits the telescoping guide 6 to move therewithin
along the guide axis 5. The mounting block 220 includes a
T-shaped slot for receiving a complementary T-shaped
mounting bar 222. The T-shaped mounting bar 222 is able to
slide within the slot parallel to the guide axis 5. At the
anterior end of the mounting bar 222 is fixedly mounted a
release block 201 having a pair of curved fingers 202
provided at one end thereof. The curved fingers 202 partially
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enclose an aperture 203 that is oversized compared with the
tool (in this case, the needle 2) that is to be inserted
hrough. The non-encl pomon of the aperture 203
pmvnuca a blUlICu LDUI'UZII Opc(ung Luﬂl lb uugc CL\UUBJ.I i
permit the needle 2 to be removed from the aperture in a
direction perpendicular to the axis of insertion 4. A pair of
side brackets 210 is secured to either side of the release
block 201. Each side bracket 210 includes a crescent shaped
slot 211 with an open end that is roughly aligned with the
slotted chordal opening. When inserted within the aperture
203, the needle 2 seats at the apex of the crescent-shaped
slots 211. Residing within the aperture 203 is a cylindrical
clamping block 204 having an elliptical interior slot 205
with an upper end that is offset from the center of the
aperture. Upon rotation of the clamping block 204, the upper
end of the slot 205 approaches the center of the aperture 203
until it engages the needle 2 and moves it toward the apex
of the crescent shaped slots 211. The release mechanism is
oriented such that, when the needle 2 is secured within the
aperture 203, the axis of insertion 4 is parallel with the guide
axis 5.
[0074] The clamping block 204 is equxpped with a
threaded end 230 that engages with y interior
threads within the aperture 203 to move the block longitu-
dinally along the axis of insertion 4 upon rotation. The
clamping block 204 includes a central shoulder 231 that
engages adjustable stops 209 as it is advanced or retracted
along the axis of insertion 4. These stops 209 may be set to
correspond to a particular diameter of needle 2 so that the
clamping block 204 does not wedge the needle completely
against the apex of the crescent-shaped slots 211. This
ohviates the need for loosening the clamping block 204 prior
to performing a procedure.
[0075] To facilitate rotation of the clamping block 204, a
block crank 212 is located at the center of the block on the
shoulder 231 and extends perpendicularly to the axis of
rotation. A slider block 206 is confined by slide plates 207
to slide along the release block 201 in response to longitu-
dinal movement of a slide mechanism 208. Pushing or
puumg the siide mechanism 28 causes ii o act mrecuy
upon the block crank 212, thereby causing rotation of the
clamping block 204. The slide mechanism 208 is permitted
to operate between the two pre-set stop points 209 to control
the degree of clamp hieved by the clamping block 204.
The slide mechanism 208 may optionally include a bayonet
style lock in place of or in addition to the fixed stops 209;
this allows a plurality of clamping positions to be achieved
in order to accommodate a plurality of different needle
diameters and provides positive confirmation that the needle
is secured within the aperture 203.
[0076] By loosening the locking knob 260, the second
embodiment advantageously permits the entire release
mechanism to be moved along the guide axis 5 so that it is
either closer to or further away from the patient. Also, the
second embodiment permits the entire release mechanism to
be removed and replaced, for example in the event that a tool
is needed with a larger di than can be rdated
by the aperture 203. The stops 209 are pre-set to a desired
clamping condition, thereby obviating the need for releasing
the needle by counter-rotation prior to performing the pro-
cedure. This advantageously increases the speed with which
a needle may be inserted or removed from the mechanism as
compared with the first embodiment, as the screw mecha-
nism 108 is relatively time consuming to operate. However,

the screw mechanism 108 has a wide range of adjustment
and permits precise setting of the “feel” of the needle 2 as
it shdes through the aperture 103. The features of the first
and second embodiments may be combined in various
sub-combinations in order to attain desired advantages.
[0077] During a prostate brachytherapy procedure, the
ultrasound transducer 10 with internal rotation motor assem-
bly is mounted on the base shaft 8 and inserted into the
rectum, as is conventionally known. The surgeon, a physi-
cian or another healthcare professional then acquires a
pre-therapy or pre-biopsy 3D TRUS image by rotating the
transducer about its longitudinal axis, while 2D ultrasound
images are digitally captured by the computer and recon-
structed into a 3D image, as previously described. The 3D
TRUS image is then viewed by the person acquiring the
image and optionally saved to computer memory, as shown
in FIG. 12. The 3D TRUS image can then be recalled at any
time, for example to plan the surgical procedure using
therapy or biopsy planning software, during the procedure,
or afterwards in comparison with post-operative images.
[0078] Referring to FIG. 13, after the therapy or biopsy
procedure is planned, the robot-aided therapy or biopsy
procedure progresses as shown in FIGS. 13 and 14. The
surgeon selects a target (using the dose plan or biopsy plan)
in the 3D TRUS image of the prostate. The 3D co-ordinates
of the target are determined based upon a calibration
between the coordinate systems of the apparatus and the 3D
TRUS image. A path is then calculated for needle insertion
that will reach the desired target. The path may be a straight
line along a single vector or a compound path comprising
multiple vectors; the latter is particularly useful in cases
where interference from the pubic arch prevents direct
access to the target. The computer then instructs the motors
9 to move the guide points a and b to the corresponding
locations on their respective planes so that the needle will be
inserted along the desired path. In addition, the computer
may cause the ultrasound transducer 10 to rotate so that the
needle can be viewed more clearly in the 2D ultrasound
images as the needle is inserted. Alternatively, if the needle
is to be inserted into the prostate on an oblique trajectory
with respect to the ultrasound transducer axis, then continu-
ous 3D TRUS images are acquired of the region through
which the needle is inserted. In both situations, automated
needle segmentation is performed to provide the surgeon
with real-time or near-real time information on the trajectory
of the needle during the procedure.

[0079] After the needle has been inserted into the prostate
to the satisfaction of the surgeon (either manually, with
automated assistance, or a combination thereof), the therapy
is delivered through the needle or the lesion is biopsied. In
the latter, a device such as a spring-loaded biopsy needle
may be used. As shown in FIG. 2, the image of the needle
in the prostate can be recorded immediately while the
therapy or biopsy is being delivered, and/or afterward. In a
preferred embodiment, the computer automatically finds,
records and displays the location of the needle tip on the 3D
image as an aid to the surgeon.

[0080] As shown in FIGS. 12 and 14, if another needle
insertion is required to deliver therapy or biopsy to another
location, the procedure is repeated. This process is repeated
until the therapy or biopsy procedure is completed.

[0081] The foregoing describes preferred embodiments of

the invention and is not to be construed in a limiting sense.
Variants or mechanical equivalents to the way in which the
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invention works will be apparent to those skilled in the art,

along with further f¢ and sub-: binations, and are
intended to be encompassed by the following claims.
1) An app for the three-di ional positioning of

a guide for manual insertion of a medical tool within a body,
the apparatus comprising:

a) an alignment axis;

b) a guide axis aligned with the guide;

c) a first plane orthogonal to the alignment axis;

d) a second plane orthogonal to the alignment axis and
parallel to the first plane, the second plane spaced apart
from the first plane along the alignment axis;

e) a first positioning means for positioning a first guide
point on the first plane, the guide axis passing through
the first guide point;

f) a second positioning means for positioning a second
guide point on the second plane, the guide axis passing
through the second guide point; and,

g) the first and second positioning means separately
adjustable in order to provide a pre-determined angular
relationship between the guide axis and the alignment
axis.

2) The apparatus according to claim 1, wherein the first
and/or second positioning means are manually, automati-
cally, or both manually and automatically adjustable.

3) The apparatus according to claim 1, wherein the first
positioning means comprises a means of adjusting the
distance between the first guide point and the alignment axis
and a means of adjusting the polar position of the first guide
point on the first plane by rotating a first gear about a first
rotation axis parallel to or collinear with the alignment axis.

4) The apparatus according to claim 3, wherein the means
of adjusting the distance between the first guide point and
the alignment axis comprises:

a) a first link member having a first end pivotally attached
to a first crank member of the first gear and having a
second end;

b) a second gear spaced apart from the first gear along the
alignment axis and rotatabie about a second rotation
axis parallel to or collinear with the alignment axis, the
second gear having a second crank member;

¢) a second link member having a first end and a second
end, the first end of the second link member pivotally
attached to the second end of the first link member, the
second link member pivotally attached between its first
and second ends to the second crank member at a link
pivot point; and,

d) the first and second gears rotatable to adjust the
distance between the first guide point and the alignment
axis.

5) The apparatus according to claim 4, wherein the first
link member and the second crank member are parallel and
wherein the first crank member and second link member are
parallel, thereby forming a parallelogram linkage, and
wherein the first and second rotation axes are collinear.

6) The apparatus according to claim 4, wherein the first
positioning means comprises a first locking means to selec-
tively prevent movement of the second link member relative
to the first link member about the link pivot point.

7) The apparatus according to claim 6, wherein the first
positioning means comprises a second locking means to
selectively prevent movement of at least the first or second
gear about its respective rotation axis.

8) The apparatus according to claim 7, wherein the second
positioning means is identical to the first positioning means.

9) The apparatus according to claim 4, wherein the second
end of the second link member comprises a universal joint
or a spherical joint for connecting the guide means with the
first link member.

10) The apparatus according to claim 1, wherein the guide
telescopes between the first and second guide points.

11) The apparatus according to claim 10, wherein the
guide is lockable to selectively prevent telescoping.

i in the guide
the guide

12) The app ding to claim 1,
includes release means operable to release the tool from the
guide without adjusting the position of the tool or the
apparatus.

13) The apparatus according to claim 1, wherein the tool
is a needle and wherein the needle passes through the guide
means along the guide axis.

14) The apparatus according to claim 1, wherein the
angular relationship between the guide axis and the align-
ment means is determined with reference to a medical image
of an interior of the body.

15) The apparatus according to claim 1, wherein the
apparatus further comprises at least one motor connected to
the first positioning means and a computer interconnection
means for use in automatically adjusting the position of the
guide using the motor.

16) The apparatus according to claim 15, wherein the
apparatus comprises two motors connected to the first posi-
tioning means and two motors connected to the second
positioning means.

17) An apparatus for the three-dimensional positioning of
a guide for manual insertion of a medical tool within a body,
the apparatus comprising:

a) at least one positioning means attached to the guide;

b) at least one motor connected to each positioning means,

the motor comprising:

i) an armature;

ii) a gear shaft connected with the armature through a
set of enmeshed gears;

iii) a manual adjustment knob connected with the gear
shaft;

iv) a slip clutch connecting the gear shaft and the
positioning means; and,

¢) the manual adjustment knob rotatable to manually

adjust the positioning means while the motor is in
operation without overdriving the motor.

18) The apparatus of claim 17, wherein the positioning

means is both lly and y adj

19) The apparatus of claim 17, wherein the set of
enmeshed gears comprises a differential drive train having a
gear ratio greater than one.

20) The apparatus of claim 17, wherein the apparatus
comprises a position encoder for determining the rotational
position of the gear shaft.

21) A method of positioning a guide for manual insertion
of a medical tool within a body, the method comprising:

a) obtaining a medical image of an interior of the body;

b) providing the medical image to a computer in a digital

form;

¢) determining with the computer a desired angle for

manual insertion of the tool based upon analysis of the
image; and,

www.manharaa.com

231



d) automatically positioning the guide at the desired angle
using instructions provided by the computer to a motor-
ized guide positioning apparatus.

22) The meihod according io ciaim 2i, wherein the
method further comprises manually positioning the guide
proximal the desired angle prior to automatically positioning
the guide.

23) The method according to claim 21, wherein the
method further comprises manually adjusting the position of
the guide while automatically positioning the guide.

24) The method according to claim 21, wherein the tool
is installed within the guide and wherein the method further
comprises manually releasing the tool from the guide with-
out adjusting the position of the tool or the guide.

25) The method according to claim 21, wherein the
medical image comprises a three-dimensional ultrasound
image.
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Appendix D: Health Canada, Ethics Approval Notices and Letéiaformation for the
clinical prostate biopsy studies.
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Eoll B, s Canadi

Jealth Products and Food Branch
Direction générale des produits de santé et des aliments

NOTRE MISSION : Nous contribuons 2 la santé des
Canadiens et des Canadi et & I'efficacité du systeme de

Therapeutic Products Directorate soins de sant cn dvaluant, en temps opportuz, I'innocuits,

Tefficacité et la qualité des produits pharmaceutiques et des

instruments médicaux.

OUR MISSION: We contibute to the bealth of Canadians
and to the effectiveness of the health care system by assessing
the safety, efficacy and quality of pharmaceuticals and
medical devices in a timely manner.

Direction des produits thérapeutiques

If you receive this fax in error, please advise the sender immediately.
_ Si vous recevez cette télécople par erreur, veuillez en aviser immédiatement Pexpéditeur.

TO/A )

Nams/Nom : Kerry Knight Date: 27 March 2008
Technical Specialist (RA)

Organization/Organisme : The John P. Robary Research Institute

Tel/Tél. - FawTi pil

No. of Pages, including this page/N° de pages, incluant cette page : 3

Name/Nom: Dragana Pantic E-Mail/Courriel :

Tel/TEL : Fax/Télécopicur :

TITLE Acting Manager / Gestionnaire intérimaire TITRE
Division Device Evaluation Divsion / Division de I'évaluation des matériels Division
Burcau Medical Devices Burcau / Burcau des matériels médicaux Bureau
Directorate THERAPEUTIC PRODUCTS DIRECTORATE / Dircction

« DIRECTION DES PRODUITS THERAPEUTIQUES
Room Piece
Building Edifice
Location Lieu
Address Locator Locallsateur d'adresse
City/Province Ville/Province
Postal Code Code postal
. )
MESSAGE
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Therapeutic Products Directorate

Health Products Direction générale des produits
and Food Branch  de santé et des aliments

Date:  MAR 2 8 2008

Kerry Knight

Investigational Testing Authorization - Class m
Dear Kerry Knight:

This is in reference to your application for Authorization to conduct Investigationa)] Testing in Canada,
received on 12 March 2008, and submitted pursuant to Part 3 of the Medical Devices Regulations.
This pertains to the following:

Protocol: An Improved Transrectal Ultrasound-guided Biopsy Procedure; Protocol Number: Rev. 2;
Consent Dated: Ver. 5; 28 January 2008. )

Objective: (a) Validate a novel adaptation of standard 2D ultrasound for producing three-dimensional
(3D) biopsy data, and
(b) Determine if the results will produce data sinilar to general 3D ultrasound for
recording the locations of biopsy cores, which are removed from the prostate duting

. clinical biopsy procedures.

Device: Three-Dimensional (3D) Ultrasound Prostate Biopsy Imaging System.

Number of devices:  One (1)

Number of subjects  Forty-five (45).

The information has been reviewed and you are hereby authorized under Section 83 of the Medical
Devices Regulations to sell the subject device for investigational testing to the investigator(s) listed in the
arached Appendix 1.

Sections 86, 87 and 88 of the Medical Devices Regulations impose additional requirements regarding the
advertisement, record keeping and labelling of devices involved in investigational trials. Please advise the
Bureau of any changes to the device, protocol or list of investigators. Any changes to the device or
protocol that fall outside the scope of the risk assessment of this protocol will require a new application.

Yours sincerely,

Director
Medical Devices Bureau

RGR/mw
Attach.

Canad¥®
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Appendix 1 - List of Investigator(s) Application No. 129798
Date:  MAR 2 8 2008

Jonathan Izawa, MD, FRCPC

oAb
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Office of Research Ethics

The University of Western Ontario

Use of Human Subjects - Ethics Approval Notice

Principal Investigator: Dr. J.I. [zawa
Review Number: 12669 Revision Number:
Protocol Title: An Improved Transrectal Ultrasound-guided Biopsy Procedure
Department and Institution: Urology, London Health Sciences Centre
Sponsor: CIHR-CANADIAN INSTITUTE OF HEALTH RESEARCH
Ethics Approval Date: September 26, 2006 Expiry Date: October 31, 2008
Documents Reviewed and Approved: UWO Protocol, Letter of information & consent form dated September 18/06 ’

Documents Received for Information:

This is to notify you that The University of Western Ontario Research Ethics Board for Health Sciences Research
Involving Human Subjects (HSREB) which is organized and operates according to the Tri-Council Policy Statement and
the Health Canada/ICH Good Clinical Practice Practices: Consolidated Guidelines; and the applicable laws and
regulations of Ontario has reviewed and granted full board approval to the above named research study on the approval
date noted above. The membership of this REB also complies with the membership requirements for REB's as defined in
Division 5 of the Food and Drug Regulations.

This approval shall remain valid until the expiry date noted above assuming timely and acceptable responses to the
HSREB's periodic requests for surveillance and monitoring information. If you require an updated approval notice prior to
that time you must request it using the UWO Updated Approval Request Form.

During the course of the research, no deviations from, or changes to, the protocol or consent form may be initiated without
prior written approval from the HSREB except when necessary to eliminate immediate hazards to the subject or when the

change(s) involve only logistical or administrative aspects of the study (e.g. change of monitor, telephone number)
cnanges; nveive ety iegistiCar Cr atministrative aspecis & tne StUCy (8.g. Change Cf MmOniier, ieepnine numaoer;.

Expedited review of minor change(s) in ongoing studies will be considered. Subjects must recelve a copy of the signed
information/consent documentation.

Investigators must promptly also report to the HSREB:

a) changes increasing the risk to the participant(s) and/or affecting significantly the conduct of the study;

b) all adverse and unexpected experiences or events that are both serious and unexpected;

c) new information that may adversely affect the safety of the subjects or the conduct of the study.

If these changes/adverse events require a change to the information/consent documentation, and/or recruitment
advertisement, the newly revised information/consent documentation, and/or advertisement, must be submitted to this
office for approval.

Members of the HSREB who are named as investigators in research studies, or declare a conflict of interest, do not
participate in discussion related to, nor vote on, such studies when they are presented to the HSREB.

Chair of HSREB: Dr. John W. McDonald
Deputy Chair: Susan Hoddinott
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Version 4 August 20th 2007

\4
' London Health Sciences Centre

LETTER OF INFORMATION FOR PARTICIPANTS

Title of Study: An Improved Transrectal Ultrasound-guided Biopsy Procedure
Investigators: Drs. Jonathan I. Izawa, Joseph L. Chin, Aaron Fenster, and Cesare
Romagnoli.

INTRODUCTION

You are invited to participate in this research study, which is for men who have been
scheduled for prostate biopsy, which uses standard 2-dimensional ultrasound imaging
to guide the biopsy needle. The prostate biopsy procedure is the standard care for men
to test for prostate cancer, and it will be fully explained by Dr. Izawa, your urologist, or
by Dr. Cesare Romagnoli, the radiologist. You will be able to ask Dr lzawa or Dr.
Romagnoli, or their staff any questions you might have about your procedure. This
research study involves taking some extra ultrasound images during the same session
as your prostate biopsy.

PURPOSE

We are testing a new method of ultrasound imaging during prostate biopsy on 15 men
to be done at London Health Sciences Centre. During standard prostate biopsy, the
doctor can see the biopsy needle by using ultrasound and this helps to guide the needle
into the correct place. The new method of ultrasound imaging we are trying will make 3-
dimensional ultrasound images from standard 2-dimensional images by using one of
three different tracking systems. Two of these systems are approved commercial
devices, and one is an experimental, mechanical tracking system developed by Dr.
Aaron Fenster's laboratory. All these tracking devices are entirely harmless and simply
track the position of the biopsy needle during the biopsy procedure. Which tracking
svstem is used will depend on which one performs the best during biopsv procedures.
Each tracking system makes a map of exactly where the biopsy samples were taken in
the prostate, so if patients need a repeat biopsy in the future, the doctor will be able to
choose different areas to place the biopsy needle. This should improve the chances of
finding small tumours that might have been missed during the first biopsy. We think this
new method will prove to be easier and more accurate than the current method, which
only makes 2-dimensional ultrasound images.

RESEARCH PROCEDURES FOR THIS STUDY

The procedure will be the same as for a regular prostate biopsy, but we will take a few
extra regular ultrasound images, using one of the tracking devices so they can be made
into 3D images. We will then do a real 3-dimensional ultrasound exam, so we can
compare it to the one we will make with the tracking device.

The only difference between the regular 2-dimensional and the 3-dimensional

ultrasound is that the 3-dimensional exam takes a little longer because the computer
takes time to produce the 3-dimensional images. There are no extra visits to the

1of3

Patient Initials

www.manaraa.com



239

Version 4 August 20th 2007

hospital and the research is carried out during your prostate biopsy procedure. The
extra time involved for this research study will be about 15 minutes on top of the time for
your prostate biopsy, and you will remain in the same position for the 2-dimensional and
the 3-dimensional ultrasound examinations.

RISKS AND DiISCOMFORTS TO YOU iF YOU PARTICIPATE iN THiS STUDY

There are no known risks to the use of ultrasound in this way, and the procedure is
completely painless.

ALTERNATIVES TO STUDY PARTICIPATION
The alternative to taking part in this study is to not take part.

THE BENEFITS TO YOU IF YOU PARTICIPATE IN THIS STUDY

There is no evidence that being part of this study will help your treatment, but the results
may help future patients, because we believe this new method will give more
information on the cancerous areas in the prostate and exactly where they are located.
If this research study is successful, it will improve the chances of finding small
cancerous tumours if a patient needs repeated biopsies.

CONFIDENTIALTY

Any information obtained from this study will be kept confidential and your name will not
be identified in any way when the resuits are presented or published. The uitrasound
images that are taken will be kept in a computer and your name and any other personal
information will be made invisible. Any other information from this study will be kept in
locked filing cabinets and only the research team and the University of Western Ontario
Health Sciences Research Ethics Board (HSREB) will have access to the data.
Representatives of HSREB may require access to your study-related records or may
follow up with you to monitor the conduct of the study.

VOLUNTARY PARTICIPATION
Your participation in this study is voluntary. You may refuse to participate or withdraw
from the study at any time with no effect on your future care.

WHO TO CONTACT IF YOU HAVE ANY QUESTIONS
If you have any questions, please feel free to contact us

If you have a question about your rights as a research participant or about the conduct
of this study, you can contact the Vice President of Research c/o Lawson Health
Research Institute (LHRI).

If you are already participating in another research study, please inform Dr. Izawa.
Please Note: You do not waive any legal rights by signing the consent form.

You will be given a copy of this letter of information and consent form to keep once it
has been signed.
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Consent Form for Participation

Title of Study: An Improved Transrectal Ultrasound-guided Biopsy Procedure

Investigators:

Drs. Jonathan I. Izawa, Joseph L. Chin, Aaron Fenster, and Cesare Romagnoli

| have read the letter of information, have had the nature of the study explained to me
and | agree to participate. All questions have been answered to my satisfaction.

[oR
[V
<
(o]
=n

Dated in London, this

(Signature of Participant)

(Print name of Participant)

(Signature of Researcher)

(Print name of Researcher)

(Signature of Person Obtaining the
Consent of the Participant)

(Print name of Person Obtaining the
Consent of the Participant)
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Office of Research Ethics
The University of Western Ontario

Use of Human Subjects - Ethics Approval Notice

Principal Investigator: Dr. J.l. Izawa
Review Number: 12669 Revision Number: 2
Review Date: March 5, 2008 Review Level: Expedited
Protocol Title: An Improved Transrectal Ultrasound-guided Biopsy Procedure
Department and Institution: Urology, London Health Sciences Centre
Sponsor: CIHR-CANADIAN INSTITUTE OF HEALTH RESEARCH
Ethics Approval Date: March 19, 2008 Expiry Date: December 31, 2009

Documents Reviewed and Approved: revised study end date, revised sample size, revised Letter of Information and Consent
version 5 dated January 28, 2008

Documents Received for Information:

This is to notify you that The University of Western Ontario Research Ethics Board for Health Sciences Research Involving Human
Subjects (HSREB) which is organized and operates according to the Tri-Council Policy Statement: Ethical Conduct of Research
Involving Humans and the Health Canada/ICH Good Clinical Practice Practices: Consolidated Guidelines; and the applicable laws
and regulations of Ontario has reviewed and granted approval to the above referenced revision(s) or amendment(s) on the approval
date noted above. The membership of this REB also complies with the membership requirements for REB's as defined in Division 5
of the Food and Drug Regulations.

The ethics approval for this study shall remain valid until the expiry date noted above assuming timely and acceptable responses to the
HSREB's periodic requests for surveillance and monitoring information. If you require an updated approval notice prior to that time
you must request it using the UWO Updated Approval Request Form.

During the course of the research, no deviations from, or changes to, the protocol or consent form may be initiated without prior
written approval from the HSREB except when necessary to eliminate immediate hazards to the subject or when the change(s) involve
only logistical or administrative aspects of the study (e.g. change of monitor, telephone number). Expedited review of minor
change(s) in ongoing studies will be considered. Subjects must receive a copy of the signed information/consent documentation.

Investigators must promptly also report to the HSREB:
a) changes increasing the risk to the participani(s) and/or affecting significantly the conduct of the study;
b) all adverse and unexpected experiences or events that are both serious and unexpected;
¢) new information that may adversely affect the safety of the subjects or the conduct of the study.

If these changes/adverse events require a change to the information/consent documentation, and/or recruitment advertisement, the
newly revised information/consent documentation, and/or advertisement, must be submitted to this office for approval.

Members of the HSREB who are named as investigators in research studies, or declare a conflict of interest, do not participate in
discussion related to, nor vote on, such studies when they are presented to the HSREB.

Chair of HSREB: Dr. John W. McDonald
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To: Research Ethics Board Date: January 28, 2008

From: Jackie Williams

Re: UWO Ethics Number 12669

Project Title: An Improved Transrectal Ultrasound-guided Biopsy Procedure

PI: Dr. Jonathan lzawa

Co-Investigators:
Dr. Joseph L. Chin, Dr. Aaron Fenster

Revision to Original Protocol

Study Design or Methods:

We would like to add 30 patients to the original number of 15. The original number was based on the
research being a pilot study to test the feasibility of three different ultrasound tracking devices. The
data thus far have shown that the tracking device developed in Dr. Aaron Fenster's laboratory is
equivalent to the other two commercial trackers. We would like to extend the planned statistical
analysis to include Analysis of Variance and regression/correlation analysis at the 0.05 alpha level.
According to the Sample Size Table in Jacob Cohen'’s “A Power Primer’, (Psychological Bulletin,
1992, Vol. 112, No. 1, pp155-159), the number of subjects required is 45. These changes will make

the research more publishable.

Extension to the Study End Date:
We are requesting a new end of study date of December 31 st 2009 to test the extra number of

patients.

Changes to the Letter of Information

We have added the new number of participants in the Letter of Information.
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LETTER OF INFORMATION FOR PARTICIPANTS

Title of Study: An Improved Transrectal Ultrasound-guided Biopsy Procedure
Investigators: Drs. Jonathan |. Izawa, Joseph L. Chin, Aaron Fenster, and Cesare
Romagnoli.

INTRODUCTION

You are invited to participate in this research study, which is for men who have been
scheduled for prostate biopsy, which uses standard 2-dimensional ultrasound imaging
to guide the biopsy needle. The prostate biopsy procedure is the standard care for men
to test for prostate cancer, and it will be fully explained by Dr. Izawa, your urologist, or
by Dr. Cesare Romagnoli, the radiologist. You will be able to ask Dr |zawa or Dr.
Romagnoli, or their staff any questions you might have about your procedure. This
research study involves taking some extra ultrasound images during the same session

I P N

as your prosiaie oiopsy.

PURPOSE

We are testing a new method of ultrasound imaging during prostate biopsy on 45 men
to be done at London Health Sciences Centre. During standard prostate biopsy, the
doctor can see the biopsy needle by using ultrasound and this helps to guide the needle
into the correct place. The new method of ultrasound imaging we are trying will make 3-
dimensional ultrasound images from standard 2-dimensional images by using one of
three different tracking systems. Two of these systems are approved commercial
devices, and one is an experimental, mechanical tracking system developed by Dr.
Aaron Fenster's laboratory. All these tracking devices are entirely harmless and simply
track the position of the biopsy needle during the biopsy procedure. Which tracking
system is used will depend on which one performs the best during biopsy procedures.
Each tracking system makes a map of exactly where the biopsy sampies were taken in
the prostate, so if patients need a repeat biopsy in the future, the doctor will be able to
choose different areas to place the biopsy needle. This should improve the chances of
finding small tumours that might have been missed during the first biopsy. We think this
new method will prove to be easier and more accurate than the current method, which
only makes 2-dimensional ultrasound images.

We will also test a further group of 45 patients to check on the amount of deformation of
the prostate gland caused by the pressure of the ultrasound transducer during the
transrectal ultrasound examination. The procedure will be the same as for the first
group, but we will add some extra 3-dimensional ultrasound images at the beginning of
the procedure to check the baseline position of the prostate and then again at the end of
the procedure to see if the position of the prostate has been pushed from the baseline
position by the pressure from the transrectal ultrasound transducer, or if its shape has
been otherwise deformed by this same pressure. It is important to know if this is
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occurring, as this will affect the measurements of the prostate.

RESEARCH PROCEDURES FOR THIS STUDY

The procedure will be the same as for a regular prostate bicpsy, but we will take a few
extra regular ultrasound images, using one of the tracking devices so they can be made
into 3D images. We will then do a real 3-dimensional ultrasound exam, so we can
compare it to the one we will make with the tracking device.

The only difference between the regular 2-dimensional and the 3-dimensional
ultrasound is that the 3-dimensional exam takes a little longer because the computer
takes time to produce the 3-dimensional images. There are no extra visits to the
hospital and the research is carried out during your prostate biopsy procedure. The
extra time involved for this research study will be about 15 minutes on top of the time for
your prostate biopsy, and you will remain in the same position for the 2-dimensional and
the 3-dimensional ultrasound examinations. For the group of 45 patients who will have
additional 3D ultrasound images to check for movement of the prostate caused by the
pressure of the ultrasound probe, this will add a further 10 minutes, for a total of 25
minutes added to the normal prostate biopsy time.

RISKS AND DISCOMFORTS TO YOU IF YOU PARTICIPATE IN THIS STUDY
There are no known risks to the use of ultrasound in this way, and the procedure is
completely painless.

ALTERNATIVES TO STUDY PARTICIPATION
The alternative to taking part in this study is to not take part.

THE BENEFITS TO YOU IF YOU PARTICIPATE IN THIS STUDY

There is no evidence that being part of this study wiii heip your treatment, but the resuits
may help future patients, because we believe this new method will give more
information on the cancerous areas in the prostate and exactly where they are located.
If this research study is successful, it will improve the chances of finding small
cancerous tumours if a patient needs repeated biopsies.

CONFIDENTIALTY

Any information obtained from this study will be kept confidential and your name will not
be identified in any way when the results are presented or published. The ultrasound
images that are taken will be kept in a computer and your name and any other personal
information will be made invisible. Any other information from this study will be kept in
locked filing cabinets and only the research team and the University of Western Ontario
Health Sciences Research Ethics Board (HSREB) will have access to the data.
Representatives of HSREB may require access to your study-related records or may
follow up with you to monitor the conduct of the study.

VOLUNTARY PARTICIPATION
Your participation in this study is voluntary. You may refuse to participate or withdraw
from the study at any time with no effect on your future care.

WHO TO CONTACT IF YOU HAVE ANY QUESTIONS
If you have any questions, please feel free to contact us
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If you have a question about your rights as a research participant or about the conduct
of this study, you can contact the Vice President of Research c/o Lawson Health
Research Institute (LHRI).

If you are already participating in another research study, please inform Dr. Izawa.
Please Note: You do not waive any legal rights by signing the consent form.

You will be given a copy of this letter of information and consent form to keep once it
has been signed.
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¥  London Health Sciences Centre

Consent Form for Participation

Title of Study: An Improved Transrectal Ultrasound-guided Biopsy Procedure

Investigators:
Drs. Jonathan |. Izawa, Joseph L. Chin, Aaron Fenster, and Cesare Romagnoli

| have read the letter of information, have had the nature of the study explained to me
and | agree to participate. All questions have been answered to my satisfaction.

Dated in London, this, day of , 20
(Signature of Participant) (Print name of Participant)
(Signature of Researcher) (Print name of Researcher)
(Signature of Person Obtaining the (Print name of Person Obtaining the
Consent of the Participant) Consent of the Participant)
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Office of Research Ethics

The University of Western Ontario

Use of Human Subjects - Ethics Approval Notice

Principal Investigator: Dr. J.I. zawa
Review Number: 12669 Revision Number: 3
Review Date: June 17, 2008 Review Level: Full Board
Protocol Title: An Improved Transrectal Ultrasound-guided Biopsy Procedure
ion: Urology, London Health Sciences Centre
Sponsor: CIHR-CANADIAN INSTITUTE OF HEALTH RESEARCH
Ethics Approval Date: June 17, 2008 Expiry Date: December 31, 2009

Documents Reviewed and Approved: Increase in number of participants, revised study methodology, and revised letter of
information & consent form dated June 4/08

Depariment and in

Documents Received for Information:

This is to notify you that The University of Western Ontario Research Ethics Board for Health Sciences Research Involving Human
Subjects (HSREB) which is organized and operates according to the Tri-Council Policy Statement: Ethical Conduct of Research
invoiving Humans and the Health Canada/ICH Good Clinical Practice Practices: Consolidated Guidelines; and the applicable laws
and regulations of Ontario has reviewed and granted approval to the above referenced revision(s) or amendment(s) on the approvai
date noted above. The membership of this REB also complies with the membership requirements for REB's as defined in Division 5

of the Food and Drug Regulations.

The ethics approval for this study shall remain valid until the expiry date noted above assu
HSREB's periodic requests for surveillance and monitoring information. If you require an up
ot aiact it neing the [TWO Undated _A_ppn)val Request Form.

you miist request it using s LWL LpSaitt
During the course of the research, no deviations from, or changes to, the protocol or consent form may be initiated without prior
written approval from the HSREB except when necessary to eliminate immediate hazards to the subject or when the change(s) involve

only logistical or administrative aspects of the study (e.g. change of monitor, telephone number). Expedited review of minor
change(s) in ongoing studies will be considered. Subjects must receive a copy of the signed information/consent documentation.

ming timely and acceptable responses to the
dated approval notice prior to that time

Investigators must promptly also report to the HSREB:

a) changes increasing the risk to the participant(s) and/or affecting significantiy the conduct of the study;

b) all adverse and unexpected experiences or events that are both serious and unexpected;

¢) new information that may adversely affect the safety of the subjects or the conduct of the study.
If these changes/adverse events require a change to the information/consent documentation, and/or recruitment advertisement, the
newly revised information/consent documentation, and/or advertisement, must be submitted to this office for approval.

Members of the HSREB who are named as investigators in research studies, or declare a conflict of interest, do not participate in
they are presented to the HSREB.

discussion related to, nor vote on, such studies when

Chair of HSREB: Dr. John W. McDonald
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To: Research Ethics Board Date: June 4, 2008
From: Jackie Williams

Re: UWO Ethics Number 12669

Project Title: An Improved Transrectal Ultrasound-guided Biopsy Procedure

Pl: Dr. Jonathan Izawa

Co-Investigators:
Dr. Joseph L. Chin, Dr. Aaron Fenster

Revision to Original Protocol

Addition of Study Staff:
We would like to add a summer student, Vaishaly Karnak, to the list of collaborators. Ms. Karnak will
assist Derek Cool, a doctoral student in gathering the images and in the analysis of data for the study.

Study Design or Methods:

We would like to extend this study by testing a further 45 patients (to the original 45) to check on the
amount of deformation of the prostate gland caused by the pressure of the ultrasound transducer
during the transrectal ultrasound examination. We will follow the original protocol on this new set of 45
patients who are already scheduled for prostate biopsy, but will add some extra 3-dimensional

in~ ~f tha neanadiira ta shank tha hasalina nasitinn Af tha nractata and

lraaniind immanan ot tha haninni s
iing O ui€ proCeauire o Cnetk i€ Baseiine Pposiuln i i€ pidsSae and

ultrasound images at the begi
then again at the end of the procedure to see if the position of the prostate has been pushed from the
baseline position by the pressure from the transrectal ultrasound transducer, or if its shape has been
otherwise deformed by this same pressure. It is important to know if this is occurring, as this will affect
the results. This will not change the study end date of this project.

Changes to the Letter of Information
We have added the changes in the Letter of Information.
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LETTER OF INFORMATION FOR PARTICIPANTS

Title of Study: Hybrid Imaging for Prostate Biopsy Guidance

Principal Investigator: Dr. Jonathan Izawa

Co-Investigators:
Dr. Joseph L. Chin, Dr. Robert Bartha, Dr. Aaron Fenster, Dr. Cesare Romagnoli, and
Dr. Charles McKenzie.

INTRODUCTION

You are being invited to participate in a research study, which is for men who have been
scheduled for a prostate biopsy for suspected prostate cancer. That surgical procedure
will be fully explained by Dr. Izawa and you will be able to ask him or his staff any
questions. If successful, these new techniques will make small cancerous areas in the
prostate easier to see, reducing the need for successive prostate biopsies, and allowing
prostate cancer to be detected earlier than is possible at the present time.

PURPOSE

The research procedures for this study will be carried out at the Robarts Research
Institute, which is located right next to London Health Sciences Centre, University
Hospital. For this research, we are studying the different prostate regions involved in
cancer using an advanced method of magnetic resonance imaging (MRI). The overall
purpose of this study is to see if MRI will show areas of the prostate that exhibit
metabolic changes due to cancer activity, helping to guide where to insert the biopsy
needle to diagnose prostate cancer and pinpointing where the highest Gieason Grade
cancer is most likely to be located. This study will use a similar machine that is used in
regular MRI for patients, but we are using a higher magnetic field strength. MRI is
thought to have good potential in diagnosing prostate cancer because it can show
changes in the chemical activity of the prostate that are associated with prostate cancer.

MDPI ie nan_inuaciuva tnnl that wae halicua wi . i
MRI is non-invasive tool that we believe will be able to: 1) detect cancer outside the

gland, 2) detect specific areas within the prostate that contain cancer, 3) determine the
aggressiveness of the cancer, and 4) direct the biopsy and treatment specifically to
diseased areas. These changes are particularly noticeable at higher MRI field strengths,
which is why we will be using a 3 Tesla (3T) scanner, which is twice the strength of the
standard diagnostic 1.5 Tesla MRI. For the MRI scan we will also be using a contrast
agent called Magnevist®, which will be injected into a vein in your arm. This contrast
agent travels through the blood vessels, including the ones in the prostate gland, and
makes the MRI images clearer. We hope the addition of contrast agent will make any
small cancerous areas in the prostate easier to see.

We will also be using a 3-dimensional ultrasound exam in this study. The 3-dimensional
images will be compared to the MRI scan to see if the abnormal areas in the prostate as
shown by MRI also look abnormal on the ultrasound scan, and if any particular
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characteristics can be recognized. The resuits from the 3-dimensionai uitrasound wiii
also be compared to the regular pathology results after your prostatectomy surgery for
the same purpose.

RESEARCH PROCEDURES FOR THIS STUDY

Participation in this study requires one visit that lasts about 2 hours. If you agree to take
part, before you can be admitted into the study you will need to have a blood test to
check your kidney function, and to screen you for certain types of anemia. This is to
make sure it is safe for you to have an injection of a contrast agent during the study.
The blood test will take place approximately 6 weeks before the study session. Your
doctor (either Dr. Chin or Dr. Izawa) will ask you to attend their clinic to have two tubes
(10 mls) of blood drawn. If your blood tests are normal, you will be asked to come to the
Robarts Research Institute for the study session.

You will have an MRI scan inside the 3 Tesla scanner. Just before you go into the
scanner, you will have an intravenous catheter (a tiny plastic tube) inserted into a vein in
your arm, so that the contrast agent (dye) called Gd-DTPA (Magnevist®) can be
injected into your vein. The contrast agent does not stay in your body, and it is
completely cleared out through the urine within 48 hours. The scheduling of the MRI
examination will depend on the times we are able to book the MRI scanner. The
evening before the study you should take 30 mis of Milk of Magnesia, an over the
counter laxative that will be provided to you. Just before the scan you will be given
Buscopan (20mgs), which will be injected through the same catheter as the contrast
agent. Buscopan is an approved antispasmodic that will minimize involuntary
movements of your bowel or rectum during the scanning process. This is an approved
drug commoniy used during MRi procedures.

To reduce any discomfort, the doctor performing your prostate biopsy will apply
Lidocaine gel, which is a topical anesthetic to the endorectal probe, and to your rectum.
Then, you will have a small oval MRI endorectal probe inserted into your rectum, so it

will lie close to the prostate gland. This probe picks up the MRI signal to give a very

clear picture of the prostate gland.

This MRI machine uses a strong magnet and radio waves to make images of the body
interior. You will be asked to lie on a long narrow couch for about an hour and a half
while the machine gathers data. During this time you will be exposed to magnetic fields
and radio waves. You will not feel either. You will, however, hear repetitive tapping
noises that arise from the magnets that surround you. You will be provided with
earplugs or headphones that you will be required to wear to minimize the sound and
protect your hearing. The space within the large magnet in which you lie is somewhat
confined, although we have taken many steps to relieve the "claustrophobic" feeling.
There are no known significant risks with this procedure at this time because the radio
waves and magnetic fields, at the strengths used, are thought to be without harm. The
exception is if you have a cardiac pacemaker or a metallic clip in your body (e.g., an

Imaging Research Laboratories - Robarts Research Institute
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aneurysm ciip in your brain), have severe heart disease, body piercings, tattoos
containing metallic ink or slow release pharmaceutical skin patches.

There is a possibility that you will experience a localized twitching sensation due to the
magnetic field changes during the scan. This is not unexpected and should not be
painful. However, you can stop the exam at anytime. The magnetism and radio waves
do not cause harmful effects at the levels used in the MRI machine. However, because
the MR scanner uses a very strong magnet that will attract metal, all metallic objects
must be removed from your person before you approach the scanner. In addition,
watches and credit cards should also be removed as these could be damaged. (These
items will be watched for you).

During your prostate biopsy you will also have a 3-dimensional ultrasound scan. This is
the same as a regular ultrasound scan, except it takes a few minutes longer. The
images from this 3D ultrasound exam will be combined with the MRI images and used
to more precisely target the needle placement during the biopsy.

REASONS THAT MUST EXCLUDE YOU FROM THIS STUDY

MRI exclusion criteria

If you have any history of head or eye injury involving metal fragments, if you have
some type of implanted electrical device (such as a cardiac pacemaker), if you have
severe heart disease (including susceptibility to heart rhythm abnormalities), you should
not have an MRI scan unless supervised by a physician. Additionally you should not
have a MRI scan if you have conductive implants or devices such as skin patches, body
piercing or tattoos containing metaliic inks because there is a risk of heating or induction
of electrical currents within the metal element causing burns to adjacent tissue.

Other reasons that must exclude you from this study are:
1. a known allergy to Magnevist,

2. sickle cell disease or other hemolytic anemias,

3. kidney disease.

THE LENGTH OF THIS STUDY AND HOW MANY PEOPLE WILL BE ENROLLED

We will be enrolling 75 men who are scheduled for prostate biopsy, including men who
have already had one or more prostate biopsies, but whose pathology findings were
normal from the previous biopsies, as well as men undergoing a first prostate biopsy.
We will also be enrolling 20 other men whose pathology findings showed some prostate
cell abnormalities that were not cancer cells, but which are thought to increase the risk
of developing prostate cancer in the future. We will enroll these men over a period of
about two years, and all of whom will be at this centre in London, Ontario. In total, there
will be 95 men enrolled in this study.

Imaging Research Laboratories - Robarts Research Institute
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RiSKS AND DiSCOMFORTS TO YOU iF YOU PARTICIPATE iN THiS STUDY

Part of your participation in this study will involve a research test with Magnetic
Resonance Imaging (MRI) system, a common medical diagnostic tool that uses a strong
magnetic field, a low frequency magnetic field, and a radio frequency field. No X-rays
are used. As with any technology there is a risk of death or injury. For MRI the risk of
death is less than 1 in 10 million and the risk of injury is less than 1 in 100,000. These
risks do not arise from the MRI process itself, but from a failure to disclose or detect
MRI incompatible objects in or around the body of the subject or the scanner room. It is
therefore very important that you answer all the questions honestly and fully on the MRI
screening questionnaire.

Almost all the deaths and injuries related to MRI scans have occurred because the MRI
operator did not know that surgically implanted metal hardware (such as a cardiac
pacemaker) was present inside the subject during the MRI scan. Other remote risks
involve temporary hearing loss from the loud noise inside the magnet. This can be
avoided with ear headphone protection that also allows continuous communication
between the subject and staff during the scan.

For comparison, the risk of death in an MRl is similar to travelling 10 miles by car, while
the risk of injury during an MRI is much less than the risks associated with normal daily
activities for 1 hour.

You may not be allowed to continue in this research study if you are unable to have a
MRI scan because, for example, you have some MRI incompatible metal in your body,
you may be pregnant or attempting to become pregnant, or you may have a drug patch
on your skin that contains a metai foii. Shouid you require a medicaily necessary MRi
scan in the future, the final decision as to whether you can be scanned will be made by
a qualified physician considering all the risks and benefits.

For the injection of contrast agent, there may be some mild discomfort or bruising at the
intravenous or blood draw site with a minimal risk of local infection. The most common
adverse events are headache (~5%), nausea (~3%), injection site coldness (~2%) and
dizziness (~2%). Most headaches are transient and mild to moderate. Serious adverse

reactions (e.g. anaphylaxis) occur at a rate of about 7/5,000,000.

Hemolysis (a breakdown of blood cells) has been reported following contrast agent
administration in patients who have sickle cell disease, and in patients who have
anemia (low red blood count). You will have a blood test prior to the study to make sure
you do not have these conditions, and you will not be allowed to participate in this study
if that is the case. Other side effects of the contrast agent are extremely rare but include
nausea, a tingling sensation, headache, rash, and dizziness.

The risks and discomforts associated with the injection of Buscopan include dry mouth,
dyshidrosis (a form of skin blisters), visual accommodation disorders (blurred vision),

Imaging Research Laboratories - Robarts Research Institute
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tachycardia (rapid heartbeat), dyspnea (shortness of breath), diarrhea, nausea, retinai
pigmentation (abnormal colouring of the retina, which is the inner back wall of the eye),
glaucoma and urinary retention. There have been rare reports of dizziness, decreased
blood pressure and flushing. Skin reactions and other hypersensitivity, angioedema
(swelling, similar to hives) and fixed drug eruptions (rash associated with injection site)

havua ha ad ] Thara h
nave oeen lcpul teG rarely. inere nave been very rare reyvrto of an"‘"‘""""" reactions

and anaphylactic shock. Buscopan may cause blurred vision which may affect your
ability to drive or operate machinery safely, and so we recommend that you bring
someone with you to the study who will be able to drive you home afterwards, as if you
are affected with blurred vision you should not drive or operate machinery.

You should consult your doctor immediately if you experience any of the following while
after the Buscopan injection: red and painful eye, possibly with headache, loss of vision
or blurred vision, or seeing haloes around lights. These symptoms may be caused by an
increase in pressure inside the eyeball and require urgent investigation by your doctor.

The application of topical local anesthesia gel, Lidocaine, and its possible minor
absorption through the rectal mucosa causes side effects very rarely. Signs of too much
topical Lidocaine being absorbed into the body include blurred or double vision,
dizziness, light-headedness, drowsiness, muscle twitching, trembling, nausea, vomiting,
or feelings of hot, cold, or numbness in the rectal area.

There are no known risks to the use of ultrasound as it is used in this study and the
procedure is completely painless.

ALTERNATIVES TO STUDY PARTICIPATION
The alternative to taking part in this study is to not take part. This will have no effect on
your future care.

THE BENEFITS TO YOU IF YOU PARTICIPATE IN THIS STUDY

Th i~ that h
There is no evidence that being part of this study will help your treatment, but th

may help future patients, because we believe the MRI examination may tell
definitely if there are cancerous areas in the prostate and exactly where they are
located. If this research study is successful, we may be able to perfect the technique,
and this may mean that patients in the future may not require repeated biopsies to
check for cancer.

CONFIDENTIALTY

Any information obtained from this study will be kept confidential and your name will not
be identified in any way when the results are presented or published. The information
from this study will be kept in locked filing cabinets and only the research team will have
access to the data, however, representatives of The University of Western Ontario
Health Sciences Research Ethics Board may contact you, or require access to your
study-related records to monitor the conduct of the research.

Imaging Research Laboratories - Robarts Research Institute
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IMAGING

WHAT TO DO IF YOU WANT TO WITHDRAW FROM THIS STUDY

Your participation in this study is voluntary. You may refuse to participate, refuse to
answer any questions, or withdraw from the study at any time with no effect on your
future care. You will be reimbursed $30 for your participation in this study to cover any

WHO TO CONTACT IF YOU HAVE ANY QUESTIONS
If you have any questions about this study, please feel free to contact:
Dr. Jonathan Izawa

If you are participating in another research study, please inform Dr. Izawa.

If you have a question about your rights as a research participant or about the conduct
of this study, you can contact Dr. David Hill, Scientific Director, Lawson Health
Research Institute

Please Note: You do not waive any legal rights by signing the consent form.
You will be given a copy of this letter of information and consent form once it has been
signed.

Imaging Research Laboratories - Robarts Research Institute
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Consent Form for Participation

Title of Study: Hybrid Imaging for Prostate Biopsy Guidance

Investigators:

Dr. Jonathan Izawa, Dr. Joseph L. Chin, Dr. Robert Bartha, Dr. Aaron Fenster, Dr. Cesare
Romagnoli and Dr. Charles McKenzie.

I have read the letter of information, have had the nature of the study explained to me
and | agree to participate. All questions have been answered to my satisfaction.

Dated in London, this day of , 20

(Signature of Participant) (Print name of Participant)

(Signature of Researcher)

(Signature of Person Obtaining the (Print name of Person Obtaining the
Consent of the Participant) Consent of the Participant)

Imaging Research Laboratories - Robarts Research Institute
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Appendix E: Health Canada and Ethics Approval Notice for ti@aal prostate therapy
study.
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Therapeutic Products Directorate
I*I Health Santé
Canada Canada

Health Products Direction générale des produits
and Food Branch de santé et des aliments

DATE: JUL 0 7 20"

Application No. 178857

Chandima Edirisinghe

Investigational Testing Authorization - Class IT
Dear Chandima Edirisinghe:

This is in reference to your application for Authorization to conduct Investigational Testing in Canada,
received on 10 March 2011, and submitted pursuant to Part 3 of the Medical Devices Regulations.
This pertains to the following:

Protocol: An Improved Prostate Imaging and Cancer Treatment Procedure

Objectives: (1) To determine the accuracy improvement to the treatment delivery using
3-dimensional imaging
(2) To determine the effectiveness of the intra-operative delivery adjustment to
compensate for prostate movement, and
(3) To determine whether only ultrasound imaging can be used throughout the procedure
and instead of combination of CT imaging and ultrasound imaging.
(4) To determine whether better delivery can be done using the flexibility of the non-
template mechanical device.

Device: “3D Ultrasound Prostate Imaging and Cancer Treatment Planning System”

No. of devices: One (1)

No. of subjects: Ten (10)

The information has been reviewed and you are hereby authorized under Section 83 of the Medical
Devices Regulations to sell the subject device for investigational testing to the institution(s) listed in the
attached Appendix 1.

Sections 86, 87 and 88 of the Medical Devices Regulations impose additional requirements regarding the
advertisement, record keeping and labelling of devices involved in ifwestigational trials. Please advise
the Bureau of any changes to the device, protocol or list of investigators. Any changes to the device or
protocol that fall outside the scope of the risk assessment of this protocol will require a new application.

Yours sincerely,

Medical Devices Bureau

RGR/mw
Attach.

Canadi
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Appendix 1 - List of Investigator(s) and Institution(s) Application No. 178857

Date: JUL 0 7 20"

Dr. David D’Souza
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Use of Human Participants - Ethics Approval Notice

Principal Investigator: Dr. David D'Souza
Review Number: 18147
Review Level: Full Board
App Local Adult Particiy : 10
Approved Local Minor Participants: 0
Protocol Title: Mech ic assisted 3D | ul d guided adaptive prostate brachytherapy
Department & itution: Oncology,London Health Sci Centre
B Sponsor: Ontario Institute for Cancer Research "Imm challenge"

Ethics Approval Date: September 07, 2011 Expiry Date: December 31,2013

Documents Reviewed & Approved & Documents Received for Information:
ocument Name | Comments | Version Date
'UWO Protocol | |

Letter of Information & Consent

|
2011/08715 |

This is to notify you that the University of Western Ontario Health Sciences Research Ethics Board (HSREB) which
is organized and operates according to the Tri-Councii Policy Statement: Ethicai Conduct of Research invoiving
Humans and the Health Canada/ICH Good Clinical Practice Practices: Consolidated Guidelines; and the applicable
laws and regulations of Ontario has reviewed and granted approval to the above referenced study on the approval
date noted above. The membership of this HSREB also complies with the membership requirements for REB's as
defined in Division 5 of the Food and Drug Regulations.

The ethics approval for this study shall remain valid until the expiry date noted above assuming timely and
acceptable responses to the HSREB's periodic requests for surveillance and monitoring information. If you require
an updated approval notice prior to that time you must request it using the UWO Updated Approval Request form.

Member of the HSREB that are named as investigators in research studies, or declare a conflict of interest, do not
participate in discussions related to, nor vote on, such studies when they are presented to the HSREB.

The University of Western Ontario
Office of Research Ethics
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Appendix F: Copyright Release
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Hi Jeffrey, ‘

Thank you for your email. Yes, you may have permission to reprint the two articles for your PhD
thesis.

Penny Slattery
Journal Manager

I am seeking permission to reprint the following two articles that were
published in the Medical Physics journal into my PhD thesis:

1) Jeffrey Bax, Derek Cool, Lori Gardi, Kerry Knight, David Smith, Jacques
Montreuil, Shi Sherebrin, Cesare Romagnoli, Aaron Fenster, “Mechanically
Assisted 3D Ultrasound Guided Prostate Biopsy System”, Med Phys., vol 35,
no 12, pp 5397-5410, 2008.

2) Jeffrey Bax, David Smith, Laura Bartha, Jacques Montreuil, Shi
Sherebrin, Lori Gardi, Chandima Edirisinghi, Aaron Fenster, “"A Compact
Mechatronic System for 3D Guided Prostate Interventions”, Med Phys., vol
38, no 2, pp 1055-69, 2011.

Sincerely,

Jeffrey Bax
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1987 — 1988 AeroAcademy Inc.
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. Canadian Private Pilot License.
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2008 — Present  Alexander Graham Bell Canada Gra@gdtolarship (CGS)
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