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ABSTRACT

This research investigates needle insertion through soft tissue, enabling the
development and validation of force models and insertion techniques for accurate needle
tip placement. During needle insertion into the prostate, the needle deflects en route to
the target which leads to seed misplacement and suboptimal dose to cancerous cells.
Many researchers have studied slow needle insertion speed and axial - needle insertion
direction - force distribution and components. However, little work has been performed
on stiffer needle material properties, tissue deformation with needle deflection, and
normal - perpendicular to needle insertion direction - force distribution. This lack of
knowledge have led to tissue deformation, needle deflection, and misplaced target when
performing needle insertion procedures.

This research aims to quantify the impact of an optimized needle grid, insertion
techniques, and needle-tissue force interaction leading to needle deflection and phantom
deformation. First, an improved grid used to guide the needle was investigated and
inserted via different hand insertion techniques to acquire needle deflection. To measure
needle deflection, a measurement apparatus with acceptable gauge repeatability and
reproducibility (GR&R) and documented accuracy was introduced. Next, stiffer needle
properties were explored and inserted at much faster speed via a high-speed device, when
compared to hand insertion or current robotic devices. Finally, finite element analysis
(FEA) models were developed to predict relative needle-phantom motion using measured
force data, while simultaneously obtaining experimental needle deflection and phantom

X1V



deformation. The needle and phantom FEA models and the normal force distribution on
the needle shaft were validated with separate experimental results. Findings from this
dissertation include a 40% decrease in average needle deflection with the improved grid
(and the same fast hand insertion technique), in addition to a 60% decrease in average
needle deflection with the stiffer needle at the faster speed (compared to the less stiff
needle and slow speed). Also, the needle and phantom FEA models are reasonably
accurate to the experimental data, having a difference of 7% and 18%, respectively.
These findings can be used to improve needle insertion techniques, while understanding

force distribution effect on needle bending and compensate during the insertion path.
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CHAPTER 1

INTRODUCTION

1.1 RESEARCH MOTIVATION

Prostate cancer is the second most frequently diagnosed cancer and the second-
leading cause of cancer death in men [1]. During 2012, the American Cancer Society
estimated that 241,740 new cases will occur in the United States. Prostate-specific
antigen (PSA) test has enabled the early detection of prostate cancer via measuring the
level of proteins, produced by the cells of the prostate gland, in the blood. Although
elevated levels (above 4.0 ng/mL) require monitoring, PSA test does not confirm prostate
cancer since many benign conditions, such as enlargement or inflammation, can increase
PSA levels [2]. After confirming prostate cancer, usually by a needle biopsy,
brachytherapy could be one of the treatment methods. Brachytherapy is the placement of
radioactive seeds into the prostate gland via a needle and it has become an increasingly
popular treatment for prostate cancer when it is detected in the early stages [3-5].

In brachytherapy (Figs. 1.1 and 1.2), about 50 to 150 radioactive seeds, 0.8 mm in
diameter and 4.5 mm in length, are permanently placed into the prostate [6,7]. Around
15 to 35 needles, typically 18-gauge, are inserted into the walnut size prostate for
radioactive seeds placement. In the transrectal ultrasound (TRUS) procedure (Fig. 1.1),
the ultrasound probe is used to create an image of the prostate and confirm needle
insertion placement [6,7]. The grid, which is attached to the set-up, allows the surgeon to
insert the needle at specified targets. Once the implanted seeds are position within the
prostate, they are not easily seen by ultrasound, thus X-Ray (Fig. 1.2) is needed to
confirm radioactive seed placement. The radiation dose provided by each seed covers a

certain tissue volume adjacent to the seed.



Position accuracy of the radioactive seeds into the prostate is important for
optimizing the dose delivery to cancerous tissue along with sparing critical organs and
structures [7-9]. However, during needle insertion into the prostate, the needle deflects
en route to the target. Precise insertion of needles is challenging due to tissue
heterogeneity and low elastic stiffness, tissue deformation, unfavorable anatomic
structures via the pubic arch interference, and poor maneuverability [7-10]. Misplaced
seeds can result in negative side effects such as urinary and bowel incontinence, rectal
bleeding, erectile dysfunction, and vital tissue damage [7-9].

This research aims to decrease needle deflection en route to the target within the
tissue. Different techniques are developed in addition to designing and optimizing
current prostate brachytherapy equipment. Additionally, a finite element model is

developed to predict needle deflection and phantom deformation.

~ TRUS probe Stepper

Figure 1.1. Transrectal Ultrasound (TRUS) prostate brachytherapy [10]



Figure 1.2. X-ray of radioactive seeds during the prostate brachytherapy procedure
[11]

1.2 LITERATURE REVIEW
1.2.1 Needle insertion force and speed measurement

Podder et al. [12] performed in vivo measurements of the needle insertion force
and motion trajectory during prostate brachytherapy in the operating room. Results
showed that the overall maximum average needle insertion force was significant lower
for an 18 gauge, compared to a 17 gauge needle. Additionally the authors attributed
variations in traverse forces to factors such as tissue heterogeneity, movement of internal
organs, and lateral movement of the surgeon’s hand while operating the needle. These
factors also contributed to needle deflection from the desired trajectory and target
movement. Kataoka et al. [13] measured the tip and friction forces (axial force)
independently acting on a needle during insertion into a canine prostate via a seven-axis
load cell. Results from the insertion test imply that the friction force was generated
uniformly along the axis by the constant clamping force (forces perpendicular to the
needle insertion direction). Okamura et al. [14] developed empirical models by
separating the needle insertion (axial) force into three parts: stiffness, friction, and cutting
forces. The stiffness force, which occurred before puncture of the capsule, was modeled

as a non-linear spring model. After the puncture, the friction and cutting forces were



modeled as a modified Karnopp model [15] and a constant for a given tissue,
respectively.

The effect of needle speed during insertion was explored by several researchers in
order to reduce needle deflection. Podder et al. [16] performed experiments on phantoms
at various insertion speed, needle oscillations, and needle rotation. Results show that
axial force increases as speed increases, leading to an increase in target movement. Low
frequency oscillation increases the force and target deflection. Higher needle rotation
does decrease tissue deformation as long as the rotational speed is high enough to
counteract the deformation created by the higher insertion speed. Yan et al. [17]
investigated high frequency (20 kHz vs. 2 kHz) translational oscillation along with
rotation of the needle on phantoms and chicken breast tissue. High frequency
translational oscillation reduces phantom deformation by more than twice the low
frequency. Rotational drilling reduced target movement, as compared to no rotation

during needle insertion.

1.2.2 Needle insertion modeling, imaging modalities, and deflection measurement

Modeling techniques were used to simulate and optimize brachytherapy seed
placement error. Jiang et al. [18] constructed a 3D non-linear dynamic finite element
model (FEM) numerical algorithm used in combination with the Mooney-Rivlin material
model, to accommodate the non-linear mechanical and geometrical behavior of the
human tissue. After performing experiments to test the sensitivity of seed placement
error with insertion point, needle orientation, and insertion distance, the authors
concluded that smaller placement error occurs when the distance between the insertion
point and target is shorter. Likewise, Dehghan et al. [19] optimized the needle insertion
point, velocity, and depth using a neo-Hookean non-linear material prostate model and
needle insertion simulation to minimize seed misplacement error.

Using 25 patients’ data, Podder et al. [20] developed a statistical model from
procedure-specific criteria and patient-specific criteria to estimate the maximum force

that the needle inserts on the patient. Procedure-specific in vivo data included size,



speed, and acceleration of the needle and patient-specific criteria consisted of nine
categories including age, body mass index (BMI), ethnicity, and prostate volume.
Furthermore, Glozman et al. [21,22] developed a model for flexible needle steering into
viscoelastic materials via path planning and optimization for minimal tissue pressure.
The tissue forces on the needles were modeled as lateral virtual springs along the needle
curve with friction forces tangent to the needles. A robot [21,23] verified the proposed
concept by maneuvering the needle base and inserting the needle into animal tissues.

Robotic-assisted tools have been utilized to increase needle placement accuracy.
Using a two degree-of-freedom (DOF) robot for needle insertion, Abolhassani et al. [24]
presented an analytic model to estimate needle deflection, while modeling the needle as a
flexible beam with support. This model incorporates force and moment at the needle
base, in conjunction with angle of the bevel and cutting force at the tip. Wan et al. [25]
used a robot with 6-DOF to test several insertion methods, including constant orientation,
constant rotation, and orientation reversal at half of the insertion depth on needle
deflection. 3D TRUS images were obtained to calculate the error between the needle tip
and planned position; analysis via MATLAB produced the population distribution of the
displacement in 3D. Meltsner et al. [26] focused on optimizing parameters such as
needle type (beveled versus conical), insertion speed, and needle rotation speed while
experimenting with a 6-DOF robot. Minimize tissue damage while still maintaining
reduced force with increased accuracy was obtained with the rotate-cannula-only method
of the conical needle.

Imaging modality was also used as an aid in needle insertion. DiMaio et al. [27]
portrayed a system that integrates an image-based target planning interface. A robotic
placement mechanism is used for remote manipulation of the needle in MRI without
moving the patient out of the imaging space, as well as robot and needle tracking for
navigation and control. A leg support created a “tunnel” that enabled the robotic needle
driver to perform the brachytherapy procedure while the patient stayed in the MRI. Tatli
et al. [28] described a brachytherapy procedure using a vertically open configuration MRI
system with the patient in the lithotomy position under general anesthesia. Since MRI
does not dissipate any ionizing radiation, interventional radiologist can stand alongside

patients throughout the procedure when an open configuration MRI system is used. In



contrast, most open MRI carries either low or midfield magnetic strength which results in
anatomic details to be lost or lack of tumor visualization

Many methods have been developed to measure needle deflection during
experimentation. Kataoka et al. [29] used a bi-plane X-Ray imaging system to
reconstruct the shape of the needle after insertion into swine muscle. Blake et al. [30]
investigated the use of 3D ultrasound (both tilt and pull-back scanning) for brachytherapy
seeds localization. CT and a stereotactic head frame were used to confirm a match
between the ultrasound and CT coordinate images. To measure final deflection within a
phantom, graph paper was pasted on each ends of the phantom block and the initial
insertion hole was used as the reference. Abolhassani et al. [24,31] used a sensor coil,

part of a magnetic tracking system, to follow the needle tip position.

1.3 RESEARCH OBJECTIVES

The scope of this research is to develop precise needle insertion techniques and
optimize current equipment used in prostate brachytherapy procedures. As discussed
above in the motivation (Section 1.1), during needle insertion into the prostate, the needle
deflects en route to the target which leads to seed misplacement and suboptimal dose to

cancerous cells. Specific objectives of this research are as follow:

a) Develop and optimize the needle grid inside diameter hole and overall length;
study the hand motion speed effect on needle insertion accuracy; and design a
measurement system that has acceptable gauge repeatability and reproducibility.

b) Investigate the effect of trocar (inner solid portion of the needle) stiffness on
needle deflection and explore the effect of high-speed (pneumatic) needle
insertion.

c) Propose a finite element force model and validate results from measured
experimental data. Validate the needle normal distribution force present during

insertion.



1.4 ORGANIZATION OF THE DISSERTATION

This dissertation is presented in a multiple manuscript format for Chapters 2, 3,
and 4. Each chapter (2, 3, 4) correlates to each research objective listed in Section 1.3.

Chapter 1 provides the overall motivation for this dissertation research, in
addition to a literature review that relates to this dissertation research objectives.

Chapter 2 presents the improved needle grid with reduced diametral clearance
between the grid inside diameter hole and outside diameter needle, in addition to the
increased grid length for the needle to have a longer travel distance before insertion into
the tissue. A measurement system, with acceptable GR&R results, was developed to
calculate final needle deflection without using image modality. Also, fast versus slow
hand needle insertion speed is investigated.

Chapter 3 investigates the material properties of the trocar by experimenting with
a higher Young’s modulus material (compared to what is currently used) inserted at very
high-speed via a pneumatic device.

Chapter 4 develops a finite element model for needle deflection and phantom
deformation. Three directional needle-tissue interaction forces were measured while
simultaneously acquiring needle deflection and phantom deformation data. Both the
model and the needle normal distribution force were validated with experimental results.

Chapter 5 summarizes this dissertation, potential future work for this field, and

the author’s original contributions.
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CHAPTER 2

PRECISION GRID AND HAND MOTION FOR ACCURATE NEEDLE
INSERTION IN BRACHYTHERAPY

ABSTRACT

In prostate brachytherapy, a grid is used to guide a needle tip towards a pre-
planned location within the tissue. During insertion, the needle deflects en route resulting
in target misplacement. In this paper, 18-gauge needle insertion experiments into
phantom were performed to test effects of three parameters, which include the clearance
between the grid hole and needle, the thickness of the grid, and the needle insertion
speed. Measurement apparatus that consisted of two datum surfaces and digital depth
gauge was developed to quantify needle deflections. The gauge repeatability and
reproducibility (GR&R) test was performed on the measurement apparatus and it proved
to be capable of measuring a 2 mm tolerance from the target. Replicated experiments
were performed on a 2° factorial design (3 parameters at 2 levels) and analysis included
averages and standard deviation along with an analysis of variance (ANOVA) to find
significant single and two-way interaction factors. Results showed that grid with tight
clearance hole and slow needle speed increased precision and accuracy of needle

insertion. The tight grid was vital to enhance precision and accuracy of needle insertion

Contents of this chapter have been published as C.S. McGill, J.A. Schwartz, J.Z. Moore,
P.W. McLaughlin, A.J. Shih “Precision grid and hand motion for accurate needle insertion in
brachytherapy,” Medical Physics 38, 4749-4759 (2011).
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for both slow and fast insertion speed; additionally, at slow speed the tight, thick grid
improved needle precision and accuracy. In summary, the tight grid is important,
regardless of speed. The grid design, which shows the capability to reduce the needle
deflection in brachytherapy procedures, can potentially be implemented in the

brachytherapy procedure.

2.1 INTRODUCTION

Position accuracy of the needle tip to place the radioactive seeds into the prostate
is important for optimizing the dose delivery and efficacy to cancerous tissue. This
treatment, called brachytherapy, is performed to eradicate cancerous cells within the
prostate gland. Inaccurately placed seeds can result in adverse side effects such as
urinary and bowel incontinence, rectal bleeding, erectile dysfunction, and substantial
tissue damage [1-3].

Accurate seed placement is determined by the placement of the needle tip in the
tissue. Transperineal image-guided brachytherapy enables real-time localization of
needle positioning [3,4]. A major problem experienced with this brachytherapy
procedure is that the needle deflects en route to the target due to the inherent tissue
deformation caused by soft and heterogeneous tissue properties, unfavorable anatomic
structures in and around the prostate, and the limited maneuverability with needle
insertion [1-3].

To improve the needle insertion accuracy in brachytherapy, investigators have
studied the needle insertion process and prostate deformation in an attempt to model the
needle-tissue interaction [5-7], to predict the needle deflection and the needle path based
on measured needle insertion forces [8-13], and to improve the needle insertion accuracy
through the use of a robotic-assisted tool [9,14-16]. Abolhassani [17] has an in-depth
survey of the needle trajectories, tissue deformation modeling, and various other needle-
tissue interaction properties during the needle insertion. To our knowledge no studies

have been conducted on the effect of the grid, which supports the needle during insertion,
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and speed of needle generated by hand motion and its outcome on the accuracy of needle
placement.

In brachytherapy, the orientation of the needle during insertion is constrained by a
grid, also referred to as a template [3,4]. A grid [18,19], as shown in Fig. 2.1(a), consists
of an array of equally-spaced holes, which have the inside diameter closely matching the
outside diameter of the needle. The 18 gauge needle, having a 1.270 = 0.013 mm outer
diameter, is commonly used during brachytherapy. The needle is guided by a hole in the
grid into a pre-planned target location within the soft tissue. The needle grid (Civco
Medical Solutions, [A), as shown in Fig. 2.1(a), is made of plastic and has a 13 x 13 array
of holes. The spacing between adjacent holes is 5 mm and the thickness of the grid is
20.3 mm. The diametral clearance between the outside diameter of the needle and hole
inside diameter of the current commercially available 18-gauge grid is about 76 pm,
which is large from the precision engineering perspective. This study applies a precision
reaming process to produce a stainless steel grid that has smaller and more consistent
hole size for needle guidance. The diametral clearance between the new grid inside
diameter hole and the outside diameter needle is reduced to 33 um. One of the goals of
this study is to investigate the effect of the reduction of this clearance on the accuracy of
needle insertion.

In current brachytherapy procedures, physicians in radiation oncology manually
insert the needle through the grid and into the prostate gland with a quick flick of the
wrist to achieve a high-needle speed and less deflection of needle. Another goal is to
study the effect of this hand motion in needle insertion on the accuracy of needle
placement.

Quantifying needle deflection provides a means to compare and evaluate
improvements on accuracy. Techniques used to measure deflection or track the needle
path include reconstructing the stereo images of a bi-plane X-ray system [10], inserting
inside the needle a five-degrees of freedom sensor coil that uses a magnetic field as part
of the set-up [11,20], and placing graph papers on each ends of the phantom [21,22].
These methods do not have documented measurement accuracy. The well-established
gauge repeatability and reproducibility (GR&R) [23-25] measurement test in precision

metrology can quantify the error of these measurement techniques for needle deflection.
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The final goal of this study is to design a measurement system that has acceptable GR&R

results and documented accuracy on needle deflection measurements.

(C) Phantom
holderﬂ

(d)
Depth Depth
Grid gage gage
Needle i J’
o
[ “-Phantom
holder

Datum
stand

Figure 2.1. (a) Front-view and (b) rear-view of the experimental set-up which
includes the grid, needle, phantom, phantom holder, measurement datum stand,
and depth gauge. (c) Phantom holder and phantom with an opening on the back of
the phantom holder that allows the needle to exit. (d) Schematic drawing of

experimental set-up.
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2.2 MATERIALS AND METHOD

2.2.1 Overview of experimental set-up

The set-up (Fig. 2.1) for the experiment includes a needle, phantom, phantom
holder, grid, measurement datum stand, and digital depth gauge. The needle used
throughout the experiment was the commonly used 18-gauge prostate brachytherapy
needles (Model MTP-1820-C, Mick Radio-Nuclear Instruments Inc, NY). The
brachytherapy needle consists of two main parts, the inner solid trocar and outside hollow
cannula, both made of AISI 304 stainless steel. The trocar, which is the inner solid rod
that converges to a diamond point (3-plane) at one tip, has a diameter of about 1.01 mm.
Enclosing the trocar is the hollow cannula. At the opposite end of the diamond tip of the
trocar is a yellow covering, called the hub [Fig. 2.1(a)]; likewise, there is also a yellow
covering on the cannula opposite the tip, called the needle sleeve. The hub and needle
sleeve provide a means to hold and insert the needle combination during the
brachytherapy procedure. Bevel tip needles were not considered because diamond tip
needles, commonly used in brachytherapy, produced less deflection when inserted in a
similar homogenous phantom, as shown by Podder et al. [21].

The phantom was made of polyvinylchloride (PVC) modified with plastisol,
previously used by Podder et al. [21,26], and was created from a 1:1 ratio of regular
liquid plastic to plastic softener (M-F Manufacturing, TX). In order to have a consistent
phantom specimen throughout the entire experiment, one batch of mixture was produced
and cut into two separate phantom blocks with the stated dimensions. One phantom
block was formed to have a length of 85 mm that the needle traveled through; this length
was also used to measure needle deflection within the phantom. A width of 75 mm was
molded to accommodate the phantom height of 50 mm. This width-height aspect ratio
provided enough self-support for the phantom to stay on the phantom holder as well as
enough space for needle insertion at several height levels of holes in the grid.

The phantom holder [Fig. 2.1(c)], 90 mm long x 100 mm wide x 75 mm high,
was made from 12.7 mm thick polycarbonate and used to secure the phantom and provide

a constant location to measure the needle for position coordinates. The phantom holder
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encloses some of the phantom on the right and left sides and the entire phantom on the
bottom. An opening on the back of the phantom holder allows the needle to exit the
phantom during needle insertion. A constant distance of 25 + 5 mm was set between the
phantom and the front of each interchangeable grid for every needle insertion trial. This
distance is a representative value of the gap between the patent’s skin and the grid which
is present during brachytherapy procedures.

The descriptions on the grids and measurement apparatus (datum stand and digital
depth gauge) are explained in the next two sections, Sections 2.2.1.1 Grids and 2.2.1.2

Needle deflection measurement apparatus.

2.2.1.1 Grids

The two factors of interest related to the grid were the tightness of the hole and
the length of the grids. Four sets of grids, as shown in Fig. 2.2, were used in the
experiment. One is the plastic grid (Civco Medical Solutions, IA), as shown in Fig.
2.2(a), used in current brachytherapy procedures for 18-gauge needles. This grid, marked
as the loose thin grid in Fig. 2.2(a) and Table 2.1, has a 13 x 13 array of equally-spaced
1.346 mm diameter holes and a thickness of 20.3 mm. Two plastic grids were stacked
together to increase the thickness to 40.6 mm, which is marked as loose thick in Table 2.1
and shown in Fig. 2.2(b).

Metal grids with a 13 x 13 array of equally-spaced holes, the same configuration
as the current plastic grid, were constructed. To determine the hole size of the metal grid
for tighter diametral clearance, a set of holes with 6 um size step was constructed for
testing and selecting the suitable hole size. A radiation oncologist performed test
insertions on this grid to feel and find the smallest hole that had the same level of
resistance on the needle as the resistance encountered in the operating room when the
needle is inserted for the brachytherapy procedure. The 1.303 mm hole diameter, marked
as tight grids in Fig. 2.2 and Table 2.1, was selected. The diametral clearance between

the 1.303 mm hole and the 18-gauge needle is about 33 um.
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The reaming tool to produce the precision hole has limited length and can only
produce 12.7 mm deep hole. In this study, as shown in Figs. 2.2(c) and 2.2(d) and listed
in Table 2.1, the tight thin and tight thick grids are the stacking of two and four of these
precise holes 12.7 mm thick metal plates producing 25.4 mm and 50.8 mm thickness,

respectively, using precision dowel pins and screws.
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Figure 2.2. Grids — isometric view of the four (a) loose thin, (b) loose thick, (c) tight
thin, and (d) tight thick grids in this study. (a) and (b) are the plastic grids with (c)
and (d) are the 316 stainless steel metal grids.

Table 2.1. Specification of the four needle grids
Grid thickness  Hole diameter

Grid type (mm) (mm)
Loose thin 20.3 1.346
Loose thick 40.6 1.346
Tight thin 254 1.303
Tight thick 50.8 1.303
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2.2.1.2 Needle deflection measurement apparatus

The measurement apparatus, as shown in Figs. 2.1(a) and 2.1(b), includes the
datum stand, attached to the grid holder, and a digital depth gauge (Mitutoyo Model
VDS-6 DCX) with 0.01 mm resolution. The same depth gauge was used to mechanically
measure the needle position coordinates in the x- and y- directions from the x- and y-
datum surfaces, as shown in Fig. 2.3. The x- and y-coordinates of the needle after it
enters and exits the phantom are marked as (Xeurer, Yenter) and (Xexir, Yexis), respectively,
and measured using the same depth gauge, as illustrated in Fig. 2.3. The depth gauge
base was parallel to the respective datum plane. The needle deflection through the 85

mm phantom length are denoted as Xyefiecrion and Yyesrecrion and can be calculated using:

Xdeﬂection = Aenter — Xexit (2 1)

Ydeﬂection = Lenter — Lexit (22)

The resultant/radial deflection (R) is:

R = \/Xjeﬂection + deeﬂection (23)
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Figure 2.3. Needle deflection measurement apparatus with the datum stand, x- and
y- datum planes, and precise digital depth gauge to measure the needle positions (a)
side view of the needle, grid, depth gauge, y- datum plane and measured Yener and
Yexit and (b) back view of x- datum plane and measured Xenter and Xexit.

2.2.1.3 Needle insertion speed and phantom deformation

During the experiment, a needle was inserted by hand at a slow or fast speed
through a hole on the grid and into the phantom. The fast speed is created by a quick
flick of the wrist commonly used by radiation oncologists in the current hand placed
needle insertion brachytherapy procedure. The operator’s hand was placed behind the
hand plate to push the hand plate and drive the needle to insert through the grid and into
the phantom under the guidance of the hand plate. A linear optical encoder (Heidenhain
Model Lida 277) was attached to the hand plate to measure the position of the needle
during hand insertion, as shown in Fig. 2.4. The data was recorded using a data
acquisition system (National Instruments Model NI DAQPad-6015) and Labview at a
sampling rate of 50 kHz. The needle insertion speed was calculated based on the
displacement and time data. The slow speed was 60 + 40 mm/s, while the fast speed was

525 + 60 mm/s for the loose thin, loose thick, and tight thin grids and 750 £ 60 mm/s for
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the tight thick grid. Once inserted, the needle was measured for x- and y-coordinates at
the entry and exit of the phantom to calculate the deflection. Measurements were
repeated for each insertion. Phantom deformation at slow and fast needle insertion

speeds were recorded using video.

Depth
' gauge

—————

e —
Datum stand

!
Hand plate ’:}

Grid |8
N .
Phantom

oy &
Linear encoder Phant
7\ / antom

Needle holder

Figure 2.4. Experimental set-up which displays the linear encoder and hand plate
used to measure the position of the needle during hand insertion. Needle insertion
speed was calculated from displacement and time data.

2.2.2 Procedure for Gauge Repeatability and Reproducibility (GR&R)

GR&R was performed on the datum stand by the procedure outlined by Stamatis [24].
This procedure requires 10 trials, the same three operators measuring each trial, each operator
measuring each trial three times, with each trial consisting of four position measurements (X zer,
Xexin Yenser, and Yo.r). For the GR&R, an operator performed the test as follows: one needle was
inserted through the grid, very slowly by hand and into the phantom. The operator obtained
position coordinates of the needle in the order of X, and X.,,; for the x-direction and Y., and
Y..i; for the y-direction and recorded the values for Measurement #1 data. After completing and

documenting the data on the first set of measurements, the operator re-measured the needle for
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position coordinates two more times. Three operators independently executed the measurements
on the same inserted needle, performing the same measurement procedure as outlined. After the
first needle insertion was performed, 9 more insertion trials using a different hole in the grid were
made, for a total of 10 needle insertion trials, and similar measurements were performed on the

needle by the three operators. Analysis to the data was performed as outlined by Stamatis [24].

2.2.3 Design of Experiments

2.2.3.1 Factors and conditions

A 2* factorial design experiment [27], where £ = 3 (factors) at two levels or
values, was performed in this study. In a factorial design, all possible combinations of
factor levels are tested. As shown in Table 2.2, the three factors were needle speed, grid
thickness, and grid tightness. The 2° factorial design experiment produced eight
condition combinations, each having 10 replicates for a total of 80 data points for the
entire experiment. A sample size of » = 10 was obtained using the operating
characteristic (OC) curve and the respective sample size equation [27], discussed in
Appendix A. Because of the extensive time required to measure the needle position
coordinates along with randomizing the order of the replicates and grids, the experiment
was performed over two days, with four conditions executed in one day. In Table 2.2, the
first column identifies the eight conditions used in experimentation while the next three
columns state the factor level at the respective condition. The last few columns show
which conditions are studied: main effects (the overall effect of one factor), two-way
interaction (the effect of one factor depending on the level of the second factor — total of
two factors simultaneously), and three-way interaction (the effect of two factors
depending on the level of the third factor — total of three factors simultaneously).
Conditions shown in Table 2.2 were arranged so that the three main effects and the three-
way interaction, between factors were performed on day 2, while the other four

conditions would be performed on day 1.
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Table 2.2. Design matrix of condition combinations including day assignment

Factors Interactions
Test #: Conditions studied Needle Grid Grid Main Two-  Three- Day
Speed  Thickness  Tightness effect way way
1: Control slow thin loose 1
2: Speed fast thin loose X 2
3: Thickness slow thick loose X 2
4: Speed/thickness fast thick loose X 1
5: Tightness slow thin tight X 2
6: Speed/tightness fast thin tight X 1
7: Thickness/tightness slow thick tight X 1
8: Speed/thickness/tightness fast thick tight X 2




2.2.3.2 Grid coordinates and alignment

Pilot studies indicated that the starting location of the needle on the grid can
influence needle deflection due to deformation of the phantom. In statistics, a Latin
square design [27] is a p X p square array containing p rows and p columns and is used to
eliminate sources of variability from the row and column factors. To account for any grid
effects on the data, a Latin square design was adapted into a “Latin rectangle” because of
different number of rows versus columns. This “Latin rectangle” will enable grid hole
locations to distribute effects equally among the condition combinations. As shown in
Fig. 2.5, a 5 x 8 region in the lower central region of the grid was selected to conduct the
needle insertions. The region was selected so that repeatable results of each trial could be
achieved, as shown in the preliminary tests. The number scheme was developed to
confirm that all condition combinations were performed at each row number and column
letter; each grid coordinate used only once per day, for each needle insertion. One set of
roman numeral represents the ten coordinates needed for the ten replicates for each
conditional combination, i.e. all I’s in the grid holes are for test #6 (on day 1) and test #3
(on day 2). The region in Fig. 2.5 presents four sets of ten holes to use on one phantom
when performing the four condition combinations experiment on one day.

Two phantom blocks, one block per day, were used in this experiment. The
phantom block was kept in the same position within the phantom holder and behind the
grid. With only one needle insertion occurring per grid coordinate, every needle entered
a new area within the phantom. Furthermore, with two adjacent grid holes having 5 mm
distance of separation, a needle was always inserted into an unused area within a
phantom. As shown by the 5 X 8 grid coordinates (a total of 40 holes) in Fig. 2.5, one
insertion occurred into each hole within the grid and phantom, for a total of 80 insertion
holes within two phantom blocks over the two day experiment. This experimental design
eliminates the mechanical damage created from inserting multiple needles within the
same grid coordinates and same needle area of the phantom, thus not affecting needle

deflection results later in the experiment.
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Preceding each needle insertion, the grid was aligned to the two datum surfaces
on the datum stand via measuring a reference needle which was placed through a hole
that does not insert into the phantom and adjusting the orientation of the grid to produce a

zero deflection on the needle.

2.2.3.3 Full randomization

Randomization was used for the following: (1) assignment of the factors to the
coding letters A, B, and C used for analysis purposes; (2) day assignment of the four
condition combinations; (3) assignment of the group of ten coordinates to a condition
combination that was used for the ten replicates; and (4) the order of the grid
coordinates/replicates with the respective grid within the day assignment. Furthermore, a

full randomization within each day along with the entire experiment occurred.
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Figure 2.5. Region of the grid chosen for experiment to distribute effects equally among condition combinations. Roman
numerals in the grid correspond to a certain test number, depending on which day the test was performed, as shown in the
legend.



2.2.4 Analysis methods

Analyses were performed on the Xiefecion, Yaefieciionr and R data separately.
Standard deviation of measured data was used to evaluate the precision and closeness of
the replicates to each other within a grid type. Average of the needle deflection data
provided an approach to compare accuracy within a grid type. Furthermore, deflection
effects were used to analyze the data to provide information on whether any factor(s) had
significant effect (p-value < 0.05) on needle deflection. The response variables were all
80 data points collected during the experiment. The Xyesecrion, Yaefteciion, and R data were
entered as the response variables into the statistical software, Minitab (State College,
PA), while speed, thickness, and tightness were used as the two level factors. A 2°
factorial design ANOVA was performed on the Xiefecrion, Yaefieciion, and R data; coded
units, —1 for low settings (e.g. all three factor levels for test #1) and +1 for high settings
(e.g. “fast” needle speed for test #2), was used to define the factor levels. Coded units
enable the experimental design to be orthogonal, which allows Minitab to estimate model
terms independently. Main effects and two-way interactions were of interest for
significant factors. After identifying significant factors, Tukey’s test [27] was performed
on the highest order terms (significant two-way interactions) in the model to find which

means were significantly different from one another.

2.3 RESULTS AND DISCUSSIONS

2.3.1 GR&R Results

Results in Table 2.3 demonstrated that the measurement apparatus developed in
this study (Figs. 2.1 and 2.3) is capable to measure the 2 mm needle deflection. GR&R
equations utilize a tolerance value in order to calculate the product tolerance used by
repeatability error (RPT) within an operator and product tolerance used by reproducibility
error (RPD) between operators. Using a tolerance of 2 mm from the target, the RPT,

RPD and GR&R for Xener, Xexit, Yenter, and Yoy, were computed, as shown in Table 2.3.
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The 2 mm tolerance was obtained from the radiation oncologist who performs
brachytherapy procedures regularly. As shown in Table 2.3, all values of the GR&R
were less than 30%. Shina [25] described GR&R as the total variation (due to
repeatability and reproducibility error) used to determine if the measurement system is
acceptable for its intended applications. A GR&R less than 10% is acceptable and 10%
to 30% is marginal acceptable, as it approach 30%, the cut-off value given for an
unacceptable system [25]. If the tolerance is reduced to 1 mm, the current measurement
apparatus will not be capable for the measurement because the GR&R for X, and Yey;
are both larger than 15%. Furthermore, a 2 mm tolerance is acceptable for measuring

needle deflection.

Table 2.3. GR&R reSU|tS f0r XQnter, Xexit, Yenter, and Yexit

Error Xenter Xexil Y, enter Y, exit
RPT 12.5% 10.5% 6.1% 12.8%
RPD 3.9% 1.2% 2.9% 2.3%

GR&R 16.4% 11.7% 9.0% 15.1%

2.3.2 Average and standard deviation of needle deflection

Using Grubbs’ test [28,29], discussed in Appendix A, one of the replicates from
the tight thin grid with fast insertion was tested as an outlier. This replicate’s Z value was
2.33, greater than the critical values of 2.29 (for n = 10), thus that data was removed from
the study. The measured Xyefeciion and Yyesieciion for the remaining 79 tests are plotted in
Fig. 2.6.

Analysis was performed on 79 data points for Xyesecrion, Yaeftection, and R to obtain
the average and standard deviation of the needle deflection and results are summarized in
Table 2.4. The average represents the accuracy of the needle insertion while the standard
deviation represents the precision.

Initial observation of Fig. 2.6 shows large upward Ygepecrion data when compared to

the Xgefteciion data. The upward shift in Yyepecion could be explained by the dynamics of the
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phantom during fast insertions. The top surface of the phantom was left unsecure to
avoid placing any force on the phantom, thus as the needle inserts into the phantom the
top of the phantom bends backward. As the needle moves through the phantom, the
phantom readjusts to its original position (the top returning forward), causing the needle
to increase in an upward Yyefecrion, as shown in Fig. 2.7. This phenomenon might have led
to higher Yyesecion values. However, because the “Latin rectangle” design of experiment
enable all condition combinations to be tested at each row number and column letter
within the grid, an equal distribution of needle insertion into the grid coordinates
occurred for all condition combinations.

In Table 2.4, average of the needle deflection provides accuracy of the insertion
while standard deviation provides precision and closeness of the replicates to each other.

The effect of grid tightness, grid thickness, and the needle speed are discussed:

(1) Tightness: In all 12 cases for Xieseciion, Yaefieciion, and R in Table 2.4, tight
grids decrease the average of the needle deflection, when comparison
occurred between grids of the same thickness and speed. As far as
standard deviation, a tight grid does not necessary decrease standard
deviation. At fast insertion speed, the needle is hard to control during
insertion thus an increase in variation is observed. At slow insertion
speed, the tight thick grid has the smallest standard deviation for the
Xieftections Ydeflection, and R data.

(i1) Thickness: Thickness alone does not have a dominant effect on the
average and standard deviation of needle deflection. Our current
experimental set-up does not improve the average and standard deviation
of the needle deflection when a thicker grid was used.

(ii1))  Speed: Inserting the needle at slow speed reduces both the averages and
standard deviation of the needle deflection for most conditions. Only two
exceptions for the Xyejecion data - the loose thin grid for average needle
deflection and the tight thin grid for standard deviation - are observed
having a slightly higher Xyefecion value when inserting the needle at slow

speed. The Yiesecrion and R data for all 16 cases (8 cases for average and 8
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cases for standard deviation) are consistently lower with slow needle
insertion speed. One explanation is that the operator has a steady control
of the needle during the slow insertion to reach the consistent target each
time. However, there are differences between the experimental set-up and
what occurs in the operating room for prostate brachytherapy in which
high speed hand needle insertion is commonly applied [30]. The
homogeneous phantom in this study versus the heterogeneous skin,
muscle, prostate and prostate tumor in brachytherapy is the most
significant difference [31]. Additionally, after insertion into the body, the
needle deforms and displaces the prostate and thus deviates from its
intended path; known as the splay and roll effect by radiation oncologist,
slow insertion speed of the needle to produce small deflection may not be

applicable to the clinical procedures because of this effect [32].

The overall smallest average and standard deviation occurs when using the tight
thin grid and the tight thick grid at slow speed. This supports the conclusion that tight
grids and slow needle speed reduces the needle deflection.

Improvements on precision and decrease needle deflection can be seen on the
Xiefection and Ygefreciion data points when the tight thick grid [Fig. 2.6(d)] was used during
slow insertion. Furthermore, at fast insertion speed, which is the approach commonly
used in current brachytherapy procedure, the tight thin and tight thick grids produced
more data points that were closer to the target (0, 0) and within the 2 mm circle, when
compared to the loose thin and loose thick grids. Overall, the grid tightness (tighter

clearance hole) is important to decreasing the needle deflection.

31



() Loose Thin (b) Loose Thick

5 51
Ydeflection A Slow Ydeflectlon A Slow
[ ]
® Fast ® Fast
[ J
[ J
3 31 @

Xdeflection
3 -1 1 3 -3 3
AR |
3 - 3 -
(c) Tight Thin (d) Tight Thick
Y 5 Y 51
deflection Slow deflection A Slow
® Fast Fast
3
Xdeflection Xdeflection
-3 3 3 3
-3 - -3 -

Figure 2.6. Xgefiection @Nd Ygefiection data points (in mm) for slow and fast needle
insertion using the (a) loose thin, (b) loose thick, (c) tight thin, and (d) tight thick
grids. A 2 mm circle is drawn in order to have a means of visualizing how many
and how far data points were from target (0,0).
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Table 2.4. Average and standard deviation* of needle deflection for all four grids

Average Standard deviation

Speed Grld Xdeﬂection Y, deflection R Xdeﬂection Y, deflection R
(mm) (mm) (mm) (mm) (mm) (mm)
Slow Loose thin -0.77 -0.18 0.97 0.31 0.54 0.21
Loose thick 0.36 0.38 0.79 0.62 0.43 0.42
Tight thin -0.01 -0.14 0.72 0.42 0.77 0.44
Tight thick -0.04 -0.33 0.51 0.24 0.39 0.20
Fast Loose thin -0.76 1.43 1.71 0.76 0.63 0.81
Loose thick 0.44 2.51 2.65 0.68 0.87 0.78
Tight thin 0.14 1.02 1.30 0.37 1.04 0.72
Tight thick 0.29 1.11 1.32 0.62 0.91 0.85

*0.01 mm resolution for measurement tool

Figure 2.7. Large upward Ydeflection data occurs after (a) needle enters phantom, (b) top of phantom deforms as needle
penetrates, then (c) phantom un-deforms and pushes needle up as it returns to the original position.



2.3.3 Deflection significant factors

2.3.3.1 Significant factors for Xgefiection, Y deflection, @Nd R deflection data

ANOVA analysis is used to make simultaneous comparison between two or more
means; thus the p-values indicate if there are differences between levels of a factor (main
effects) and if differences of one factor depends on the level of other factor(s) (two-way
and three-way interactions) [27]. Table 2.5 shows the p-value with significant (p-value <
0.05) marked by bold for the main effect, two-way interaction, and three-way interaction
of Xaeftection, Yaefieciion, and R. Significant main effects and two-way interaction included
the thickness, tightness, and thickness/tightness for Xgecion; the speed, thickness,
tightness, and thickness/tightness for Yapecion; and the speed, tightness, speed/tightness,
and speed/thickness for R. One observation that stands out in Table 2.5 is that tightness
was significant for all data types (Xuefiecrions Yaefieciion, and R), thus it is an important factor
to consider when decreasing needle deflection. Furthermore, all three-way interactions
demonstrated (p-value > 0.05) that the difference observed has only a 5% probability of
not being random, thus performing the assigned condition combination on a certain day

did not likely affect the significant outcome of the main effect and two-way interaction.

2.3.3.2 Multiple comparisons for significant Xgefiection, Ydeflections and R

deflection data

With the thickness/tightness two-way interaction having a significant p-value for
both the Xyepecrion and Yaepeciion data, along with speed/thickness and speed/tightness for
the R data, Tukey’s test [27] was performed to find which averages were significantly
different from one another within the two-way interaction. Tukey’s test, based on a
studentized range distribution ¢, compares all possible pairs of means within the

respective two-way interaction. Of the six possible differences in mean for Xgepecrion, Only
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a subset was calculated to be significant. Similar results hold for the Ygepecrion and R data,
as shown in Tables 2.6 and 2.7.

For Xgefieciion 1n Table 2.6, the loose thin grid (Pair II) has significant differences
(difference = Pair I — Pair II) to the other three grids, as shown by the loose thin grid
having a p-value = 0.000 (p-value < 0.05) when compared to the other three grids.
Furthermore, the loose thin grid had a larger average deflection (for Xsefecion data) than
the other tightness/thickness combinations (or other grids) in Pair I (see Table 2.4).
Consequently, the loose thin combination was the worst grid to obtain small Xyegeciion. By
similar analysis for Ygefreciion, tWo grids - the loose thin and loose thick grids (Pair II) —
showed significant differences with grids in Pair I, consisting mostly of tight grids; thus
the loose grids should not be used to obtain small Ygepecrion-

The results for Tukey’s test on the speed/tightness interactions from the R data,
shown in Table 2.7, revealed significant differences mostly between loose grids in Pair II
and tight grids in Pair I, with each tightness type present in three out of four comparisons.
With regards to the speed/thickness interactions, most of the thin grids (Pair II —
thickness), were shown to have a significant difference with most of the thick grids (Pair
I — thickness). The average deflection values for R, shown in Table 2.4, demonstrate
relative higher deflections in the Pair I group of speed/thickness (mainly fast and thick)
compared to the Pair II group (mainly slow and thin). The results strongly support the
claim that loose grids and fast speed are the worse conditions to obtain lower R.

Collectively, these results again prove the benefits for using the tight grid.
Furthermore, significant improvements were made on decreasing the needle deflection
during needle insertion as shown by the number of significant p-value less than 0.05

when the factor tightness was a main effect or within a two-way interaction.
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Table 2.5. p values (< 0.05 are bolded) for Xgefiection, Y deflection, and R data

p-value

FaCtor(S) Xdeﬂection Y, deflection R
Tightness 0.024 0.000 0.000
Thickness 0.000 0.021 0.297
Speed 0.247 0.000 0.000
Thickness/tightness 0.000 0.009 0.084
Speed/thickness 0.619 0.228 0.015
Speed/tightness 0.427 0.082 0.030
Speed/thickness/tightness 0.834 0.720 0.115

Table 2.6. Xgefiection aNA Y gefiection TUKeY’s test for significant tightness/thickness two-way interactions

Data type Pair | Pair II p-
Tightness Thickness Tightness Thickness value
KXdeflection Loose Thick Loose Thin 0.000
Tight Thin Loose Thin 0.000
Tight Thick Loose Thin 0.000
Yiefiection Loose Thick Loose Thin 0.000
Tight Thin Loose Thick 0.000

Tight Thick Loose Thick 0.000




LE

Table 2.7. R Tukey’s test for significant speed/tightness and speed/thickness two-way interactions

Two-way Pair [ Pair 11 1

interaction Speed Tightness Speed Tightness p-vaiue
Speed/tightness Fast Loose Slow Loose 0.000
Slow Tight Fast Loose 0.000

Fast Tight Fast Loose 0.000

Fast Tight Slow Tight 0.004
Speed Thickness Speed Thickness p-value

Speed/thickness Fast Thin Slow Thin 0.006

Fast Thick Slow Thin 0.000

Slow Thick Fast Thin 0.000

Fast Thick Slow Thick 0.000




2.3.4 Correlation tests

Before accepting the ANOVA results, the Xaefieciion Yaefteciion, and R residual data
(observation data minus mean) were verified to be independent (plot of residual versus
run order of data), normally distributed (normal probability plot of residual), and show
homoscedasticity (plot of residuals versus fitted values) [27]. Using Minitab, abnormal
trends did not exist within the data plots. Two correlation tests were performed on the
data; the Pearson Correlation test was performed to test deviation magnitudes while the
Rayleigh test [33] detected correlation within the direction of the data. Results for the
Pearson correlation was 0.086 (p-value = 0.450); since the value was insignificant, the
magnitude of the Xyesecrion and Yyepreciion data are independent. Rayleigh test produced a
value of 0.12, which was smaller than the critical value of 0.20; thus, there was no
tendency for a particular x- and y- direction to occur together. Furthermore, correlation

did not occur within the data.

2.4 CONCLUSIONS

The grid with tight clearance holes demonstrated to be important and
advantageous to decrease needle deflection (Xuesecrions Yaefiecrion, R). Slow needle insertion
speed improved the averages and standard deviation of the needle deflection for all
conditions within the Yyesecion and R and six out of eight cases within Xgepecrion. Likewise,
the best results for average and standard deviation of needle deflection occurred with a
tight grid at slow insertion speed. Although fast hand needle insertion occurs in current
brachytherapy procedures, the tight grid improved the averages and standard deviation of
the needle deflection when the needle was inserted at fast speed. Furthermore, statistical
analysis showed significant p-values for Xesecrion, Yaefieciion, and R when the grid tightness
was the main factor.

Results in this study show the potential to improve needle deflection in current
brachytherapy procedures when the tight grid is used. Future work includes using the

tight grid to perform fast needle insertion experiments using an imaging modality such as
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ultrasound and computed tomography (CT) on the cadaver or animal model to confirm
the benefit of needle placement accuracy within the prostate. Even though slow insertion
speed proved to be beneficial in our experimental set-up, there are differences between
the experimental set-up and what occurs clinically in brachytherapy in which high speed
hand needle insertion is commonly applied due to the rotation and translation of the
prostate. Future work of this research is to investigate the benefit of tight grid for
different needle insertion speeds on the cadaver or animal model within the
brachytherapy setup.

Additionally, the distance between the grid and phantom can influence needle
deflection within the phantom. If the distance the needle travel between the grid and
phantom is decreased, smaller needle deflection is possible within the phantom. The

effect of distance is a good topic for future study.
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CHAPTER 3

EFFECTS OF INSERTION SPEED AND TROCAR STIFFNESS ON THE
ACCURACY OF NEEDLE POSITION FOR BRACHYTHERAPY

ABSTRACT

In prostate brachytherapy, accurate positioning of the needle tip to place
radioactive seeds at its target site is critical for successful radiation treatment. During the
procedure, needle deflection leads to target misplacement and uneven radiation dose to
cancerous cells. In practice, radiation oncologists commonly use high-speed hand needle
insertion to minimize displacement of the prostate as well as the needle deflection.
Effects of needle insertion speed and stiffness of trocar (a solid rod inside the hollow
cannula) on needle deflection are studied. Needle insertion experiments into phantom
were performed on a 2° factorial design (2 parameters at 2 levels), with each condition
having replicates. Analysis of the deflection data included calculating the average,
standard deviation, and analysis of variance (ANOVA) to find significant single and two-
way interaction factors. The stiffer tungsten carbide trocar is effective in reducing the
average and standard deviation of needle deflection. The fast insertion speed together

with the stiffer trocar generated the smallest average and standard deviation for needle

Contents of this chapter have been published as C.S. McGill, J.A. Schwartz, J.Z. Moore,
P.W. McLaughlin, A.J. Shih “Effects of Insertion Speed and Trocar Stiffness on the Accuracy of
Needle Position,” Medical Physics 39, 1811-1817 (2012).
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deflection for almost all cases. The combination of stiff tungsten carbide trocar and fast
needle insertion speed are important to decreasing needle deflection. The knowledge
gained from this study can be used to improve the accuracy of needle insertion in the

brachytherapy procedure.

3.1 INTRODUCTION

Accurate placement of needles is important when performing multiple medical
diagnostic and therapeutic procedures such as anesthesia, neurosurgery, tissue biopsy,
and brachytherapy [1-4]. Brachytherapy is a radiation treatment option performed once
prostate cancer, the most frequently diagnosed cancer in men [5], is detected in the early
stages. When performing brachytherapy, a needle is used to guide radioactive seeds into
the prostate gland in order to eradicate cancerous cells [6,7]. The brachytherapy needle
consists of two main parts, an inner solid rod called the trocar and an outer hollow
cylinder called the cannula. The needle, which is the combination of the cannula and
trocar, is inserted into the prostate and deflects due to tissue deformation and complex
anatomic structures in and around the prostate [8-10]. Clinical studies have shown that
when the needle deflects, the radioactive seed does not attain its target, and consequently
the radiation dose deviates from the targeted level [8]. Adverse side effects such as rectal
bleeding, urinary and bowel incontinence, erectile dysfunction, and tissue damage occur
when the radioactive seeds are misplaced [8-10].

To improve needle insertion accuracy and radioactive seed placement during
brachytherapy, studies have been conducted on the needle and needle insertion procedure
by exploring different designs of needle tips [11,12], performing different insertion
methods [12-16], and modeling needle-tissue interaction [17-19]. Abolhassani et al. [20]
has an in-depth survey that includes modeling needle insertion forces and tissue
deformation, along with the effect different needle trajectories and paths have on tissue
deformation. Additionally, McGill et al. [21] designed a grid (array of holes in block that
support the needle prior to entering the tissue) that reduces the clearance between the grid

hole inner diameter and the needle outer diameter. Clinically, the 18-gauge needle is the
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standard for brachytherapy. A smaller diameter, 20-gauge, needle has recently been
tested to reduce the invasiveness. Stiffness of the thin 20-gauge needle is only about 26%
of the current 18-gauge needle based on the beam deflection theory. The literature
review shows no study has been performed on using a higher Young’s modulus material
for the trocar to increase the stiffness and reduce the deflection of the needle combination
during insertion. One of the goals of this paper is to investigate the effect of trocar
stiffness on the needle deflection.

Insertion techniques used to move the needle through the body are important to
obtain the desired target within the prostate gland. Currently, manual needle insertions
utilizing a quick flick of the wrist to produce high-speed is performed by physicians to
achieve the quick and easy penetration of stiffer tissue, such as the perineum skin, during
the brachytherapy procedure. Even though the high needle insertion speed does not stay
constant during the entire needle path, this instantaneous high-speed has been measured
to be around 650 + 200 mm/s [21]; however, in actual brachytherapy procedure the
needle path is non-uniform at the hands of skilled physicians. Mahvash and Dupont [22]
concluded from experimenting on pig hearts and modeling it as a viscoelastic material,
that increasing needle insertion velocity decreases needle deflection and tissue damage.
Researchers have studied speed effects on needle insertion [12-15,23], but the speed
range is around 10 mm/s, with a maximum of 200 mm/s when using a robotic-assisted
tool [23]. A pneumatic actuator has been applied to generate a faster needle insertion
speed (over 2300 mm/s). The pneumatic actuator was chosen over linear motor because
of its high-speed capability and clean and cost-effectiveness for clinical applications. A
cadaver prostate brachytherapy test using the pneumatic actuator generating such high
speeds has been conducted and demonstrated the feasibility of such high-speed in the
clinical setting. Another goal of this paper is to study the effect of such fast insertion
speed on needle deflection.

This paper begins with the overview of experimental set-up, followed by an
introduction to the pneumatic device and trocar material. Next, an explanation of the
experimental design and analysis method are presented. Subsequently, results on the

average and standard deviation of needle deflection are provided. Significant factors
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using the deflection data, discussion of the findings, and conclusion of this study are then

given.

3.2 MATERIALS AND METHOD

3.2.1 Overview of experimental set-up

The set-up (Fig. 3.1) for the experiment includes a grid, phantom, phantom
holder, measurement datum stand, digital depth gauge, pneumatic device (comprise of the
pneumatic actuator, linear guide, linear encoder, and needle plate), and needle. The
needle grid, made of AISI 316 stainless steel, has a 13 x 13 array of 1.303 mm diameter
holes and thickness of 50.8 mm. This grid, which was tested as the tight thick grid in
[21], has a 33 pm diametric clearance between the grid hole inside diameter and needle
outside diameter, and is 30.5 mm longer than the current commercial 18-gauge grids,
which has 76 um diametric clearance and 20.3 mm length.

The phantom, made of polyvinylchloride (PVC) modified with plastisol, was
created from a 1:1 ratio of regular liquid plastic to plastic softener (M-F Manufacturing,
TX). An indentation test [24] performed on this PVC phantom of the same ratio
produced a Young’s modulus of 12 kPa, a value similar to porcine liver [25]; thus the
mechanical properties of PVC phantom mimic that of tissue. The phantom block had
dimensions of 85 mm length, 75 mm width, and 50 mm height. The 85 mm phantom
length was the distance the needle traveled during experimentation. The phantom width-
height ratio provided enough support upon the phantom holder and adequate area for
needle insertion to occur when using several height levels within the grid.

The phantom holder, made from 12.7 mm thick polycarbonate, was constructed to
have 90 mm length, 100 mm width, and 75 mm height, and held the phantom as in [21].
The phantom holder provided a consistent location to obtain needle position. The
phantom holder and phantom were placed 25 mm from the front of the needle grid. This
distance mimics the gap found between the patient’s skin and grid during brachytherapy

procedures.
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The measurement datum stand and digital depth gauge (Mitutoyo Model VDS-6
DCX) are the components that comprised the needle deflection measurement apparatus
discussed in [21]. Using the datum stand, the depth gauge mechanically measures
position coordinates at the phantom entrance and exit in the x- and y- directions,
perpendicular to the needle axial direction. Using the position coordinates, the Xuefeciion

and Ygepeciion, the needle deflection in the horizontal and vertical direction, respectively,

were calculated. Additionally the resultant/radial deflection R ( = \/ deflection +deeﬂection )

data were calculated through the 85 mm phantom length [21].
The descriptions on the pneumatic device and the needles with the stiffer trocar
used in this experiment are explained in the following Sections 3.2.1.1 Pneumatic device

and 3.2.1.2 Needle stiffness, respectively.

|

Gnd i

o = Linearfuide Needlepia '
v

Linear encoder

Figure 3.1. (a) Experimental set-up which includes the grid, phantom, phantom
holder, measurement datum stand, digital depth gauge, pneumatic device
(pneumatic actuator, linear guide, linear encoder, and needle plate), and needle and
(b) close-up view of the needle plate, needle, and grid.
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3.2.1.1 Pneumatic device

This device, shown in Fig. 3.1, uses a pneumatic actuator with a 19 mm bore 150
mm stroke (Numatics Model SG-543136-1) to move the linear guide and push the
attached needle plate. Within the pneumatic actuator casing are linear bearings that
enable the linear guide to move forward and backward in the z-direction. Rubber
stoppers, placed at the end of the linear guide, were used to control the stoke length, thus
guarantee a constant needle depth for each insertion trial. The needle plate, having the
same 13 x 13 array of holes as the grid, pushed the needle through the grid and into the
phantom. The holes within the needle plate provide a means to enclose the back of the
needle and thus push the needle through the grid, when the actuator is activated. The
speed of the pneumatic actuator was controlled by varying the inlet air pressure to the

actuator.

3.2.1.2 Needle stiffness

Mick Radio-Nuclear Instruments Inc. (NY, USA) produces 18-gauge prostate
brachytherapy needles (Model MTP-1820-C) that were used in this experiment. The
needle consists of two main parts made of AISI 304 stainless steel: the inner solid trocar
rod and the outer hollow cannula. The trocar has a diamond point (three-plane) while the
cannula tip has square cut. The needle combination (trocar and cannula) must resist
various deflecting forces exerted on the needle during insertion into tissues. A
mechanical property that indicates stiffness of a material is called Young’s modulus or
modulus of elasticity. The Young’s modulus of the current trocar made of AISI 304
stainless steel (SS) is about 200 GPa [26]. To increase the stiffness of the needle
combination, the tungsten carbide with 6% cobalt, denoted as WC, with a Young’s
modulus of around 630 GPa [27], was used as the material for the solid trocar. This WC
trocar has the same tip angle (10.5° angle), diameter (1.01 mm), and length (20.5 cm) as
the current Mick AISI 304 stainless steel trocar (Fig. 3.2) and can be inserted into the

current hollow AISI 304 stainless steel cannula.
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Figure 3.2. Trocars made of (a) AISI 304 stainless steel and (b) tungsten carbide in
6% cobalt.

3.2.1.3 Needle insertion set-up and speed

During the experiment, the needle was set to the insertion position by placing the
needle tip within a hole in the grid (trocar orientation was random relative to the bevel
cuts at the trocar’s tip), while the other end was placed within the matching hole in the
needle plate. The matching hole within the needle plate enabled the needle to be parallel
with the optical table, which is the base of the experimental setup. After placing the
needle tip within the grid (the same starting position and orientation for all insertions for
a given grid coordinate), the air valve was set to the desired air pressure. The device was
secured to the optical table to prevent movement during insertion. The linear optical
encoder (Fig. 3.1) measured the position of the needle plate during insertion. A data
acquisition system (National Instruments Model NI DAQPad-6015) and LabVIEW,
sampling rate of 50 kHz, was used to record the data. Using the displacement and time
data, the insertion speed produced by the pneumatic device was calculated. Air flow at
140 kPa produced speed of 1120 + 40 mm/s, while air flow at 410 kPa produced speed at
2370 = 30 mm/s. These two speeds represent the low limit and close to the highest speed
of the pneumatic actuator. After the needle was inserted into the phantom, position
coordinates were obtained at the entrance and exit of the phantom to calculate needle
deflection (Xgefrection and Yepiecrion). Measurements were repeated for each insertion. The
needle tip cutting edges were examined after each test and no visible wear was observed

for both stainless steel and tungsten carbide trocar.
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3.2.2 Design of Experiments

3.2.2.1 Factors and conditions

A 2" factorial design experiment [28], where & = 2 (factors), was executed in this
study. The two factors were needle insertion speed and material used for the trocar, as
shown in Table 3.1. Using the 2° factorial design experiment, four condition
combinations were produced. Each combination had ten replicates producing a total of
40 data points for the entire experiment. The sample size (n = 10) was calculated using
an operating characteristic (OC) curve and appropriate sample size equation, which was
presented in [21]. In Table 3.1, the first column shows the four conditions studied in this
experiment while the next two columns state the factor level for the needle speed and
material used for the trocar (stainless steel - SS and tungsten carbide - WC) at the
respective condition. The last two columns identify the main effect (the overall effect of
one factor) and two-way interaction (the effect of one factor depending on the level of the

second factor) which are represented by the test # and condition.

Table 3.1. Design matrix of condition combinations

Factors
Test #: Conditions Needle Trocar Main Two-way
studied Speed Materi Effect Interaction
aterial
(mm/s)
1: Control 1120 SS
2: Speed 2370 SS X
3: Material 1120 WC X
4: Speed/Material 2370 WC X

3.2.2.2 Grid coordinates, alignment, and randomization

A 5 x 8 section (row by column) in the lower region of the grid was used to

perform all 40 needle insertion trials. Ten coordinates, which represented the ten
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replicates, were assigned to one condition combination. Using the “Latin rectangle”
design for grid coordinates for each condition and replicate, discussed in [21], all
condition combinations were performed at each row number and column letter, for each
needle insertion.

Before beginning the experiment, the grid was aligned to the two datum surfaces
on the datum stand via inserting by hand and measuring a reference needle which was
placed through a hole that does not insert into the phantom. Adjustment was made to the
orientation of the grid to produce a zero deflection on the needle. Additionally, a full
randomization occurred throughout the entire experiment via: (1) assignment of the ten
grid coordinates (as shown in [21]) to a condition combination that was used for the ten
replicates; (2) order of grid coordinates/replicates; and (3) assignment of factors to two

coding letters, used for analysis purposes.

3.2.3 Analysis methods

Each data set (Xueiection, Ydeflection» and R) were analyzed separately; analysis
included average, standard deviation, and p-values. Averages provided a method to
compare accuracy of needle insertion while standard deviations compare precision and
closeness of replicates with each other within each condition. Using the needle deflection
effects to analyze the data, p-values were used to show which factor(s) had a significant
(p-value < 0.05) effect on needle deflection. A 2* factorial design analysis of variance
(ANOVA) was performed on the Xuepeciion, Yaefieciion, and R data, using the statistical
software Minitab (State College, PA). All 40 data points from the experiment were used
as the response variables for the Xyesecrion, Yaefieciion, and R data, while the needle speed and
trocar material were entered as the two-level factors within Minitab. Coded units, —1 for
low settings (e.g., both factor levels for test #1) and +1 for high settings (e.g., both factor
levels for test #4), were used to define the factor levels. Coded units enable the
experimental design to be orthogonal, thus Minitab is able to estimate model terms

independently.
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3.3 RESULTS AND DISCUSSIONS

3.3.1 Average and standard deviation of needle deflection

All 40 Xyefreciion and Yaepreciion data points are plotted in Fig. 3.3. Using Grubbs’ test
[29,30], data points within each condition did not deviate from the other points/replicates,
thus outliers were not detected within any condition. All 40 data points for Xuepecsion,
Yiepiection, and R were analyzed to obtain the average and standard deviation of the needle
deflection; results are summarized in Table 3.2 and Fig. 3.4. The average represents
accuracy of needle insertion while the standard deviation represents the precision and
closeness of replicates to each other.

Taking the average of all the Xyepecrion data revealed a 0.60 mm shift to the right,
while the Ygepecion data produced a slight shift of 0.01 mm in the up direction. The shift
in the data is possible because the needle and needle grid, which were calibrated via a
slow hand needle insertion, did not have the same calibration as a needle inserted with the
faster speed produced by the pneumatic device. To resolve the difference in calibration, a
readjustment occurred by shifting the Xgepecion data 0.60 mm to the left. Since the
Yaefteciion data shift was small, those data points were not altered. The Xgefiection data was
investigated and verified that a common effect occurred within all factor combination.
The original and shifted data results including standard deviation, average (minus the
shift), and statistics were the same for both data set. Furthermore, adjustment of the
Xiefeciion data occurred by shifting the data to obtain a new average Xyeseciion data close to
0, which is a similar value as the raw Ygepecion data.

Initial observation of Fig. 3.3 displays needle deflection mainly in the Yiegecrion
data, when compared to the Xyefecrion data. Bias is present within the Ygepecion data for all
parameters studied because of the boundary conditions of the phantom. The top of the
phantom is exposed while the entire bottom and 50% of both sides (x-directional
deflection) of the phantom are constrained via the phantom holder (Fig. 3.1).
Additionally, there is a bias in the positive y-direction [Fig. 3.3(a)] for the 2370 mm/s
(higher speed) because higher speeds produce higher forces. Higher force produces
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higher needle deflection when the less stiff trocar (stainless steel) is used compared to the

stiffer tungsten carbide trocar [Fig. 3.3(b)].

In Table 3.2, the average of the needle deflection provides accuracy of the

insertion while standard deviation provides precision and closeness of the replicates to

each other. The effects of trocar material and needle insertion speed are discussed:

(1)

(ii)

Trocar material: In 5 out of the 6 cases for Xuefeciion, Ydefteciion, and R data
(in Table 3.2), the higher Young’s modulus WC trocar material decrease
the average of the needle deflection, for a given insertion speed. The
only exception was the Yyefecion data at 1120 mm/s insertion speed. For
standard deviation, 4 out of the 6 cases showed a decrease in standard
deviation, with an additional one case staying the same, when the WC
material was used during needle insertion. The only exception (R data at
1120 mm/s insertion speed) observed to having a slightly higher standard
deviation value, an increase of 0.06 mm, when using the WC trocar
during needle insertion. One explanation for this finding is that the
stiffness of the trocar plays a more dominate role at faster needle
insertion speeds, as shown with the 6 out of 6 cases decreasing (with one
case staying the same) the average and standard deviation of the needle
deflection when the WC and faster needle insertion speed (2370 mm/s)
was used.
Needle speed: Inserting the needle at the faster speed (2370 mm/s)
reduces the average needle deflection for 4 out of the 6 cases for the
Xieftections Ydefieciion, and R data, for a given trocar material. Only two
exceptions, the WC for the Xyefeciion data, which produced a small increase
of 0.06 mm, and SS for the Ygepecrion data; both have a higher value when
inserting the needle at the faster speed. For standard deviation of needle
deflection, both cases of the Yieeciion data values and one of each of the
Xiefrecion and R data are reduced (total of 4 out of 6 cases), when a speed of
2370 mm/s was used. The two exceptions, SS for the R data which
increased by a value of 0.05 mm and WC for the Xgpecion data, did not
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decrease the standard deviation value when inserted at the faster speed.
One explanation is that the faster speed of 2370 mm/s usually overcomes
the tissue deformation better during insertion than the slower speed, thus
the faster inserted needle is able to produce consistent accurate and precise

needle insertion.

Figure 3.4 summarizes the R needle deflection findings shown in Table 3.2,
illustrating the WC material inserted at the faster speed of 2370 mm/s produced the least
amount of average R deflection and the least amount of standard deviation in R. The WC
trocar material inserted at the faster speed (2370 mm/s) also improved the Xyegecrion and
Yaefteciion averages and standard deviations for almost all (10 out of 12) cases in Table 3.2,
which includes one case staying the same, for the Xuefeciion, Yaefieciion, and R results when
compared to the WC trocar inserted at the slower speed (1120 mm/s) and SS trocar
inserted at the faster speed (2370 mm/s).

The positive attributes of WC and faster speed are also illustrated by visual
comparison in Fig. 3.3(b), that shows more replicates of the WC inserted at a speed of
2370 mm/s are within or closer to the 0.5 mm radius circle. This supports the conclusion
that WC and the faster insertion speed (2370 mm/s) improve needle position accuracy

and consistency.
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Figure 3.3. Xgeflection @Nd Y gefiection data points (in mm) at speeds of 1120 mm/s and
2370 mm/s using a trocar made of (a) SS and (b) WC. A 0.5 mm circle is drawn in
order to have a means of visualizing how many and how far data points were from
the target (0,0).
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Table 3.2. Average and standard deviation of needle deflection

Needle Trocar Average Standard deviation
Speed mat eri al Xdeﬂection Y. deflection R Xdeﬂection Y. deflection R
(mm/s) (mm) (mm) (mm) (mm) (mm) (mm)
1120 SS 0.25 -0.35 1.39 0.37 1.41 0.42
WwC -0.04 -0.54 0.87 0.18 0.85 0.48
2370 SS -0.11 0.66 0.78 0.31 0.55 0.47
WwC -0.10 0.24 0.57 0.31 0.49 0.23
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Figure 3.4. R data: (a) average and (b) standard deviation of needle deflection of SS and WC trocar material inserted at 1120
mm/s and 2370 mm/s.



3.3.2 Deflection significant factors

Table 3.3 provides the p-value for the main effect and two-way interactions of
Xieftections Yaefieciion, and R data, with significant (p-value < 0.05) marked in bold.
Significant main effects included the needle speed for Xyepecrion, needle speed for Yyepecrion
and needle speed and trocar material for R. One observation to mention in Table 3.3 is
that the needle speed factor was significant for all data types (Xuesieciion, Yaefteciion, and R);
thus the needle speed, with the contribution of trocar material (being significant with R

data), are both important to decreasing the needle deflection.

Table 3.3. p values (< 0.05 are bolded) for Xgetiection, Y deflection, and R data

p-value
FaCtor(S) Xdeﬂection Y, deflection R
Needle speed 0.034 0.004 0.001
Trocar material 0.134 0.296 0.008
Speed/material 0.128 0.682 0.239

3.3.3 Correlation tests

Before performing the ANOVA tests, Xiefiecrion, Ydefteciion, and R residual data
(observation data minus mean) were confirmed to be independent (plot of residual versus
time order of data collection), normally distributed (normal probability plot of residual),
and show homoscedasticity (plot of residuals versus fitted data) [28]. Abnormal trends
did not exist within the data plot when Minitab was used. Additionally, correlation tests
were performed to test deviation magnitudes on the absolute value of the data, using the
Pearson Correlation test, and correlation within the direction of the data using the
Rayleigh test [31]. Results from the Pearson correlation was 0.266 (p-value = 0.098),
while Rayleigh test produced a value of 0.12, which was smaller than the critical value of

0.27. Both results were insignificant and less than the critical value, respectively; thus
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correlation did not occur within the data. Therefore, the magnitude of the absolute

Xieftection A0d Ygepeciion data and the x- and y- direction of the data are both independent.

3.4 CONCLUSIONS

This experiment produced results that show the importance of inserting a stiffer
trocar at speeds much faster than what can be produced by hand insertion or current
robotic devices that are in literature. The WC trocar material inserted at faster speed
(2370 mm/s) produced less average needle deflection and lower average standard
deviation of needle deflection than the SS trocar material inserted at slower speed (1120
mm/s) for each of the R data. The WC trocar inserted at the faster speed (2370 mm/s)
produced the smallest results for average and standard deviation for each of the Yuefecrion
and R data. Furthermore, statistical analysis showed significant p-values for Xyeseciion,
Yiefteciion, and R data for the speed factor and R data for the material factor.

This research discovers the optimal combination of trocar material and insertion
speed. The optimal insertion speed to minimize the needle deflection is not investigated.
Such optimal needle speed, which depends on the setup condition and phantom, does
exist and is a good topic for future study. A few limitations of this study include using a
homogenous phantom instead of the heterogeneous tissue and experimenting with only
two pneumatic insertion speeds. The phantom provided a consistent specimen to perform
repeated needle insertion in order to confirm decreased needle deflection. The observed
effect of decreasing deflection with higher insertion speeds produced by the pneumatic
device could contribute to improve targeting of the needle when inserting through the
prostate tissue. Additionally, another limitation consists of calibrating the needle grid to
the pneumatic device. This could be a potential source of bias, even though correlation
tests were performed on the data to identify bias within the result. Although this
experimental design has few factors for an idealized set-up, new concepts and materials
are introduced and its findings can be of interest for future investigation. Future work of
this research includes studying the optimal needle speed to minimize needle deflection in

phantom test and investigating the feasibility of the high-speed needle obtaining more
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accurate targeted positions in a mobile and deformable phantom, which represents the
prostate. Additionally, the pneumatic device and WC trocar will be used to experiment

on cadaver and animal models to confirm accurate needle insertion within a prostate.
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CHAPTER 4

FORCE DISTRIBUTION AND PREDICTION OF NEEDLE DEFLECTION IN
TISSUE INSERTION

ABSTRACT

The distribution of axial and normal forces during needle insertion are experimentally
measured as inputs for finite element analysis (FEA) models to predict the needle
deflection and phantom deformation for accurate needle tip placement. Obtaining the
target location is essential for many needle-based procedures which deliver treatment to
or extract samples from the body. In this study, the 18-gauge hollow cannula with a solid
trocar tip is inserted into the phantom while simultaneously measuring the force via
dynamometer and the needle deflection and phantom deflection via the non-contact
magnetic sensor. The assumption of a triangular-shape normal force distribution during
needle insertion is validated experimentally. The cutting, friction, and normal forces are
extracted from measured forces and used as inputs on FEA models. The FEA predicted
needle deflection and phantom deformation are reasonably accurate compared with
magnetic tracking measurements. The knowledge gained from this study can be
implemented on manual or robotic needle devices in which forces versus insertion
distance are measured for compensation in order to achieve the desired trajectory and the

target.
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4.1 INTRODUCTION

Percutaneous needle insertion into soft tissues is one of the common methods
used to deliver therapy for treatment or extract the tissue or blood sample for diagnosis.
Accurate positioning of the needle tip to the specific target is important to the success of
medical procedures, particularly in brachytherapy, anesthesia, and biopsy [1-3]. For
example, in brachytherapy, a radiation treatment commonly used for prostate cancer, the
radioactive seed location within the cancerous cells and the efficacy of treatment greatly
depends on the accuracy of the needle tip placement [5,6]. Inaccurate needle placement
occurs because of the soft and inhomogeneous tissue properties which results in tissue
deformation, anatomical obstruction around the prostate, and limited maneuverability
during needle insertion [6-8].

During needle insertion, the needle-tissue interaction influences the force
distribution and deflection of the needle. The fracture mechanics and rupture
deformation were used to model the crack extensions in studies of the ex vivo porcine
liver skin and in vivo human skin while examining the energy and work that occurs
during needle insertion into tissue [9-13]. Researchers have identified the axial force for
needle insertion in in vitro liver tissue [14,15], ex vivo canine’s prostate [16], two-layer
turkey muscle [17], and the polyvinylchloride (PVC) phantom tissue [18] experiments.
The distribution of normal force (perpendicular to the insertion direction) on the needle
has been described in the literature [19-21]. However, the experimental validation of the
normal force distribution was not shown. Personal discussion with the corresponding
author (Abolhassani) confirms that the stated normal force distribution in [19-21] was an
assumption. The normal force on the needle surface during insertion is important
because it affects the needle deflection and tip placement, i.e., accuracy of needle tip
position, during insertion within the tissue. One of the goals of this research is to
experimentally validate the assumption of the needle normal force distribution during
insertion into tissue.

To study the needle-tissue interaction, researchers had modeled the needle as a
cantilever beam to calculate needle deflection [19-24] and presented the tissue forces on

the needle as the virtual spring support [24-27]. An in-depth survey by Mirsa et al. [28]
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presented a variety of methods which attempted to model needle-tissue interactions using
the linear and nonlinear elasticity based finite element method with the Voigt mass-
spring-damper model. In another survey, Abolhassani et al. [29] presented modeling of
the needle insertion forces and effects different insertion techniques (such as robotic
insertion and needle rotation) and trajectories had on the needle placement and tissue
deformation. Many of these studies independently focused on needle steering or tissue
deformation. A few investigators attempted to measure needle deflection and phantom
deformation simultaneously [30-32]. An one degree-of-freedom load sensor measured
the needle axial force while the tissue deformation was estimated from the motion sensor
and algorithm [30]. Crouch et al. [31] stated that needle trajectory and phantom
deformation occurred, however results for the needle path and model were not presented.
Likewise, a study by Haddadi et al. [32] measured needle and phantom relative
movement during experimentation; however the phantom deformation path and model
were not shown throughout the needle insertion path. Another goal of this paper is to
explore a new approach to measure both the needle deflection and phantom deformation
using the non-contact magnetic tracking sensor while simultaneously acquiring three-
directional needle-tissue interaction forces. The measured forces will be the input for
finite element analysis (FEA) models used to predict the needle deflection and phantom
deformation, which will be compared with experimental measurements.

A variety of techniques have been used to measure the needle deflection and
tissue deformation during experimentation. Researchers have used biplane x-ray [33] and
graph papers on each sides of a phantom block in the needle insertion direction [34,35] to
measure needle deflection within the tissue material. Abolhassani et al. [19-21] used the
magnetic tracking which includes a five degree-of-freedom sensor coil that was placed
within the needle tip, in order to track the needle position during insertion. To measure
the tissue deformation, fiducial markers have been placed within the phantom, while
periodically capturing images during needle insertion to track the marker (and tissue)
displacement [31]. McGill et al. [36,37] has developed a precision x-y datum platform to
measure the needle position and deflection during insertion into the phantom and studied

effects of precision grid, stiff trocar material, and high insertion speed. The final goal of
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this paper is to develop a FEA model by using the measured forces to predict the needle
deflection and tissue deformation.

The paper begins with the concept of the force model for the needle deflection
and tissue deformation, in addition to an explanation of the FEA models. The overview
of the experimental setup and validating the force model are then presented, followed by
the description of the magnetic tracking which measures the needle and phantom
position. Next, a summary is provided on how to obtain and analyze the force and sensor
data for both needle deflection and phantom deformation. Results of the experimentally
measured forces, needle deflection, and phantom deformation and comparison with FEA

predictions are shown, followed by the discussion on the validation of the FEA models.

4.2 FORCE MODELS FOR NEEDLE INSERTION

During needle insertion into tissue, the needle-tissue interaction produces forces
which result in needle deflection and tissue deformation. To predict the relative motion
between the needle and tissue, a force model is presented, Fig. 4.1, which identifies the
axial (x-directional) and normal (z-directional) forces during needle insertion. The axial
force F consists of cutting force (F;) and friction force (Fr). Their relationship is shown

in Equation 4.1.

F,=F.+F (4.1)

The F. breaks the tissue, thus it remains almost constant for the duration of the
needle insertion under the assumption of homogenous material properties. The Fy
increases with time as the contact area between tissue and the needle increases over time.

Assuming the unit-length friction force, f;, the Fris

where L is the distance of needle insertion to the phantom.
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The normal force (F,) is produced by the pressure from the surrounding tissue
during the needle insertion and it portrays a specific distribution along the needle 7,(x),

thus

E = [ f,(x) dx (4.3)

In this study, the f; is hypothesized as a triangular distribution with the peak

portion near the needle entrance side and is proven experimentally in Section 4.3.
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Figure 4.1. Force model of needle-tissue interaction with the axial (x-directional)
forces - cutting force (F¢) and friction force (f;) - and normal (z-directional) force (f,)
shown in arrows. Needle shown as cantilever beam with fixed-end support and L
presenting the distance of needle insertion within the tissue

The needle deflection and tissue deformation are calculated using FEA. Since
forces are given (inputs) in this study, it is not necessary to utilize contact and material
failure functions of FEA. Instead, the needle and tissue models can be decoupled and
modeled separately. The needle (Fig. 4.1), shown as a cantilever beam with fixed-end
support, has both the axial and normal forces placed near the tip, where phantom
penetration occurs. Using ABAQUS/CAE FEA software (Simulia; Paris, France), a
needle model was created to apply all three forces (F., Ft, and F) to obtain the needle
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deflection, as shown in Fig. 4.2(a). FEA was chosen over the cantilever beam equation
because the axial force (F. and Fr) could contribute to the needle bending, especially in
large needle deflection. In FEA, the needle was simplified to a long tube (no bevel) with
the cutting force evenly distributed, denoted as f., at the bottom half of the circular needle
tip to mimic its effect on the needle deflection. The resultant of f. equals to F.. The
friction force (fr) was evenly distributed along the needle surface. The normal force was
applied as a resultant normal force F, in the z-direction at its respective distance
according to the triangular-shape normal force distribution.

For the FEA of phantom, Figure 4.2(b) shows the mesh with a needle hole of
length L. Within the hole surface, the f; and f; are applied. The effect of £, is expected
small on the phantom deformation and can be neglected. For the small needle deflection
case in this study, the needle hole is assumed to be straight. Similar to the needle FEA, f;
was evenly distributed within the inner hole circumference and f; was distributed evenly
at the phantom hole wall. Boundary conditions, to be elaborated in Section 4.3.4.3, are

applied based on the tissue securing method.
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Figure 4.2. FEA (a) needle and (b) phantom models.



4.3 MATERIALS AND METHOD

4.3.1 Overview of experimental setup

The setup (Fig. 4.3) for the experiment includes the needle, needle holder, linear
stages, phantom tissue, phantom holder, and force dynamometer. The needles used were
the 18- gauge prostate brachytherapy needles (Model MTP-1820-C, Mick Radio-Nuclear
Instruments Inc., New York, USA) which are often used in the clinical brachytherapy
procedure. The brachytherapy needle consisted of a solid 1.01 mm diameter trocar and a
hollow 1.27 mm outer diameter cannula, both made of stainless steel. A 30° bevel angle
was generated at the tip via grinding the trocar and cannula together using a grinding
wheel within a grinding machine (Chevalier Smart 919, California, USA). To obtain a
hollow needle with a solid tip for the placement of a 0.9 mm diameter miniature magnetic
sensor (described in Section 4.3.2) at the cannula tip for tracking, a 5 mm (from the top of
the bevel angle) length trocar tip was cut and permanently glued to the hollow cannula.
The placement of the trocar and cannula bevel angles was confirmed to be in the same
position as when they were initially grinded together. The aluminum needle holder, with
a 1.3 mm diameter, 15 mm deep hole proximal to the phantom, held the needle tightly via
a screw, which when tighten, secured the needle. A constant needle length of 90 mm
protruding from the holder was confirmed for each set of experimental test. Three
Siskiyou Instrument (Grants Pass, Oregon), Model 200cri and 100cri, linear stages with
10 pm resolution are the actuators which provided the linear motion at a constant speed
of 1.5 mm/s.

Phantom was adopted as the tissue-mimicking material which was made of PVC
modified with plastisol, and was created from a 1:1 ratio of regular liquid plastic to
plastic softener (M-F Manufacturing, Texas). This is a phantom material that commonly
used in needle insertion tests [36,37]. The Young’s modulus of this phantom is around
18 kPa, similar to porcine liver. The phantom block was created to 50 mm in length (in
the same direction of the needle insertion), 50 mm in width, and 50 mm in height. The

phantom holder, constructed from 12.7 mm thick polycarbonate, was 60 mm in length, 75
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mm in width, and 75 mm in height. The phantom holder constrained the entire bottom
and 50% of both sides of the phantom; an opening (40 mm in width and 35 mm in height)
at the back of the phantom holder allowed the needle to protrude out of the phantom after
full insertion. The piezoelectric force dynamometer (Kistler Model 9256A1, Winterthur,
Switzerland) was placed beneath the phantom holder to acquire three directional force

data when the needle is inserted into the phantom.

Phantom
holder Needle

Phantom nelder .

Needle

Figure 4.3. Experimental set-up including the needle, needle holder, linear stages,
phantom, phantom holder, and force dynamometer.

4.3.2 3D magnetic non-contact position sensor

The 3D magnetic non-contact position tracking system, TrackSTAR Model 90 by
Ascension Technology Corporation (Milton, Vermont, USA), was used to measure the
needle and phantom positions during experimentation. This system, as shown in Fig. 4.4,
consists of a miniature six degree-of-freedom sensor with 0.9 mm outer diameter and
7.25 mm length, a transmitter with 360 mm range, and the TrackSTAR electronic unit to
convert the sensor signal to positions and orientations. The electro-magnetic transmitter

creates the magnetic field by direct current (DC) pulses. Three orthogonal coils within
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the transmitter are sequentially pulsed at 50 Hz frequency. The sensors pick up the
electromagnetic field and relay the information back to the electronic unit, which
calculates three positions in x-, y-, and z-direction as well as three orientations (roll,
elevation, and azimuth angles, respectively) of the sensor. Figure 4.4 demonstrates the
three translational and three rotational directions, reference from the transmitter, while
displaying the entire experimental set-up which includes the linear stages, needle (with
sensor within the hollow cannula tip and compared to a penny), phantom, phantom
holder, force dynamometer, and 3D magnetic tracking system. To decrease the magnetic
interference, the entire experimental set-up was position and secured on a wood table. In
order to test the sensor’s dynamic accuracy, a test was performed to obtain the average
and standard deviation stepping motion values (see Appendix B) and to identify the
optimal location of the transmitter relative to the needle for best accuracy of position
tracking. Results showed that when the sensor is pointed at the front side of the
transmitter (marked in Fig. 4.4), this configuration produced the most accurate

measurement results.
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Figure 4.4. Experimental set-up with includes the 3D Guidance TrackSTAR Model 90 (transmitter, electronic unit, and sensor
within the hollow cannula tip and compared to a penny), linear stages, needle, phantom, phantom holder, and force
dynamometer.



4.3.3 Experimental procedures

Using the experimental set-up presented in Figs. 4.3 and 4.4, two miniature
sensors were used to measure the needle deflection and phantom deformation during the
needle-tissue insertion experimentation. One sensor was placed 5 mm from the tip inside
the 18- gauge cannula with the 5 mm trocar tip. In order to minimize the sensor
movement within the hollow cannula, the cable which connects the sensor to the
TrackSTAR electronic unit was secured at the distal end of the needle. The second
sensor was placed on the top middle surface of the phantom, near the needle insertion
face, shown as the phantom sensor in Fig. 4.4. The transmitter, with the Front Side
facing the sensors, was placed in front of the needle. The needle with 30° bevel down
orientation is secured by the needle holder and driven by the actuator to insert into the
phantom.

Before the needle-phantom insertion test, the phantom was first removed and the
needle was inserted 50 mm into air with the sensor acquiring deflection data for the 50
mm travel distance to generate the datum for deflection calculation. Next, the phantom
was placed into the holder and the linear stage inserted the needle 50 mm into the
phantom, while both needle deflection and phantom deformation data were measured at
70 Hz sampling rate by magnetic tracking and the Fx and F, were attained via the force
dynamometer, recording the data at a sampling rate of 1.5 kHz via a data acquisition
system (National Instruments Model NI DAQPad-6015) and LabVIEW.

To separate the Frand F, from Fy, an additional insertion was performed after the
initial needle- phantom insertion. After inserting the needle into the phantom, the needle
was retracted until the very tip of the needle remained in the phantom. The needle was
re-inserted 50 mm via the x-directional linear stage into the same location within the
phantom as the previous insertion, while acquiring the force data. Since the needle tends
to follow the path of least resistance, the needle travelled the same path as the previous
insertion. Thus, only the Fr was recorded within the second insertion in the axial

direction.
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4.3.4 Analysis methods
4.3.4.1 Fsand F¢

In order to decompose the Fx (after needle tip penetration) into F. and Ff, one
repeated needle insertion was performed. After the needle tip penetrates and travels
through new sections of the tissue, cutting occurs via the needle tip and Fr is present
between the needle body and tissue (Fig. 4.1). Researchers have separated F, and F¥
using: (1) a load cell where one-axis acquired the F. and the other axes obtained the F,
then the F, was subtracted from the Fx to obtain the Fr [16] and (2) an initial needle
insertion occurred into a specimen to obtain the Fy, followed by continuing insertion
and/or reversing the direction of insertion without cutting new tissue [14,15]. The force
acquired without cutting new tissue (continuous forward insertion and/or retraction) is Fr.
This is the approach adopted in this study.

Our experimental design obtains the F,; from the Fx by subtracted the Fx of the
second needle insertion from the Fy of the first needle insertion. The axial force was
decomposed to cutting and friction forces and both were applied to the phantom model, at

their respective location [Fig. 4.2(b)], to predict the deformation.

4.3.4.2 Triangular-shape normal force distribution

Assuming that the axial force F, has limited effect, the needle deflection can be

expressed by the cantilever beam equation,

Fzl?
6= —
6EI

(21 + 3b) (4.4)

and Fig. 4.5 where F. is the resultant normal force, 0 is the needle deflection at the
insertion depth, b is the distance between the location of F, and needle tip, / is the length

from F to fixed-end support, E is the Young’s modulus of stainless steel needle, and 7 is
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the area moment of inertia of stainless steel hollow cannula of the needle. Since the
triangular distribution of normal force was hypothesized in this study, F. should fall at
the position where b equals to 0.667L. To prove this hypothesis, an analysis method has
been developed to find the ratio of b to L, denoted as R, at each depth during the needle

insertion based on the experimentally measured dand F, and given L, E, and /.

zﬁ
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Figure 4.5. Schematic drawing of unknown | and b and how the ratio of b is
identified.

The needle length (b+]) is a constant (90 mm in this study) and Eq. 4 can be re-
arranged to solve the b with given F, J, and L. The F; is measured by the dynamometer,
L can be obtained either by the magnetic tracking sensor or from a constant insertion
speed, o is the deflection measured by the magnetic tracking sensor.

Although it is a single variable problem to solve for b in Eq. 4, the analytical solution
is difficult since the highest order of b is three (after replacing /) and the solutions would
include both real and imaginary parts. In this study, an optimal searching approach was
adopted to find the » which can create the deflection to match with the measured ¢ at the

corresponding insertion depth L.

4.3.4.3 FEA models

The FEA models of the needle and phantom (Fig. 4.2) were created based on the

experimental setup and respective dimensions. The needle is made of stainless steel with
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the Young's modulus equal to 200 GPa. The fixed-end of needle is applied by the
boundary conditions with all six degrees of freedom constrained. The phantom model is
a 50x50x50 mm’ cube with a needle hole at the corresponding insertion position and
Young's modulus of 18 kPa. Boundary conditions of the phantom model consisted of: (1)
constraining all three translational motions on the phantom bottom, (2) constraining the
y-directional motion of the left and right side walls of the phantom, and (3) constraining
the x-directional motion on the back wall of the phantom, as illustrated in Fig. 4.6 based
on the U-shaped phantom holder support (50 mm in height and 5 mm in width on both
sides and 7.5 mm in height in the middle).

Figure 4.6. The boundary conditions of phantom model with the U-shaped
highlighted on the back wall.
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4.4 RESULTS AND DISCUSSIONS

This section presents the results of friction and cutting forces, and R (the ratio of b
to L) over the 50 mm insertion length. FEA results are shown and validated with

experimental measurements.

4.4.1 Friction and cutting forces

Figure 4.7 displays the Fy of two repeated needle insertions into phantom as well
as the second subtracted from the first Fy, which is Ff, over the 50 mm insertion distance.
As the needle passes through the phantom, the Fr increases gradually like the total axial
force. This supports the fact that when the needle length increases within the tissue, the
needle-to-phantom contact area and friction force increase. A higher friction force was
recorded when the needle length increases during insertion into the phantom. After the
needle has travelled 10 mm, the F, remains relatively constant (from 0.32 to 0.46 N)
throughout the needle insertion path. Since most of the cutting of the tissue occurs at the
needle tip, the F should not increase like the Fr with an increase in the needle-phantom

contact.
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Figure 4.7. Axial force graphs of three data sets - the first needle insertion, the second needle insertion (F¢), and the second
subtracted from the first insertion axial force (F).



4.4.2 Normal distribution force

Using the method outlined in Section 4.3.4.2, Fig. 4.8 shows the R for two needle-
phantom insertion trials. These results were obtained from a separate set of tests (same
set-up), compared to the phantom deformation and needle insertion test. The R in the
first 32 mm of needle insertion is not stable due to the limited resolution of the magnetic
tracking system and its inability to measure needle deflection smaller than 0.5 mm, the
rapid increase of force and large initial phantom deformation before the needle
penetration also contribute to the inability. After the needle has travelled 32 mm into the
phantom, R converges to about 0.6, which is close to the 0.667 and indicates the shape of
the force distribution is close to a triangle with peak at the entrance into phantom. For
prostate brachytherapy, the first 30 mm after insertion through the skin is not of
importance because the prostate is usually located from 60 to 80 mm from the perineum
[38]. The ratio of 0.667 was used for the FEA for the placement of F, to predict the

needle deflection.
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4.4.3 Phantom deformation and needle deflection model

Using the measured F, Fy, and F; as inputs, the phantom deformation and needle
deflection can be calculated at each time step during insertion using FEA models
proposed in Sections 4.2 and 4.3. Figure 4.9 presents the FEA phantom deformation
(with overlaid un-deformed phantom) when the needle is inserted 30 mm into the
phantom. The deformation at the top middle surface of the phantom, near the needle
insertion face was of interest because it was the location where the miniature sensor was
placed within the experimental set-up.

Figure 4.10 shows the FEA results of the deflection of needle, inserted 30 mm
into the phantom, along with the overlaid un-deformed needle mesh. The resultant z-
directional force (F,) was placed 20 mm from the needle tip, which 2/3 is the distance
from the 30 mm needle insertion length into the phantom. The maximum deflection at
the needle tip was of interest to compare to the FEA prediction and experimental

measurement using the miniature sensor at the needle tip.
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Figure 4.9. FEA model for phantom deformation at 30 mm needle insertion depth,
with the overlaid un-deformed phantom. Phantom deformation (in m) occurred in
the x-direction.
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Needle deflection (in m) occurred in the z-direction.



Figure 4.11 presents the comparison of sensor measured and FEA predicted
needle deflection and phantom deformation results. For needle deflection, results match
up well, particularly after the needle has inserted half the total distance of the phantom.
For the needle insertion distance smaller than 37 mm, the FEA predicted a slightly higher
deflection compared to that of the sensor measurement. This occurs because the actual
resultant force at the insertion stage falls at a higher ratio than 0.667 (triangular
distribution). As discussed in the Section 4.4.2, one explanation is that before the needle
tip penetrates the tissue, a rapid increase in the insertion force occurs at the tip. When the
needle enters the phantom, more force is instantaneously exerted on the needle. Thus, a
certain amount of insertion distance is needed in order to recover from the initial
insertion. During the first 25 mm insertion distance, a higher force is measured by the
dynamometer, which does not reflect the actual needle deflection. For the needle
insertion distance over 37mm, the FEA prediction is slightly higher. The overall
accuracy of the FEA prediction is good and demonstrated the feasibility of the needle
deflection FEA model.

For the phantom deformation, the FEA predictions also match well with
measurements in the early needle insertion phase (with insertion distance less than 30
mm). The FEA produced a higher phantom deformation than the phantom sensor
measurements. One justification for this difference could be the FEA boundary
conditions. The entire bottom of the phantom was stationary (fixed). However, during
the experiment, it is possible that the phantom can slide a small distance in the needle
insertion direction and would result in a smaller overall phantom deformation for the
phantom sensor. Another possibility for the discrepancy is the nonlinear Young Modulus
of the soft PVC under large strain. We used the value of 18 kPa, measured using

indentation test, thus it may not be an accurate measurement.
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Figure 4.11. Comparison of the FEA and measurements of the phantom
deformation and needle deflection.

To study the effect of Fx on needle deflection, a comparison test was performed to
see how much of an effect F, contributes to needle deflection. The needle FEA [Fig.
4.2(a)] with two conditions were generated — one with both F and F, and the other with
F, only. The analysis results of L at 30 mm and 50 mm both showed that the needle

deflection difference between the two conditions was less than 5%.

4.5 CONCLUSIONS

This research presented a concept of using forces measured during needle
insertion into tissue as inputs for FEA to predict the needle deflection and phantom

deformation. This approach was validated via comparison with non-contact magnetic
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tracking sensors embedded in the needle and phantom for experimental measurements.
The normal force distribution was studied experimentally and demonstrated to be
triangular in shape with the peak at the entrance into phantom. This assumption had been
proposed previously in the literature [19-21] and was validated in this study.

Results and approach presented in this study can be translated to the robotic
needle insertion for brachytherapy procedures. If the target location and tissue properties
are known, a robotic device can be program to apply the required force needed to follow
a certain path and place the needle tip at the target location. A major limitation of this
study is the use of a homogenous phantom instead of a heterogeneous tissue for
experiments. However, understanding the needle-tissue interaction, such as the triangular
normal force distribution, was of importance. Future work includes using the animal
model to study the needle deflection and phantom deformation over an insertion distance
and comparing to the experimental measurements and homogenous phantom insertion
results. Additionally, investigation could be conducted to study the needle insertion
speed effects on needle and phantom movement to find the optimal needle insertion

speed to minimize needle deflection and phantom deformation.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 CONCLUSIONS

Decreasing needle deflection is essential for the needle tip to accurately place
radioactive seeds into the cancerous cells target location for optimal dosage. While much
work has been achieved on slow needle insertion speed and axial - needle insertion
direction - force distribution, little work has been performed on stiffer needle material
properties, tissue deformation with needle deflection, and normal - perpendicular to
needle insertion direction - force distribution. This lack of knowledge have led to tissue
deformation, needle deflection, and misplaced target when performing needle insertion
procedures. This dissertation aims to fulfill some of the gap of needle stiffness
properties, optimizing equipment, needle normal (perpendicular to insertion direction)
force distribution, and simultaneously studying needle deflection and phantom
deformation during insertion.  The results from this dissertation enhance the
understanding of the effect each parameters and insertion techniques have on needle
deflection. The results from this dissertation can be used to understand the needle
insertion techniques and force distribution effect on needle bending, and compensate

during the insertion path.

The major achievements of this dissertation are:

o Effect of improved needle grid and datum stand measurement system: A 18-

gauge needle grid was constructed to decrease the diametral clearance
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between the inside hole and outside diameter of the (18-gauge) needle from
76 um to 33 pum, in addition to increasing the travel length of the grid by 30
mm. Additionally, a measurement apparatus (datum stand and digital depth
gauge) was developed to measure the final vertical and horizontal needle
deflection. This measurement apparatus has acceptable gauge repeatability
and reproducibility (GR&R) measurement and documented accuracy on
needle deflection measurements. Results showed that the grid with tight
clearance holes decreased average needle deflection for slow speed insertion
by 30% and decreased average needle deflection for fast (quick flick of the
wrist) insertion speeds by 40%. However, increased grid length was not as
significant to needle deflection. This tight clearance grid provided a more
accurate needle placement before needle tip penetration into the phantom.
Pneumatic insertion speed and stiffer needle: A pneumatic insertion device
was developed to produce speeds over 2500 mm/s, over a 150 mm insertion
distance. Additionally, a stiffer needle was constructed by replacing the
inner stainless steel (SS) portion of the needle (trocar) with a tungsten
carbide with 6% cobalt material. With a Young’s modulus over three times
SS, the trocar was inserted into the cannula, before insertion with the
pneumatic device. Results showed that the average needle deflection
decreased by 60% when the stiffer needle was inserted at the higher speed,
compared to the SS needle inserted at the slower speed. This device enabled
accurate needle insertion at speeds much faster than hand insertion or current
robotic devices in the literature.

Needle and phantom force models, and normal force distribution: Needle
deflection and phantom deformation finite element analysis (FEA) force
models were developed to predict relative motion during the entire needle
path. Using experimental input force data, needle and phantom FEA models
are reasonably accurate to experimental data, 7% and 18%, respectively at
the worst data point, after validation with measured needle deflection and
phantom deformation data. Additionally, the normal force distribution of

triangle with the peak portion near the needle entrance side was validated
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with an additional set of measured experimental needle-phantom results. The
knowledge gained can be implemented on robotic needle device in which
forces during needle insertion are measured for compensation in order to

achieve the desired target.

The original contributions of this research are as follows:

1. Develop a needle grid with tight clearance holes used to guide the needle
before penetration into the phantom. This grid has great potential for
implantation into the operating room to use during actually prostate
brachytherapy procedures. A 40% decrease in average needle deflection
occurred with the tight clearance hole grid and the same fast hand insertion
technique.

2. Implement a measurement apparatus with acceptable gauge repeatability
and reproducibility (GR&R) measurement and documented accuracy on
needle deflection measurements. This measurement apparatus can measure
final needle deflection without using an imaging device.

3. Introduce pneumatic needle insertion as a method to produce much faster
insertion speed than hand insertion or current robotic devices in the
literature.

4. Incorporated a higher Young’s modulus material (tungsten carbide with 6%
cobalt) for the trocar in other to make the needle stiffer. A 60% decrease in
average needle deflection occurred when the stiffer needle was inserted at
the higher pneumatic speed.

5. Develop a FEA model which incorporates force inputs from the study while
simultaneously obtaining tissue-phantom interaction forces, needle
deflection, and phantom deformation for the entire needle insertion path.
The FEA model was validated from the measured needle deflection and
phantom deformation data. The needle and phantom FEA models are
reasonably accurate to the experimental data, having a difference of 7% and

18%, respectively.
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6. Validate the normal force distribution of triangle with the peak portion near

the needle entrance side.

5.2 FUTURE WORK

The methodologies, equipment, and models introduced in this dissertation could

be expanded through the following research:

1. Develop a model which will correlate the high needle insertion speed, via
the pneumatic device, to a trajectory when a specified needle material,
insertion distance, and tissue property is known. Additionally, an optimal
needle insertion speed can be achieved to produce the smallest needle
deflection.

2. Explore other needle properties, such as the cannula material and wall
thickness, to optimize the needle and produce accurate insertion.

3. Incorporate fiducial markers into tissue phantom and study the effect needle
insertion into different areas (in relation to boundary conditions) have on
marker and target displacement and

4. Investigate the effect of normal and axial forces on needle deflection and
phantom deformation when the needle bevel angle is varied.

5. Compare the needle-phantom (homogeneous) finite element model to
needle-tissue (heterogeneous) force model.

6. Use miniature sensors to continue investigating tight clearance hole grid,
needle properties, and high-speed needle insertion technique in order to

study the needle path during insertion.
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APPENDIX A

SAMEPLE SIZE AND OUTLIERS

A.1 Sample size

In order to calculate the sample size [1], equation (A.l) for a fixed effects
experiment was used. Equation (A.1) uses ® and the operating characteristic curve (o =
0.05) to find the number of replicates to use in the experiment that will be sensitive to the
important differences in the conditions. Using a power (probability of rejecting the null
hypothesis, with the null hypothesis being the difference between any two conditions
mean is 1 mm, when the null is false) of at least 0.85 was used to find the sample size of

n = 10 replicates for this experiment.

z_nD2

(A.1)

2a0?

where @ is a parameter that related to the non-centrality parameter, 7 is the number of
replicates, D is the difference between any two conditions means, a is the number of
levels for the factors, and o’ is the variance. A difference between conditions of D = 1
mm, a = 2 levels, and a variance o> = 0.49 mm” were used in equation (A.1). The
variance was obtained from a previous experiment when two operators and 3

measurement trials were used to obtain the value.
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A.2 Outliers

Outliers within each condition combinations were detected using Grubbs’ test
[2,3]. Grubbs’ test uses the extreme studentized deviate (ESD) method to quantify how

far outliers are from the other data points by using the following equation

7 = (A.2)

where Z is the ratio used to compare to the critical value, u is the mean of the data points
within a condition combination, v is the replicate of interest within the condition, and o is
the standard deviation of the data points within a condition combination. If Z is bigger
than 2.29 (the critical value when the sample size is 10) [2,3], the value used to calculate
Z is an outlier (p-value < 0.05). This method, which uses a two-sided t-test, states that
the chances are less than 5% that you encountered an outlier by chance alone, if data

were sampled from a Gaussian distribution.
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APPENDIX B

MAGNETIC POSITION TRACKING SYSTEM: SENSOR DYNAMIC
ACCURACY AND FERROUS MATERIAL INTERFERENCE TEST

B.1 MATERIALS AND METHOD

B.1.1 Sensor dynamic accuracy test

For the first part of the sensor dynamic accuracy experiment test, one sensor was
placed inside the tip of a hollow 18-gague stainless steel cannula. The cable which
connects the sensor to the TrackSTAR electronic unit was taped at the distal end of the
needle to minimized sensor movement within the cannula. The transmitter, with side 1
facing the needle in the x-direction (Fig. B.1), was placed approximately 20 cm away
from the sensor. No phantom was present during this test. The linear stages were used to
create individual horizontal (x-direction), vertical (z-direction), and lateral (y-direction)
stepping motion at a speed of 1.5 mm/s, in increments of 1 mm and 0.5 mm stepping
motion. These small increments were chosen because Ascension’s published accuracy
for the system is 0.5 mm. The stepping motion consisted of 10 steps in the positive
coordinate direction and then 10 steps in the negative coordinate direction, with each step
remaining in that position for 2 seconds. This procedure was repeated three times for a
total of 60 steps per trial. The Ascension’s proprietary Cubes program was used to record
the position data while MATLAB software (Natick, MA) and Microsoft Excel software
(Redmond, WA) were used for analysis purposes.

The second part of the sensor dynamic accuracy experiment test consisted of

testing the accuracy effect of having the needle/sensor tip pointed and parallel to sides 1—
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4 of the transmitter (Fig. B.1). The transmitter was rotated in order to have each side (1—
4) of the transmitter face (or parallel to) the needle/sensor tip while having the vertical (z-
direction) linear stage perform stepping motions in increments of 1 mm and 0.5 mm.
Four sets of data were recorded for each face, two z-directional linear stage stepping
motion at a speed of 1.5 mm/s with the sensor pointed directly at the transmitter cube (1
mm and 0.5 mm steps) and two z-directional linear stage stepping motion at a speed of
1.5 mm/s with the sensor parallel to the transmitter face (1 mm and 0.5 mm steps). For
each trial, the stepping motion consisted of 10 steps in the positive coordinate direction
and then 10 steps in the negative coordinate direction, with each step remaining in that
position for 2 seconds. This procedure was also repeated three times for a total of 60
steps per trial.

Analysis for both parts of the experiment for the sensor dynamic accuracy
consisted of taking the averages of all the data within the 2 second time period when the
linear stage was stationary per stepping motion. Next, the previous step average was
subtract from the current step average (i.e.: the average of 1.5 mm step was subtracted
from the current 2.0 mm step when preforming the 0.5 mm incremental stepping motion),
in order to obtain the actual distance the sensor travelled per stepping motion. The total
averages of each average stepping motion and the standard deviation of the averages

were obtained for each part of the sensor dynamic accuracy test.

B.1.2 Sensor ferrous material interference test

The second experiment is to test the interference effect of ferrous material on the
magnetic field via a stationary sensor test. This set-up consisted of one sensor taped to
the wooden table, and placed 20 cm away from the transmitter. After recording the
position data of the stationary sensor for 10 seconds via the Ascension’s Cubes program,
a permanent magnet was brought into the magnetic field to change the quality reading in
the Cubes program. The quality reading is a discrete value calculated by the Ascension’s
Cubes program, which determines the level of interferences in the magnetic field. The

magnet was moved towards the sensor until the desired quality measurement was

102



reached, followed by recording ten seconds of data without moving the sensor,
transmitter, or permanent magnet. Data was recorded for quality values from 0 to 5, with
the best quality value having a value of 0. Sides 1-4 (Fig. B.1) of the transmitter were
used within this experiment.

Analysis for this experiment consisted of taking the z-position data averages and
standard deviation of all the data within the 10 second time period, per quality value and
transmitter side. Next, for each quality discrete value, the 0 quality average value was
subtracted from the other quality values (1-5) average z-position data, for the respective
transmitter side. This test compares how the average z-position data per quality value

differ from the idea quality value (value of 0) per transmitter side.

Figure B.1. Numbering convention for each side of the transmitter used for the
sensor’s dynamics accuracy test and the ferrous material interference test.

B.2 RESULTS AND DISCUSSIONS

The 3D Guidance TrackSTAR’s sensor dynamic accuracy and the ferrous

material interference effect on the magnetic field results are shown and discussed below.
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B.2.1 Sensor dynamic accuracy test

Results for the first part of the sensor dynamic accuracy test, where the
needle/sensor tip faces side 1 of the transmitter and the three linear stages were
individually moved in 1 mm and 0.5 mm stepping motions, are shown in Table B.1. The
average shows how accurate the system measured the movement and the standard
deviation shows the precision of repeated measurements. Accurate measurements are
values closer to the actual step size of the linear stages, either 1 mm or 0.5 mm depending
on the input stepping motion. Precise measurement has the smallest values for the
standard deviation. As presented in Table B.1, the x-directional and the z-directional 1
mm stepping motion both have a 0.009 mm difference from the target 1 mm. However,
the x-directional motion has the smallest standard deviation for the 1 mm and 0.5 mm
stepping motion and the smallest average step size difference from the 0.5 mm input
stepping motion. The y-directional 0.5 mm stepping motion did not produce discrete
stepping data in order to distinguish and compare values between each step. Thus, the y-
directional 0.5 mm stepping data is not presented. Overall, the x-directional stepping
motion produced the best results for average step size and standard deviation values for
both the 1 mm and 0.5 mm stepping motion test. One explanation is that the x-directional
tests always points at the front cube face, while the y-directional and z- directional step
tests were always parallel to the cube face. Thus, when the stepping motion was applied
to each directional linear stages, the x-directional motion would move closer and then
back from the transmitter, while both the y-directional and z- directional stepping motion
does not move as close to the transmitter, when compared to the x-directional motion.
Thus, the second set of sensor dynamic accuracy test was performed in order to test the
effect of the sensor orientation (parallel and facing each transmitter side) has on the

accuracy and standard deviation values.
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Table B.1. Results of the three linear stages stepping motion facing transmitter side 1

Linear stage 1 mm 05 mm
Avg. step Standard Avg. step Standard
size (mm) deviation (mm) size (mm) deviation (mm)
x-direction 1.009 0.028 0.503 0.038
0.908 0.070 N/A N/A

y-direction

z- direction 0.991 0.061 0.496 0.063

(a) (b) o

Qual: 2
Avg: 1.016 Avg: 0.507
StDev: 0.047 StDev: 0.055
1 mm stepping motion Avg:1.003 Qual-1 | 0.5 mm stepping motion | Avg:0.557 Qual:1
StDev: 0.052 StDev: 0.071
Qual: 2 X
Avg: 1.006 Aqu‘ai‘ 21?
StDev: 0.138 L
Qual- 1 Avg: 0.998 . _ » StDev: 0.066
: £ x Qual: 1 Avg:0.506 a
StDev: 0.042 o Avg:0.997 Qual:1 StDev: 0.046 o Avg: 0.495 Qual:1
x jptEaing [0
Avg: 1.003 StDev: 0.050 AEOS08 StDev: 0.044
Stge"; ‘;-052 Side 1 StDev: 0.063  Side 1
ual:
Avg:1.023  Qual:1 Qual:1 Avg:0.490 Qual:1
StDev: 0.198 StDev: 0.068
Avg: 0.965 Avg: 0.503
StDev: 0.164 S5tDev: 0.038
Qual: 0 Qual: 0

Figure B.2. Results of z-directional linear stage, sensor dynamic accuracy per transmitter side with (a) 1 mm stepping motion
and (b) 0.5 mm stepping motion.



The second part of the sensor dynamic accuracy test results, where the z-
directional linear stage stepping motion with the needle/sensor tip pointed to and parallel
to sides 1 — 4 of the transmitter, are presented in Fig. B.1. For the 1 mm stepping motion
test [Fig. B.2(a)], the standard deviation values were smaller when the sensor was pointed
at the transmitter. Thus, measurements collected while the sensor was pointed at the
transmitter are more precise than when the sensor was parallel to the transmitter face. On
the contrary, the calculated averages did not provide unanimous information in order to
make a definitive conclusion about one orientation having better results than the other.
For the 0.5 mm stepping motion test [Fig. B.2(b)], the standard deviation and averages
values when the sensor was orientated towards the transmitter were better compared to
when the sensor was in parallel. The difference between the average and the input 0.5
mm stepping motion were smaller when the sensor was pointed towards the transmitter.
Additionally, side 1 produced the smallest standard deviation value and smallest average

difference compared to the other three sides, when the sensor is pointed to that side.

B.2.2 Sensor ferrous material interference test

Results for the ferrous material interference test, where the sensor was taped to
the wooden table and a permanent magnet was brought into the magnetic field, are shown
in Table B.2. As shown in Table B.2, the standard deviations of the data between the
three transmitter sides within each quality value were similar. There was not a huge
numerical difference between the lowest and highest transmitter side’s standard deviation
value for a respective quality value. However, there was a difference in average z-
position values between the three transmitter sides when the quality level increases
(decreasing the quality). As the quality value increases, from the ideal 0 value, an offset
error was added to the data. Also, transmitter side 2 tends to have the highest offset from
quality O for all test performed at qualities 1-5, within Table B.2. Transmitter side 3 (the
back of the cube) was not included in the results because the numbers were not close to

the other three transmitter sides for a respective quality value.
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Table B.2. Ferrous material stationary position test comparing different sides of the
transmitter

: Transmitter Average z- Offset from 0 Standard
Qualit
Y side position (mm)  quality (mm) deviation (mm)
1 41.277 - 0.055
0 o) 41.122 - 0.075
4 42.478 - 0.060
1 41.895 0.618 0.060
1 o) 42.192 1.070 0.064
4 43.108 0.630 0.064
1 42.476 1.199 0.060
7 o) 42.988 1.866 0.065
4 43.665 1.187 0.065
1 43.749 2.472 0.054
3 o) 44.601 3.479 0.061
4 44.732 2.254 0.059
1 45.144 3.867 0.063
4 o) 46.019 4.897 0.064
4 46.002 3.524 0.061
1 46.093 4.816 0.058
5 o) 46.923 5.801 0.063
4 46.985 4.507 0.054
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