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ABSTRACT

Permanent breast seed implant brachytherapy (PBSI) is a recently developed form
of treatment for early-stage breast cancer which can be completed in a single day
procedure. Due to the reduced treatment burden, PBSI has the potential to benefit
many women. However the technique has not been widely implemented, potentially
related to the lack of a standardized, reproducible procedure and a high level of op-
erator dependence. Challenges relating to target visualization uncertainties and the
reliance on free-hand 2D ultrasound (US) guidance potentially inhibit adoption of the
technique. This work aims to evaluate the current PBSI procedure to identify uncer-
tainties and potential sources of errors in the current technique and develop methods
to ameliorate these issues to potentially increase treatment accuracy, standardize the
procedure, and reduce user-dependence.

A comprehensive assessment of the current PBSI procedure was performed to iden-

tify any trends or systematic errors in the placement of seeds and establish the effects



v

of seed placement accuracy on the treatment. Baseline seed placement accuracy, as-
sessed in a 20 patient cohort was observed to be 9 + 5 mm. Random displacements of
seeds from their planned position contributed significantly to the overall accuracy. No
trends or systematic errors were observed across the aggregate population, however
intra-patient systematic offsets were observed. The potential effects of visualization
of the post-lumpectomy cavity (seroma) on treatment delivery was investigated us-
ing spatially registered CT and 3DUS images. Planning the treatment on CT, as is
standard practice, resulted in less than optimal coverage to target volumes defined
on US in the majority of cases. The effects of intra-operative adjustments relating to
the visualization differences on the two modalities was assessed by shifting the CT-
based treatment plan to centre on the US-defined seroma. Such shifts were shown
to potentially contribute to the systematic displacements observed in PBSI delivery,
and also had significant dosimetric effects on the planned target volumes.

The impact of seroma visualization on PBSI implant accuracy was further as-
sessed through the evaluation of CT and 3DUS images acquired for PBSI patients.
Correlations were observed between the seed placement accuracy and the inter-user
variability of seroma definition on CT (r = 0.74, p = 0.01) and the volume difference
of the seroma on the two modalities (r = 0.65, p = 0.04), indicating that discrepancies
in target delineation can impact treatment accuracy. The systematic displacements
of the implants were observed to be correlated with the visualization metrics, however
random displacements were independent of seroma delineation.

Deviations in needle positioning during insertion may not be realized until the
implant is complete, thus contributing to the random inaccuracies in seed placement.
A purpose built 3DUS scanning system was investigated for its use in guiding needle
insertion. Registration of the treatment template with the imaging system was val-
idated to provide accurate target localization for needle insertion. Adjustments and
re-insertion of needles under 3DUS guidance provided significant improvements to the
needle positioning accuracy. A simulated implant with the guidance system indicated
that overall treatment accuracy may be improved through the clinical implementation
of such a system.

Efforts to improve seroma definition during treatment planning and image guid-
ance during the delivery can significantly increase seed placement accuracy and reduce
the need for subjective intra-operative adjustments to the setup and needle position-
ing. Standardization of such advanced imaging techniques can greatly benefit the

PBSI procedure by reducing user dependence and help to promote implementation.
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of the registration plate. . . . . . . ... .. ... ... ... ..
(a) The registration plate on the face of the QA jig used to local-
ize the virtual template position. (b) Needles inserted through
the QA jig at various positions into the imaging volume. Sleeves
on the needles ensure consistent insertion depth. . . . . . . ..
(a) Virtual representation of the template in the QA jig geometry.
Needles (red) are inserted into the template positions highlighted
in blue. A segmented needle (purple) relative to the template
position (blue) (b) along the length of the needle and (c) in a 3D
visualization. . . . . . ... ..o
The template positioned in the (a) Orthogonal, (b) Tilt, and (c)
Oblique positions relative to the scanning volume. The scanning
plane represents the central slice of the 3DUS reconstruction,
and the red sphere is at the center of the imaging volume.

Registration of the scanning system with the PBSI template be-

fore insertion into an anthropomorphic breast phantom.
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Figure 7.7

Figure 7.8

Figure 7.9

(a) Planning CT of the block phantom and the planned seed
locations (green). The boundary region, under the marker at
the centre of the block, is not visible in the CT image. (b) Post-
implant CT of the block phantom. . . . . . ... .. ... ...
Implant of seeds into a block phantom using (a) 3DUS guidance
and (b) free-hand 2DUS guidance. . . . . ... ... ... ...
(a) Insertion of a needle (red) into an anthropomorphic breast
phantom though a template hole (blue). (b) Re-insertion of the
needle with adjustment after assessment with 3DUS guidance

achieves an implanted position closer to the target. . . . . . ..

Figure 7.10(a) Original insertion of needles (purple) implanted into the block

phantom through template position (blue) in the needles-eye-
view. (b) Trajectory separation between the segmented nee-
dle position (purple) and the template position (blue) visualized
along the length of a needle. (c¢) Re-insertion of the needles fol-
lowing assessment of the original insertion with 3DUS guidance,

and (d) the resulting improvement of the needle position.

Figure 7.11Histograms of the total and directional (ML, AP, SI) seed dis-

placements for implants in a block phantom using (a) free-hand
2DUS guidance, and (b) 3DUS guidance. . . . . . . . ... ...
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Chapter 1
Introduction

Radiation therapy is one of the principle methods for treating cancer, along with
surgery and chemotherapy. Widespread implementation of screening for breast can-
cer, one of the most commonly diagnosed cancers, has allowed for early detection of
the disease and shifted standard treatment away from total mastectomy in favour of
breast conserving surgery (lumpectomy) followed by irradiation of the whole breast
[1-3]. Surgery and adjuvant RT has been shown to achieve equivalent disease-free
survival rates as mastectomy with significantly improved cosmetic outcomes over a
course of 5-7 weeks [3, 4].

Treatment times can be reduced, thus increasing patient convenience and reducing
cost, by irradiating the lumpectomy cavity (seroma) alone [5-7]. A novel form of this
partial breast irradiation is the permanent breast seed implant (PBSI) technique,
which offers acceptable target coverage and normal tissue toxicity with the conve-
nience of a single day procedure [8-10]. PBSI is therefore an attractive treatment
option, especially with the large geographical catchment areas typical of Canadian
treatment centres [11, 12]. However, widespread adoption of PBSI has been limited,
impeding the potential benefits of the treatment for a broad patient population. The
technique currently lacks a standardized, quantifiable delivery procedure and relies
heavily on the skills and interpretations of the delivering oncologist. Challenges re-
lating to target visualization, different imaging techniques for planning and delivery,
and the reliance on free-hand ultrasound make the procedure difficult to implement.
Improved imaging has the potential to significantly benefit the PBSI procedure, stan-
dardizing the planning and delivery processes. This work aims to quantify the un-
certainties throughout the PBSI procedure, evaluate how they impact the accuracy

of the treatment and determine the imaging methods required to reduce them, thus



improving confidence and facilitating implementation.

1.1 Radiation Therapy

The discovery of x-rays and radioactivity in the late 1800’s quickly lead to new appli-
cations for radiation in medicine, from medical imaging to the treatment of cancer.
Radiation therapy (RT) aims to treat cancerous regions with high doses of ionizing
radiation while sparing normal, healthy tissue. Early RT treatments were limited,
particularly due to the low x-ray energies and crude planning methods available,
restricting treatments to shallow and well defined tumour sites [13]. The transi-
tion from a primarily palliative treatment to a curative option began in the 1930’s
through improved treatment planning. The development of cobalt-60 treatment units
in Canada in 1951 lead to the widespread implementation of megavoltage treatments,
which have become the standard of care with modern day linear accelerators [13-16].
Currently, radiation treatments are generally delivered using either brachytherapy
(Section 1.1.3), which delivers dose from within the patient using radioactive sources,
or external beam radiation therapy (EBRT), commonly delivered through the use
of high energy linear accelerators. The development of new delivery technologies,
radioactive isotopes and implant techniques, and image guidance has made RT a
primary method for treating cancer in the world today, with over half of all cancers
being treated with some form of RT [17].

1.1.1 Principles of Radiation Therapy

Uncontrolled abnormal proliferation by mutated cells results in the growth of tumours,
or cancer [18]. Treatment of cancer is focused on the removal or destruction of
these mutated cells in order to stop the growth and spread of the disease. Surgical
removal is the primary form of treatment for many types of cancer, but may be
limited by the location and spread of the disease [18]. Chemotherapy is used in
a wide variety of cancer treatments to provide symptom relief and disease control,
but is often used in combination with other curative treatments [17]. Radiation
therapy is an effective treatment option which can be targeted to kill cancer cells
while potentially maintaining normal tissue function and cosmesis relative to invasive
surgeries. Depending on the disease, RT can be used as a sole curative modality

or, more commonly, as an adjuvant treatment following surgery to provide improved



local control rates [17].

Radiation is effective at treating cancer because of its ability to cause the death
of individual cells [17]. Exposure of cells to radiation results in a system of physical,
chemical, and biological events that ultimately lead to cellular death or the inability
for the cell to further reproduce. Ionizing radiation causes charged particles to interact
throughout a medium and may result in the creation of highly reactive molecules
which will subsequently undergo many reactions to restore electronic equilibrium.
When these reactions occur within a cell the DNA can potentially be damaged and, if
not fully repaired, lead to its death through various different pathways [17]. Therefore,
exposing volumes to high doses of radiation will subsequently result in the death of
the cells within and can provide local tumour control to cancerous regions.

Damage from radiation can also occur in normal, healthy tissue. During RT,
normal tissue is unavoidably exposed to radiation which can result in negative effects
of the treatment. Short term side effects, such as the breakdown of the skin, result
from the death of healthy stem cells and the loss of subsequent cells that they would
have produced [17]. Late side effects can include the loss of function when components
of organs are damaged, or even the induction of secondary cancers, and may take
years to appear [17]. RT can therefore be limited by the location of the disease since
adequate dose can not always be delivered to the tumour without seriously harming
critical structures. Due to the proximity of healthy tissue to the cancer, normal
tissue complications must be considered in addition to local tumour control in order
to ensure the patient completes treatment with a high quality of life [19]. Modern
RT uses complex planning and delivery techniques to balance these two goals and

achieve the best possible treatment.

1.1.2 Radiation Treatment Planning and Delivery

Radiation therapy treatment planning is based on extensive calculations of the prospec-
tive radiation dose distributions to the patients’ anatomy. Modern RT relies heavily
on 3D-volumetric imaging of the patient in order to determine the areas to be treated
and the dose to the target and surrounding tissue that will result from the treatment
in a simulation procedure. The success of the treatment is directly related to the
effectiveness of the simulation [18].

Treatment simulation processes vary widely, but computed tomography (CT) is

the most commonly used imaging modality for treatment planning [20]. Patients



Figure 1.1: The anatomy of the breast, including contoured CTV (blue) and PTV
(red), chest wall (green), and skin (orange) observed in 3 orthogonally reconstructed
CT imaging plans in the TPS. From left to right, the planes are referred as axial,
sagittal, and coronal

generally undergo CT imaging in the proposed treatment delivery position and the
images are used in a computerized treatment planning system (TPS) to observe the
anatomy in different imaging planes and define the treatment, as shown in Figure 1.1.
In post-surgical treatments, the primary region to be treated is defined by oncologists
as the clinical target volume (CTV), and a planning target volume (PTV) is usually
defined as an expansion of the CTV to account for geometric uncertainties [18]. Or-
gans at risk (OAR) are also contoured on the images. Plans are created in a variety
of ways depending on the type of treatment. Traditional forward planning methods
are performed by defining and manually adjusting treatment parameters to achieve
the desired dose, while advanced inverse planning begins by defining dose constraints
to the anatomy and the parameters are computed to optimize the dosimetry. Dose
volume histograms (DVH) are used to assess the planned dosimetry on the clinical
targets and OARs and ensure that the dose distribution meets predefined constraints.
Adjustments may be subsequently made to achieve a sufficiently high dose and ac-
ceptable distribution to the PTV and reduce dose to OARs before the plan is finalized
for treatment.

Radiation treatments can be delivered using a variety of different brachytherapy



Figure 1.2: Angled breast board positioned to raise the right arm for breast radiation
therapy with a high-energy linear accelerator.

(Section 1.1.3) and EBRT techniques. Regardless of the method, treatment delivery
begins by replicating the patient positioning used for treatment planning so that the
plan may be delivered as originally intended. Accurate repositioning of the patient is
critical to the success of RT as variations in the patient positioning may result in the
dose being delivered to incorrect areas and thus compromising the treatment [18, 19].
Devices, such as a breast board (Figure 1.2), may be used for patient immobilization
and reproducibility.

Radiation treatments are generally delivered in a fractionated schedule, depositing
dose over the course of several days or weeks, in order to maintain a balance between
tumour death and normal tissue complications [17]. For example, standard whole
breast RT is delivered daily over 5-7 weeks [6]. In order for the treatment to be suc-
cessful, the correct dose must be delivered over each fraction. However, the anatomy
will inevitably change throughout the course of the treatment and uncertainties in
positioning inhibit the accuracy of the delivery. Large PTV margins are therefore

often required to ensure that the correct dose is given to the target volume, at the



risk of exposing more normal tissue than necessary. Modern RT techniques aim to
reduce treatment margins through advanced delivery and image guidance in order to

provide escalated dose to the target volumes without compromising normal tissue.

1.1.3 Introduction to Brachytherapy

Brachytherapy is defined as the irradiation of a target area using radiation sources
(typically radioactive isotopes) which are placed directly within, or very near to the
intended treatment volume [21]. Following the discovery of the radioactive properties
of uranium by Becquerel in 1896 and radium by the Curies in 1898, brachytherapy was
first used as a cancer treatment in 1903 [21, 22]. Treatments have since evolved from
the use of radium-226 (**°Ra), primarily in inter-cavity and skin treatments, to the
development of numerous radioactive sources applied to the treatments of cervical,
lung, oesophageal, prostate, and breast cancer, among many others. The insertion
of needles loaded with low-energy radioactive sources (seeds), such as palladium-103
(Section 2.1.3), which are permanently implanted into the target volume is known
as low-dose-rate (LDR) permanent seed brachytherapy, commonly referred to as
LDR brachytherapy. The primary use for LDR brachytherapy is in the treatment
of prostate cancer using iodine-125 (*?°I) (described further in Section 2.3.2), a pro-
cess that was introduced widely in the 1980s and has become a standard treatment
option [21]. Modern technology has allowed for the implementation of high-dose-rate
(HDR) treatments in which high-activity sources such as irridium-192 (*?Ir) are re-
motely mechanically moved through implanted catheters (interstitial brachytherapy)
with pre-calculated dwell positions and times to optimize the coverage to the target
volume and surrounding tissues.

The prevalence of brachytherapy continues to increase, as treating cancer using
brachytherapy has several advantages over EBRT. While brachytherapy treatments
are more invasive than EBRT, often requiring an operating room (OR), anaesthe-
siology, and post-anaesthetic recovery, overall treatment times range from a single
day operation (for permanent implant LDR) to several fractions of HDR brachyther-
apy. Compared to the 5-35 days of treatments required for most EBRT, the rapid
treatment times of modern brachytherapy presents a distinct advantage, especially
when considering commitments for patients required to travel long distances for their
treatments. While patient comfort is an important factor when considering different

types of treatments, a principle reason for choosing brachytherapy over EBRT relates



to the dose delivery. EBRT requires x-rays from external sources to pass through
normal tissues in order to reach the target volume. In contrast, brachytherapy irradi-
ates from within the diseased tissues, bringing the desired dose directly to the target.
Therefore, high doses may be delivered to the target, in a relatively short time, while
the greater distance of the surrounding tissue from the source will inevitably result
in a considerably reduced dose [21].

Since the sources in brachytherapy are directly connected to the target, varia-
tions in treatment due to patient motion are small compared to EBRT and therefore
treatment margins may be reduced to limit the exposure of healthy tissue. How-
ever, due to the limited number of HDR fractions, and the permanent nature of LDR
brachytherapy, intra-operative and post-implant adjustments and corrections to the
treatment are difficult to achieve. Therefore, precise implantation of the sources is
especially important to achieve an accurate and successful treatment. Traditionally,
brachytherapy was limited to few sites with well-defined geometry, such as gynaeco-
logical and skin cancer, but modern innovations in volumetric treatment planning and
image guided delivery has allowed for more complex tumour sites to be successfully

treated while limiting toxicity related to the irradiation of healthy tissue.

1.1.4 Imaging in Brachytherapy

Similar to EBRT, planning for brachytherapy is primarily performed using 3D vol-
umetric images. Volumetric datasets acquired using 3D imaging modalities such as
computed tomography (CT) and 3D ultrasound (3DUS) (Section 2.2) are an impor-
tant component of defining treatment volumes and planning source positions since
they allow for improved visualization of the anatomy and more accurate dose cal-
culations over traditional 2D imaging [21]. Currently, CT is the most widely used
imaging modality for planning the majority of brachytherapy sites [21]. Originally,
LDR prostate brachytherapy procedures required CT imaging to create volumetric
data to use for treatment planning, while the implant procedure was guided using
transrectal ultrasound (TRUS). The development of spatially registered US imaging
allowed for the TRUS system to acquire a 3D dataset (Section 2.2.3), which could
then be used to define the CTV (prostate plus margins), plan source positions, and
calculate dose. Eliminating the need for CT reduced the uncertainties relating to
the visualization and changes in the positioning that arise from the use of different

imaging modalities, making the procedure more accurate and TRUS-based prostate



brachytherapy a standard treatment [21]. The same principles have currently been
explored for HDR prostate brachytherapy as well, eliminating the need to move the

patient between catheter insertion, imaging, and delivery [23, 24].

Figure 1.3: Virtual display of the treatment template (white dots (a) and lines (b))
on TRUS images used for prostate brachytherapy, viewed in the (a) needle insertion
direction and (b) perpendicular to the insertion. Visible template positions allow for
real-time feedback on needle positioning to assess the quality of the implant and make
intra-operative adjustments.

In addition to treatment planning, US imaging is important to the success of
brachytherapy as a guidance method during delivery. The probability of local tumour
control in RT is directly related to the amount of radiation that a tumour is exposed
to, with moderate dose escalations resulting in significant increases in tumour control
probability. The benefits of conformal brachytherapy treatment planning may be lost

if the radiation sources can not be implanted as planned. Access to precision image



guidance allows for more effective treatments by providing a visual confirmation of
brachytherapy source positions relative to the patient’s anatomy, and confirming the
sources are being placed in their pre-calculated planned positions. For example,
shown in Figure 1.3, during prostate brachytherapy implants the treatment template
can be spatially registered to the TRUS system, creating a virtual representation of
the template and planned source positions on the US images. The imaging can then
be used to assess the quality of the implant and make adjustments to the implanted
needle positioning before seeds are deposited. Knowing exactly where the sources are
being placed ensures that the dose is being sufficiently distributed to provide local
tumour control and minimize healthy tissue toxicity and thus increase the confidence

in the procedure.

1.2 Permanent Breast Seed Implant Brachyther-
apy

Breast cancer is the most commonly diagnosed cancer in women, with an estimated
1 in 8 risk of developing the disease over a woman’s lifetime [17, 18]. Treatment
for breast cancer was traditionally performed by removing the entire breast along
with the axillary lymph nodes and pectoral muscle in a process known as a “radi-
cal mastectomy”. It wasn’t until the widespread implementation of breast screening
to detect the disease early that less invasive treatment options with significantly im-
proved cosmesis became available. Breast conserving surgery (lumpectomy) combined
with radiation therapy has been demonstrated to be an effective option for woman
with early-stage breast cancer and is now standard of care [3, 18, 21, 25]. Due to
the high volume of breast cancer patents, various treatments have been developed in

order to provide adjuvant radiation in a more effective and reliable manner.

1.2.1 Accelerated Partial Breast Irradiation

Whole breast irradiation (WBI) is the principle technique of adjuvant radiation used
in breast conserving therapy. EBRT is used to effectively provide coverage to the
breast over a fractioned schedule of 5-7 weeks. However, the duration of treatment
may be difficult to manage and can result in some patients refusing radiation or opting
instead for mastectomy [6, 7, 11, 25, 26]. Additionally, the majority of recurrences

in the breast after lumpectomy have been observed to occur within the immediate
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vicinity of the lumpectomy cavity, and therefore WBI potentially irradiates more
normal breast tissue than necessary, although this is currently a debated topic [5, 6,
25, 27-29]. The aim for treatments with reduced schedules, lower resource demands,

and lower dose to healthy tissue has lead to the investigation of accelerated partial
breast irradiation (APBI).

Figure 1.4: Comparison of the dose distributions from (a) a whole breast EBRT
treatment plan and (b) the resulting dose distribution from an APBI treatment. The
100% (green) and 90% (yellow) doses are confined to a much smaller area around the
seroma (red) in the APBI treatment.

APBI delivers curative doses of radiation only to the post-lumpectomy cavity
(seroma) region plus the margin. The conformal dose distributions can provide a
sufficiently high dose to the target while reducing exposure to the skin and remain-
ing breast tissue (Figure 1.4), allowing for greater doses per fraction and expedited
treatment schedules compared to WBI. A variety of methods of APBI have been
successfully implemented, including hypo-fractionated conformal EBRT and HDR
brachytherapy (Section 2.3.3), each with the aim of reducing treatment schedules
to less than 1 week [5-7, 25, 27]. However, APBI is restricted by the size, staging,
and location of the disease, depending on the treatment type, and is not yet widely
available as a treatment option. Although APBI has been shown to achieve outcomes
equivalent to WBI in early studies, current guidelines recommend treating only low
risk patients with small (less than 3 cm diameter) primary tumours until large scale
clinical trial data is available [6, 7, 25, 28, 30]. In order to make APBI more accessible,
researchers and physicians aim to develop more safe and effective methods to deliver

highly conformal doses to the target area with minimal resources and invasiveness.
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1.2.2 Introduction to Permanent Breast Seed Implants

A recent development in partial breast irradiation is the permanent breast seed im-
plant (PBSI) brachytherapy technique [8]. Recognizing the volume of breast cancer
patients, the increasing popularity of partial breast irradiation techniques, and the
success of LDR prostate brachytherapy (Section 2.3.2), PBSI was proposed by Pignol
et al. as a method to further limit the treatment burden and resources of breast
RT [8]. PBSI was designed, similar to prostate brachytherapy, to provide a dose to a
target volume by permanently implanting radioactive sources (seeds) into and around
the seroma. The seeds would provide the adequate dose to the seroma and margins to
prevent recurrences using the principles of APBI, while limiting the dose delivered to
the skin and breast. The primary advantage of PBSI over other forms of breast RT is
that the treatment could be completed in a single day with a rapid return to normal
quality of life, thus significantly reducing the burden of treatment and potentially

making treatment more accessible for patients.

Figure 1.5: The contoured CTV (blue) and PTV (red) within the breast (left),
planned the seed distribution throughout the volume (center), and the post-implant
dose distribution from the implanted seeds (right). Green represents the regions re-
ceiving 100% of the prescription dose, and the high dose (200%) region is red.

PBSI uses palladium-103 (1*3Pd) seeds (Section 2.1.3) to irradiate the seroma and
surrounding tissue [31]. CT imaging is performed similar to the EBRT simulation
procedure and the needle positions are planned to provide optimal coverage to the
seroma (CTV) and surrounding margin (PTV). A detailed description of the planning
procedure is provided in Section 2.4.2. During this procedure, setup is guided by free-
hand ultrasound (US) and a fiducial needle which centres the treatment template

(Concure Oncology, Mercer Island, WA) and can be visualized on US as a reference
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for the loaded needle positions during the implant (Figure 1.6) [32]. The aim of the
procedure is to deposit the seeds at their planned locations in order to provide the

prescribed dose to the seroma and margins.

lem
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Figure 1.6: (a) The template used for PBSI treatments featuring a grid of holes (5
mm spacing) for needle insertion. (b) A bevelled needled used for depositing seeds
(top) and a fiducial needle used to assist in guidance (bottom).

Early clinical trials showed promising results from PBSI, achieving successful tar-
get volume coverage, minimal skin toxicity and low local recurrence rates, and excel-
lent patient satisfaction [8, 9, 33]. A comprehensive evaluation of 134 PBSI patients
by Pignol et al. over a mean 63 month follow up period reported similar results,
with an overall local recurrence rate of 1.2%, equivalent to that seen in patients who
receive WBI [10]. The early success of PBSI, combined with the convenience of a
single day procedure, has made this treatment an attractive option for patients with

early-stage breast cancer.
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1.2.3 Technical Challenges

Implementation of PBSI would potentially introduce a safe, effective, and favourable
treatment option for breast cancer patients, but the procedure has not yet been
widely adopted. Beyond the initial implementation at the Sunnybrook Health Sci-
ences Centre [8, 10, 33|, no additional developments were made and PBSI was only
adopted by few sites for a limited number of cases. Although analogous to prostate
brachytherapy, technical challenges in planning and delivery, along with the lack of
a standardized procedure make it difficult to transfer and implement. Additionally,
an initial learning curve was identified [8]. Godinez et al. expressed criticisms of the
originally proposed procedure in 2006, doubting the clinical validity of the treatment
based on the accuracy of target volume identification and seed placement, deeming
the PBSI procedure to be a “potentially hazardous treatment alternative for breast
cancer” [34]. To date, theses concerns have not been addressed.

PBSI has recently been introduced at the BC Cancer Agency - Centre for the
Southern Interior (CSI) in an ongoing feasibility trial as only the second institution
worldwide to offer the procedure [35]. During the trial period, several unique technical
challenges have been identified. Among these, the treatment is based on the definition
of the seroma in planning, which is performed on CT images, but US is used to guide
the implant based on the seroma observed in the OR. Due to uncertainties in the tar-
get visualization, especially related to the known visualization differences between the
two modalities (discussed in detail in Chapter 5) as seen in Figure 1.7a, the treatment
plan may not accurately translate to the OR, requiring intra-operative adjustments
to be made in order to treat the seroma visualized during implant. Additionally,
guidance is based on 2D free-hand US, which lacks the rigid spatial registration of
the template and image used in prostate brachytherapy. Real-time feedback on needle
positioning is not available, making it difficult to ensure that needles end up in their
planned positions, especially for peripheral needles where the fiducial and seroma are
not visible as a guide (Figure 1.7b). Due to the challenges in visualization, setup,
and needle insertion, the success of the procedure relies heavily on the skills and in-
terpretations of the delivering oncologist and is susceptible to errors in the delivery,
thus impeding the potential benefits of PBSI. In order to facilitate implementation,
uncertainties throughout the procedure, and the methods required to reduce them,
must be identified.
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Figure 1.7: Deficiencies in imaging for PBSI. (a) Visualization of the same seroma
visualized on CT (left) and US (right) may appear different in terms of size and
shape. (b) The fiducial needle inserted through the center of the seroma, visualized
on US, using only subjective interpretation of the surrounding anatomy as a guide.
No spatial information relative to the template is available.

1.3 Dissertation Scope

The impact and prevalence of breast cancer necessitates treatments that can be com-
pleted safely, accurately, and reliably while limiting the required resources and burden
of treatment. PBSI, a novel form of breast conserving therapy, has the potential to
achieve these goals by accommodating successful partial breast radiation therapy in
a single-day procedure. Many woman may potentially benefit from this procedure,
but widespread adoption has currently been limited. The lack of implementation has
therefore impeded the potential benefits of the procedure that may not be realised
until PBSI has become standardized. Uncertainties relating to planning, visualiza-
tion, and delivery, deficiencies in imaging, and the lack of a quantifiable procedure
make the technique susceptible to errors and highly-user dependent. The objectives

of this work are to identify and quantify the uncertainties in the current PBSI proce-
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dure and determine their impact on the treatment. By revealing the magnitude and
impact of errors on the procedure, methods to ameliorate the issues will be developed
to increase the accuracy of PBSI and facilitate implementation.

This dissertation presents the work that was performed to assess uncertainties and
innovate in each phase of the PBSI procedure: treatment planning, delivery, and post-
implant verification. The following chapter provides background information into the
principles of radiation therapy physics and radioactivity that are fundamental to
brachytherapy, as well as the components of modern brachytherapy treatments that
are relevant to the PBSI procedure. Chapter 3 describes the materials and methods
that were used throughout the research, from the assessment of seed placement to
the evaluation of seromas with 3DUS. The design of a novel 3DUS scanning system
specifically for PBSI is also outlined.

In order to determine potential improvements that could be made in the PBSI
procedure, the sources of uncertainty and their relative impact on the treatment must
first be defined. By assessing the accuracy of seed placement in the current proce-
dure, any systematic errors in the delivery can be identified. Chapter 4 describes the
comprehensive evaluation of seed placement accuracy in a cohort of PBSI treatments,
and the resulting effects on treatment dosimetry. The assessment highlights the mag-
nitude of placement errors in the delivery and identifies the potential sources of errors
which may subsequently be ameliorated through additional developments in the pro-
cedure. The planning and delivery process in PBSI using CT and US is hypothesised
to be a major contributing factor to set up and seed placement errors in PBSI. The
differences between the modalities, in relation to PBSI treatments, are thoroughly
examined in Chapter 5. PBSI treatment plans are used to evaluate the dosimetric
effects of visualization differences and the resulting potential for intra-operative set
up adjustments, affecting the accuracy of the treatment. Based on this evaluation,
methods for incorporating 3DUS into the planning procedure are explored.

The impact of improved visualization in treatment planning on the treatment can
be quantified by examining the relationship between seroma delineation and seed
placement accuracy. Chapter 6 presents an assessment of seroma delineation uncer-
tainties on CT and US, within PBSI treatments. Correlations between the visualiza-
tion and seed placement accuracy identifies the sources of error that can be reduced
in the procedure through improved visualization in planning. However, improved
visualization in treatment planning only reduces a component of uncertainty of the

PBSI procedure. Random errors during the delivery may only be reduced through
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improved intra-operative guidance. In Chapter 7, the benefits of needle guidance are
explored. The initial characterization of a novel 3DUS image guidance system is pre-
sented, and the potential impact on seed placement accuracy, relative to the current
procedure is evaluated. A final discussion and conclusions of the work are given in
Chapter 8, along with future considerations of developments for PBSI.

Several clinical and research groups were involved in the presented work, with the
overall study designs, development, data collection, and analysis performed by the
dissertation’s author. PBSI data was collected from implants performed by the clin-
ical PBSI team at BCCA - CSI. Retrospective analysis of the clinical implants was
performed for the studies in chapters 4 and 6, independent of the clinical procedure.
The images used for the study in Chapter 5 were acquired from a previous study
by Berrang et al. [36], with subsequent planning simulation and analysis performed
by the presenting author. In Chapter 6, the 3DUS system was reconstructed and
maintained for patient imaging by the author, who also coordinated and analysed
the image acquisition and contouring performed by radiation oncologists. The 3DUS
system used in Chapter 7 was developed and commissioned at The Imaging Research
Laboratory (Robarts Research Institute, Western University) with guidance from the
CSI PBSI research group to create a system unique to our implant procedure. The
experiments, measurements, and analysis presented in Chapter 7 were designed and
performed by the dissertation’s author, with support from the developers, to charac-
terize the system and it’s potential accuracy and impact in a clinical setting, while

the final simulated implants were performed by an expert brachytherapy oncologist.
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Chapter 2
Background

The presented work aims to evaluate the current PBSI procedure to quantify uncer-
tainties in both treatment planning and delivery, and to develop the methods required
to reduce them. This chapter describes the principles of radiation physics that are
fundamental to brachytherapy, including the source of radiation and its interaction
with matter. The physics of the medical imaging procedures used throughout this
work will be described, as well as the principles of brachytherapy planning and de-
livery. Finally, a comprehensive overview of PBSI, from patient selection to recent

developments, is presented.

2.1 Radiation Therapy Physics

Brachytherapy treatments are based on the fundamental principles of radiation ther-
apy physics. The interactions of high energy photons and electrons with matter are
ultimately responsible for depositing the dose that leads to cellular death. The prop-
erties of radioactive decay allow for these interactions to occur from within the tissue

without having to travel from an external source.

2.1.1 Interactions of Radiation with Matter
Photon Interactions

High-energy photons used for imaging and RT can undergo a variety of different
types of interactions as they travel through a medium, as shown in Figure 2.1. The

majority of interactions result in the removal of an orbital electron from the atom,
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or ionization. One of the dominant interactions that occurs at energies relevant to
imaging and brachytherapy is the Compton effect, the collision between a photon
and electron. Compton interactions occur when the photon’s energy is significantly
greater than the binding energy of the electron, and therefore primarily occurs with
outer shell, essentially free, electrons. Figure 2.1 shows a photon with incident energy
E; colliding with an electron e; . The electron receives energy from the collision and
is ejected from the atom at an angle ¢, while the photon is scattered at angle 6 with

a reduced energy Ey.

E, @

Figure 2.1: Interactions of high-energy photons with matter. Photon E; undergoes
Compton scattering with an outer shell electron €7;. Es is absorbed in a photoelectric
interaction, ejecting electron e’y and a characteristic x-ray (E.) is produced. Ej
interacts with the electromagnetic field of the nucleus (N), producing the electron
positron pair, 5~ and 8. The interaction of E; with the atom produces the Rayleigh
scatted photon Eg.

The second principle interaction to occur within the energy range of imaging and
brachytherapy is the photoelectric effect. A photon interacts with an atom and its
energy is completely absorbed and transferred to an orbital electron. The electron is
ejected with kinetic energy equal to the difference between the incident photon energy

and the binding energy of the electron shell. Therefore, the photon’s energy must be



19

greater than the binding energy of the electron in order for photoelectric interactions
to occur. However, the closer an electron’s binding energy is to the photon’s energy,
the higher probability that it will be ejected [37].

The ejected electron creates a vacancy in the shell, which can subsequently be
filled by an electron from an outer shell. In Figure 2.1, the hole left by the ejection of
electron €75 is filled by an electron from the M-shell, creating a characteristic x-ray,
with energy E. equal to the difference between the two binding energies. This process
can cascade to the outer shells until a vacancy is filled by a free electron [38]. A
K-shell vacancy filled by an adjacent electron produces a K, x-ray, and from a non-
adjacent shell produces a higher energy Kg x-ray. Characteristic x-rays are named
from unique spectrum of energies produced by each energy level in every element.
Even within the same shell, binding energies of the electrons vary slightly, resulting
in a spectrum of K, and Kz emissions.

When a photon interacts with the electromagnetic field of the nucleus, the process
of pair production may occur. The photon’s energy is entirely absorbed and converted
into an electron-positron pair (Figure 2.1). The rest mass energy of electrons and
positrons is 511 keV, and therefore the minimum photon energy required for pair
production to occur is 1.022 MeV. The v-rays produced by brachytherapy sources are
rarely above the 1.022 MeV threshold, or not at all in '*T and '®*Pd (Section 2.1.3),
and therefore pair-production is not a primary interaction in brachytherapy.

The remaining photon interaction is Rayleigh (coherent) scattering. Primarily at
low energies, the photon can interact with the whole atom, causing the electrons to
oscillate and re-emit energy, resulting in the emission of a photon with energy equal
to the incident photon’s in a slightly different direction [38]. Electrons are not ejected
and therefore ionization does not occur. Rayleigh scattering predominately occurs
with photons in the 10 - 70 keV range, but interaction probability is low in tissue,
accounting for at most 12% of interactions at 30 keV.

The probability of the different types of interactions occurring depends on a va-
riety of factors. Compton event probability in a medium is related to the electron
density of the material, while Rayleigh, pair production and photoelectric interactions
are related to the atomic number (Z) [37]. The energy of the incident photon is a
strong determining factor of the interaction type, with the photoelectric effect domi-
nating under 30 keV (in water), after which Compton scattering becomes the primary
interaction until the pair production threshold is met [39]. The total probability of

any interaction occurring at any energy is expressed by the attenuation coefficient of
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the material.

Electron Interactions

As electrons travel though a medium, they undergo a variety of different interactions
resulting in excitation, ionization, and radiative loses. Excitation and ionization occur
through the electromagnetic interactions of electrons causing the transfer of a portion
of the electron’s energy to an orbital electron [37]. When the energy transferred is not
sufficient to eject an electron, the orbital electron is raised to a higher-energy level
(excitation) and then returns to lower energy level (de-excitation), re-emitting the
excitation energy. With sufficiently high transferred energy, exceeding the binding
energy, the orbital electron may be ejected from the atom resulting in an ion pair, the
negatively charged ejected electron and the positively charged atom. The incident
electron may continue to interact throughout the medium. The ejected electron,
with kinetic energy equal to the difference in the energy transferred and the binding
energy of the shell, may also possess sufficient energy to produce further secondary
ionizations, and are called delta-rays.

After an electron is ejected from its shell, the vacancy may be filled from an elec-
tron of a higher energy level, resulting in characteristic x-ray production, as described
above. The excess transition energy may instead be transferred to another orbital
electron, called an Auger electron [38]. This electron will subsequently be ejected with
energy equal to the difference between the transition energy and binding energy of
the shell. Auger emission predominantly occurs over characteristic x-ray production
in low Z elements, like those found in the majority of soft tissue, and therefore are
an important component of dose deposition [38].

When an electron travels close to atomic nuclei and is decelerated by the positive
charge, the electron radiates energy equal to the loss of kinetic energy [38]. The energy
is emitted as a bremsstrahlung x-ray which will proceed to interact via the processes
described above. The electron, if energy remains will continue to interact throughout
the medium. While bremsstrahlung emissions are essential for the creation of x-rays in
imaging and RT, the process of ionization is what ultimately results in the biological

damage to cells.



21

Radiation Dose

The concept of radiation dose relates to the amount of energy that is transferred to a
medium through ionizing radiation and is a measure of its biological effects. Dose is
measured in units of grays (Gy) where 1 Gy is equivalent to 1 J of energy imparted
to 1 kg of matter. The quantity KERMA (kinetic energy released in the medium)
is used to quantify the energy transferred to a medium by the incident radiation, or
the total kinetic energy of the initial charged particles [37]. The combined effects
of the initial interactions, ionizations, and secondary electron ionizations result in
the absorbed dose to the medium. Due to the range of electron motion, dose can
be deposited at a point far from the initial site of interaction [37]. Electrons lose
energy through their combined interactive processes over a short distance, with rapid
loses occurring at lower energies, or near the end of an electron track [39]. Therefore,
at lower energies, electrons deposit dose close to the site of initial interaction. For
example, all interactions of a 80 keV electron will occur within approximately 0.1 mm
in tissue before it comes to rest [39].

The dose of radiation is directly related to the number of significant damages to
cellular DNA that may occur, and thus ultimately lead to the death of a cell. In
general, 1 Gy of radiation dose will result in approximately 100 000 ionizations in a
cell. Of these ionizations only about 2000 will result in damage to the DNA, with
only around 20-40 significant double strand breaks occurring which can potentially
lead to cellular death [17].

2.1.2 Radioactive Decay

An unstable atom undergoes radioactive decay to achieve a stable state, emitting
radiation in the process. Decay can occur in several different ways, and a series
of different decays may occur before the atom reaches a stable state. The process
of radioactive decay emits a spectrum of radiation at various energies with dose
rates unique to each radionuclide, some appropriate for various types of medical
applications.

The activity (A) of material is described by the change in the total number of

atoms (N) in a time (¢) by a radioactive process [37]

A= —dN/dt. (2.1)
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The change in the number of atoms is related to the total number of atoms by the

decay constant, A\, of the atom

AN
——— = AN. 2.2
7 = (2:2)

Therefore, the activity at any time (A;) can be expressed as
Ay = Aje ™M (2.3)

where A, is the initial activity at time ¢,. An important concept in defining the
activity of a material is the half life (77 /5), which describes the time it takes for the
activity or number of atoms to reduce by half (A/A4, = 0.5) and can be calculated
from the decay constant by

T1/2 - (24)

o

When an atom decays it gives rise to a daughter atom. If the daughter is stable,
the decay process ends, otherwise the atom will continue to decay until a stable
state is reached. Decay to an excited daughter atom often results in the emission of
excess energy to achieve a lower energy state in the form of gamma () rays. De-
excitation may also result in the formation of an internal conversion electron, where
the excess energy is transferred to an orbital electron that is ejected from the atom
with kinetic energy equal to the difference of the y-ray and binding energies [37].
The vacancy in the shell can be filled by the processes described in Section 2.1.1,
producing characteristic x-rays or Auger electrons. The total decay process of an
atom through several levels to a stable state can therefore result in the production
of a wide spectrum of different photon and electron energies, unique to the decaying
material.

There are multiple different forms of decay that may occur depending on the
properties of the atom. The primary methods of decay are alpha, beta-minus and
beta-plus (positron) emissions, electron capture, and isometric transitions. Generally,
the decay processes result in the production of a proton or neutron in order to achieve
a stable neutron-to-proton ratio [37]. Low energy brachytherapy sources such as 12°I
(28 keV) and '%Pd (21 keV) tend to decay by electron capture (EC) [21]. EC occurs
when a neutron deficient nucleus captures an orbital electron and converts a proton

into a neutron, emitting excess energy, as described by

27X + e —, 1Y +neutrino + energy (2.5)
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where X and Y are the parent and daughter atoms with mass number A and atomic
number Z and Z — 1, respectively [37]. With the removal of a proton and creation of
a neutron, the atomic number decreases and the mass stays the same. EC primarily
captures a K-shell electron due to their closer proximity to the nucleus, but capture
from other shells is possible. Due to the missing electron, the vacancy is filled by
a bound electron from a higher energy shell, producing characteristic x-rays and
Auger electrons. As the name implies, an electron is captured in every EC decaying
atom, although not necessarily the same one. The subsequent K, and Kz x-rays can

therefore account for a significant portion of the resulting x-ray spectrum.

2.1.3 Palladium-103

Many different types of radionuclides are used in modern brachytherapy, as briefly
discussed in Section 1.1.3, primarily based on the emitted energy and dose rate.
Palladium-103 (***Pd) is the isotope used in permanent breast seed implants (PBSI).
Production of Pd can occur in a nuclear reactor where stable 192Pd captures a
thermal neutron, or in a cyclotron by bombarding a rhodium (Rh) target with protons
[21]. '9Pd decays by EC with a half life of 16.99 days (A = 0.0408 d™!) into the
excited state of 1®™Rh. During the decay to ®*™Rh, a total of 8 different v rays
(mean energy of 359.6 keV) may be emitted, and further de-excitation to the ground
state of 1®*Rh emits an additional 39.8 keV 7 ray. Through the decay, and as a result
of the processes described in Section 2.1.2, a spectrum of 40 characteristic x-rays
(mean energy of 1.6 keV), 48 internal conversion electrons (mean 108.6 keV), and
11 Auger electrons (mean 782 eV) may be produced, and an additional spectrum of
low energy (< 1 keV) x-rays and electrons are produced in the de-excitation [21].
The majority of the resulting photons and electrons have a very small energy, likely
attenuated within the seed itself, and offer no value to treatments. The resulting
spectra, removing energies below 5 keV, has a weighted mean photon energy of 20.7
keV, and electron energy of 32.6 keV [21]. As shown in Figure 2.2, approximately
77% of the total resulting photons have energies between 20-23 keV [40, 41]. These
photons are K, and Kg characteristic x-rays resulting from vacancies in the K-shell
from the EC process being filled by outer shell electrons, with the energies defined by
the binding energies of Rh’s shells. In contrast, the higher energy + rays contribute
to an insignificant portion of the overall spectrum. Therefore, ®3Pd is considered a

low energy source, allowing it to be used for LDR brachytherapy [21].
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Figure 2.2: The discrete spectrum of photons emitted during the decay of '*Pd to
103Rh. The large number of photons with energies less than 5 keV have been omitted.

103Pd was deemed to be the suitable isotope for PBSI by Keller et al. primarily
due to the proximity of the implant to the skin surface [31]. The dose to OARs is
important to consider when selecting an isotope for treatment, but PBSI presents
a unique situation where other people besides the implanted patient are at risk of
exposure. Unlike in prostate LDR brachytherapy, natural shielding from within the
breast is low due to the relatively shallow implant depths, potentially resulting in
high doses to the skin and beyond. Due to the lower energy, '%Pd (mean energy
= 20.7 keV) was found to provide significantly reduced dose to the skin surface and
lower external exposure, to safe levels, compared to '?°I (mean energy = 28.4 keV)
implants for PBSI [31]. 1%Pd may also provide a radiobiological advantage over 251
due to the shorter half-life delivering the dose at a faster rate [37].

A schematic diagram of the *Pd seed used in PBSI, the Theraseed Model 200
(Theragenics, Buford, GA) is presented in Figure 2.3. The seed contains graphite
pellets plated with '%Pd inside of a tube made of titanium (0.06 mm thickness) [39].

A lead marker is placed in the centre of the seed in order to visualize the seed on CT
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Figure 2.3: Schematic diagram of the Theragenics Theraseed 200 %Pd seed. (a)
Graphite pellets are coated with '®Pd and loaded on either side of (b) a lead marker
and sealed in (c) a titanium capsule.

or radiographs. The seed is not an isotropic (point) source and therefore dose is not
deposited uniformly around the seed. Absorption of photons and electrons by the
wall, and within the seed itself, as well as the distribution of palladium in the seed
results in a lower fluence along the axial direction of the seed [37, 39]. A description
of this anisotropy and the role it plays in dose calculations is provided in Section
2.3.1.

2.2 Imaging for Brachytherapy

2.2.1 Computed Tomography

As discussed in Section 1.1.2, CT is the most widely used imaging modality for RT
treatment planning as it provides a highly detailed 3D representation of a patient’s
anatomy. CT imaging involves the use of an x-ray source (a kV x-ray tube) that
is continually rotated around the patient. The x-rays emitted from the source are
attenuated as they travel through the patient, based on the interactions described
in Section 2.1.1, and the resulting x-ray spectrum upon exit on the distal side is
measured by a row of detectors [38]. The detection process results in a series of
thin radiographic images which, when combined over all angles of acquisition, can
be reconstructed into a single slice of the imaged volume. Continual acquisition
of such slices produces a 3D volumetric image with voxel grey scale values directly
related to the attenuation coefficients of the materials within the imaged volume,
primarily relating to the electron density and atomic number, corresponding to the
probability of Compton and photoelectric interactions, respectively. High contrast

between different tissue types can therefore be achieved by differentiating between
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small differences in the properties resulting in attenuation in the different materials
(38].

CT images are useful for treatment planning because they offer the ability to image
the patient in their planned treatment positioning in order to perform accurate dose
calculations based on not only the attenuation properties but also the positioning of
the anatomy. CT also provides means to accurately record patient positioning for
later replication. In RT, lasers can be mounted in the room that intersect at a known
distance outside of the scanner, corresponding to the treatment isocenter in the CT
volume. The laser points on a patient’s skin may be tattooed so the position can
be accurately replicated by aligning similar lasers in the treatment room. Although
highly useful for treatment simulations, patient exposure is to be considered due to

the measurable radiation dose resulting from a CT scan [38].

2.2.2 Ultrasound Imaging
Ultrasound Physics

Sound is mechanical energy that propagates through a medium via a series of com-
pressions and rarefractions (back and forth vibrations) of the particles within, creating
a moving pressure wave. Compression of particles within a medium from an external
force results in an increase in pressure. Following a compression, the particles transfer
energy to adjacent particles with the reduction in local pressure, thus producing a
sinusoidal pressure wave, characterized by its wavelength () and frequency (f) [38].
Sound waves which propagate at frequencies between 15-20 kHz comprise the audible
acoustic spectrum, and those greater than 20 kHz (cycles/second) are called ultra-
sound (US), with medical US using frequencies between 2 to 10 MHz [38]. Like other
types of waves, sound waves may interact with each other and produce a composite
wave. The interaction can result in series of constructive or destructive interference,
either reinforcing or cancelling each other out. Short bursts of sound result in pulses
of energy that will travel and interact according to the various acoustic properties of
the material.

The speed of sound (c¢) varies widely across different mediums. A sound wave
propagates according to the medium’s compressibility, determined by the density (p),
and bulk modulus (B), or the “stiffness” of the material. Media such as air have
a very low speed of sound (~330 m/s) and dense, solid material like bone have a
high speed of sound (~4080 m/s) [38]. The speed is also equal to the product of the
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frequency and wavelength, and thus can be determined by

B
\/;:c:)\f. (2.6)

The difference between the speed of sound in different materials is fundamental
to US imaging. As sound travels from one medium to another, changing the speed,
the frequency remains constant and therefore changes the wavelength at the interface
of the two media. The speed of sound is used to define the acoustic impedance, Z
(kg/(m?2sec)), of a material by

Z = pc (2.7)

where p is the density of the material in kg/m?. As sound travels through a medium,
minor variations in Z allow for the continued propagation of the sound wave, where
larger differences (for example, from tissue to air) results in the reflection of the sound
wave called an echo [38]. At an interface of two materials with impedances of Z; and
Zo, where the boundary is much larger than the US wavelength, the intensity reflection

coefficient (Ry) is expressed as the ratio of the reflected and incident intensities (I,

I, Zo— 71\ °
oA . E— 2.8
T (ZQ+21) (28)

and I; respectively)

where I is the power per unit area (W/cm?) (Figure 2.4) [38]. Large differences in Z,
such as from air (Z = 0.0004 x 10°) to water (Z = 1.48 x 10%), will result in nearly
100% of the indecent wave being reflected [38]. Therefore, medical US imaging is
impossible without the assistance of an acoustic coupling gel due to the inevitable air
gap that will exist between the US transducer (discussed below) and the skin surface.
Smaller differences in Z, such as from fat (Z = 1.38 x 10%) to muscle (Z = 1.71 x 10°),
result in only a portion of the incident wave being reflected [38]. The component of the
signal that is not reflected will continue to propagate through the material. Reflection
of the US beam is a critical component of US imaging as the time it takes for an echo
to return is used to determine the location of tissue boundaries.

When the incident wave is travelling perpendicular to the boundary region, the
transmission and reflection occur parallel to the incident direction. As shown in

Figure 2.4, at oblique incidence at the boundary of materials with speeds of sound ¢;
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Figure 2.4: Incident ultrasound wave with intensity I; is reflected at the boundary of
materials with acoustic impedances of Z; and Z,, causing a portion to be reflected
(1) and transmitted (I;). Non-perpendicular incidence results in reflection away from
the incident wave and refraction of the transmitted component.

and ¢y, the wave is refracted according to Snell’s law

sinf, ¢y

sinf; (2.9)
where 6; is the angle of incidence and 6; [38]. Specular reflection occurs at smooth
boundaries where the size of the boundary is much greater than the wavelength of
the sound.

Objects that are near the same size, or smaller, as the US wavelength represent
a non-specular surface and result in acoustic scattering, reflecting the sound in all
directions at a low amplitude (Figure 2.5a) [38]. While hypoechoic materials represent
a near uniform medium where minimal reflections or scattering occur, hyperechoic
materials have a large number of scatterers and often give rise to distinct scatter
“signature” that characterize different tissues and is thus useful in diagnostic imaging
[38]. As a US wave travels through a hyperechoic material, acoustic energy is lost as
a result of this scattering, attenuating the signal (Figure 2.5b). Attenuation is also
caused by the conversion of acoustic energy to heat in the tissue. Attenuation occurs
exponentially with penetration depth and increases with increased frequency at a rate
of approximately 0.5 (dB/cm)/MHz in soft tissue [38]. Therefore, the reflected signal

from a boundary several centimetres deep is many times weaker than a similar signal
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Figure 2.5: (a) Ultrasound interaction with a non-specular boundary results in diffuse
reflection. (b) As an US beam travels through a hyperechoic medium, it interacts with
small particles causing small scattered echos, and loses energy to heat (red), resulting
in attenuation.

reflected closer to the surface, hence more difficult to detect.

Image Formation

Ultrasound images are acquired using an US probe (transducer) that is placed on
the surface of the material, usually assisted by a viscous coupling gel with a speed of
sound similar to tissue in order to limit the reflection at the air-transducer interface.
The US probe contains an array of piezoelectric crystals which are used to generate
and detect the US waves. Piezoelectric materials contain a uniform arrangement of
electrical dipoles, synthetically created by heating to a high temperature and applying
an external voltage while the material cools to maintain the diople orientation [38]. An
applied alternating voltage to a piezoelectric element causes the physical deformation
and oscillation of the crystal by forcing the dipoles to realign, converting the electrical
energy into mechanical (sound) energy [21, 38]. Conversely, applying mechanical
pressure to the crystal results in the formation of a surface charge and thus an induced
electrical signal, as shown in Figure 2.6.

Short (~1 psec) burst of voltage are applied to the piezoelectric elements in a
transducer, forcing them to expand and contract at the frequency the voltage is
applied, creating an US pulse. A matching layer covering the elements minimizes
the difference in acoustic impedance, and hence reflections, between the transducer
and tissue surface (or coupling gel). After the pulse is produced, the transducer

switches to a “listening” mode in which incoming mechanical pulses are converted
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Figure 2.6: At equilibrium the piezoelectric element has no net surface charge. Under
the influence of mechanical pressure the element contracts or expands, causing the
dipoles within to re-arrange and produce a surface charge. An external voltage causes
the element to expand and contract in an opposing manner.

to a proportional electric signal. The amplitude of the returning signal is generally
much smaller than the initial pulse, often orders of magnitude due to the intensity
of reflection and attenuation. Therefore, the analog signal is subsequently amplified,
converted to a digital signal, processed and filtered in order to be displayed [38]. The
duration of listening depends on the desired depth to be measured. Sound takes
approximately 13 psec per cm of depth of tissue to return to the transducer (from
Equation 2.10), and another pulse will not be produced until the initial pulse has
adequate time to return [38].

The pulse travels through a medium until it interacts with a boundary, causing
a portion of the signal to be reflected back to the transducer which is subsequently
detected. The digital signal, proportional to the amplitude of the echo, is generated
as a function of the time it takes for the echo to return (A-mode). The time (¢) it
take for the echo to return can be used to determine the distance (d) between the
transducer and the reflecting object, based on the speed of sound in tissue (assumed
to be «11540 m/s)

(2.10)

where the factor of 2 is due to the total distance representing a return trip of the
pulse from the transducer to the boundary region. The A-mode signal can therefore
be localized and converted to a brightness signal (B-mode), displayed as a series of
points along a scaled distance [38]. Distances between different levels of brightness
represent changes in the medium in the path of the US pulse. Subsequent pulses are
produced along the length of the transducer, offset by several individual elements,
after the previous signal has been detected with the successive collection of the B-

mode signals along the total length creating a 2D image (Figure 2.7). The pulse
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repetition period, or the time is takes to generate, listen, and display a pulse, is on
the order of 100-200 psecs, allowing for 20-100 2D images to be produced per second,
depending on the resolution and depth of imaging, and thus the images are essentially

displayed in real time [38].

Linear array

US beam

3

| -
B-maode signal Composite image

Figure 2.7: A group of piezoelectric elements in a linear array are activated, resulting
in a narrow converging/diverging ultrasound beam traversing and returning through
the medium and generating a single A-line, converted into a B-mode signal. Subse-
quent activation of groups of elements results in additional B-mode signals across the
array until a composite rectangular image is produced.

Modern US transducers consist of an array of piezoelectric elements (generally 128
to 512) with individual widths of less than half of the US wavelength [38]. Linear and
curvilinear arrays operate by activating a group of approximately 20 adjacent elements
to produce an US beam. Echoes are detected before another group of elements,
displaced by one or two elements, is activated with continual acquisition resulting
in a 2D image, as shown in Figure 2.7. Phased arrays activate all elements nearly
simultaneously to produce a single narrow beam. Images from phased arrays are
acquired along the length of the transducer by continually adjusting the delay between
individual element activation, causing the resulting beams to be produced at slightly
different angles which are then detected and combined. Due to the constructive
and destructive interference of the waves produced by the individual elements, the
resulting beam converges out to a distance defined by the diameter of a single element,
or effective diameter of the group of activated elements, and the frequency [38]. After
the focal zone, where lateral resolution is greatest, the beam proceeds to diverge.

The length of the converging field (the near field), and thus the focal distance can
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be adjusted by changing the number of simultaneously active elements in order to
reduce the effective diameter in a linear array, or by adjusting the time delays in the

discrete elements in a phased array.

Image Resolution and Artifacts

Good image quality is essential for interpreting US images and being able to accu-
rately localize small objects within an imaged volume. Contrast in an image, or the
ability to distinguish between different types of material, is highly dependent on the
ability of the system to detect a range of echos, and also to filter out low amplitude
signals. As discussed above, reflections produce the signal in an image and the scatter
signatures of different tissues provide context to the materials being observed. There-
fore, contrast primarily depends on the density and size of scatterers within different
materials [38]. From Equation 2.8, the interface of materials with similar speeds of
sound can result in a very low amplitude reflection that must be detected and appro-
priately amplified in order to produce a signal. Alternatively, very low signals, from
very low intensity scattering and even electronic fluctuations, must be filtered out to
prevent excessive noise in the image [38]. In modern US systems, the display range
can be adjusted to remove low-intensity signals, reducing the noise in the image.
The spatial resolution determines the ability to distinguish small closely spaced
objects in an image. The spatial resolution in US images is primarily dictated by the
size of the US pulse. The wavelength determines the spatial resolution in the direction
of the beam (axial). An US pulse is produced by multiple (typically 3) cycles that
travel through the medium together, separated by a distance called the spatial pulse
length (SPL), determined by the wavelength and number of cycles [38]. Boundaries
separated by less than 1/2 the SPL will result in echoes that overlap, limiting the
axial resolution. Therefore a high frequency US, reducing the wavelength and thus
SPL, provides a higher resolution, but the depth of penetration is reduced due to the
attenuation [38]. Resolution in the lateral direction, or perpendicular to the beam
direction in a 2D image, is limited by the width of the piezoelectric element and the
effective width of the US beam. Therefore, the best lateral resolution occurs in the
near field, due to the decreasing beam width, and may be improved by re-grouping
elements and taking multiple scans while only accepting signals from the focal zones
[38]. Similarly, the height of the piezoelectric elements may cause small objects to be

missed in the elevational direction, perpendicular to the plane of imaging. Elevational
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resolution is important in 3DUS image reconstruction (Section 2.2.3). During volume
acquisition, while scanning along the elevational direction, increased slice thickness
results in gaps in the volumetric data that are filled through interpolation of the
adjacent data, contributing to blurring artifacts or causing small objects in between
slices to be missed.

Several artifacts are common in US imaging, demonstrated in Figure 2.8. Shad-
owing occurs when the beam travels through a highly attenuating material, such as
bone, or a highly reflecting interface, such as tissue to air, resulting in a low inten-
sity streak beyond the object due to a loss of signal [38]. Due do the magnitude of
reflection occurring at air interfaces, good contact between the transducer and tissue
is imperative to the acquisition of high quality US images. Reverberations may form
from multiple reflections of the same beam between two highly reflecting materials.
The back and forth reflections will ultimately appear as a series of bright spots or
lines in the resulting image when they are finally detected due to the increased time
that it takes for them to return to the transducer [38].

Figure 2.8: An US image of a needle inside of a phantom. (a) The background
signal is produced by the scatterers in the material. (b) When the US beam travels
into a different hyperechoic material, clear contrast is produced. (c) Poor contact
of the transducer with the surface produces a bright blur from the high intensity
reflection followed by the loss of signal appearing as a shadow. (d) The large speed
of sound difference between the needle and phantom materials results in a series of
reverberation artifacts beyond the actual needle position.
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Refraction of the US beam can cause the misplacement of positions within the
image. Since the beam is travelling off the imaging axis, the returning beam may
contain signals from reflections outside of the primary beam. Additionally, lateral
echos, resulting from the perpendicular expansion of the piezoelectric elements are
positioned as if they occur along the main beam, potentially resulting in interference
when the probe is next to a highly reflecting surface[38]. Since the speed of sound
is different throughout different materials, distances to boundaries may be displaced
due to the assumed constant speed by the US system|38]. This effect can also reduce

the accuracy of spatial measurements on the image.

2.2.3 3-Dimensional Ultrasound

The principles of 2DUS have been adapted to develop techniques to acquire full 3-
dimensional volumetric datasets. The introduction of 3DUS has been an important
advancement in medical imaging due to the ability to record real-time volumetric
images of anatomy which can be used to diagnose, calculate volumes, observe organ
function, and guide therapeutic procedures [42, 43].

A series of 2D images are acquired by sweeping the US transducer over an area
and combined, with each image contributing a “slice” to the 3D volume, similar to
CT imaging. Reconstruction of the 3DUS requires the location of each individual 2D
image to be recorded. Spatial registration is performed using a variety of different
methods. Common in 3DUS imaging are mechanical systems in which the probe is
physically mounted to the tracking system. Based on the mounting of the probe to
the system and mechanical encoders within, the exact position of the probe, and thus
the imaging plane at any time is able to be determined. The transducer is moved
over the imaging volume and the tracking system records the position and orientation
of the probe for each image position and can be automated to acquire the images at
pre-define intervals and locations [43, 44]. Depending on the system, images can
be acquired by linear translation of the probe (stepping), rocking, rotating, or any
combination as long as the imaging plane can be tracked [38]. Such systems however
may be bulky and reduce the range of motion. Freehand systems, which use IR
cameras or magnetic or acoustic sensors set up in calibrated locations to track the
position of the transducer, can have a wider range of motion and operator control
but may be limited due to line of sight or signal interference [43, 44]. In an IR

system, detectors are placed on the probe and the IR camera continually monitors
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the location and orientation, linking each acquired image to an imaging plane in space.
Transducers with a 3D array of elements are also recently available, eliminating the

need to translate the probe and allows for the acquisition of 3DUS videos.

Translation

3D volume

BN

Figure 2.9: A transducer acquires US images as it is linearly translated across the
imaged volume with it’s position at each acquisition recorded. Based on the spatial
information, the individual images are combined to create a 3D volume, with missing
information filled in via interpolation.

With the location and orientation of each 2D image in the series recorded, and
thus each pixel’s position within 3D space, the scan can be reconstructed into a 3D
volume. The most common method of reconstruction is based on using the set of 2D
images to build a voxel-based image by filling in a Cartesian grid of volume elements
[43, 44]. Each pixel from the acquired images is embedded into the volume by placing
them in their correct 3D coordinate, based on the 2D image coordinates, and the
geometry of the 2D image relative to the 3D volume determined by the tracking.
Any missing voxel information is calculated by interpolation of the nearest recorded
pixel values [43]. This method for volume reconstruction preserves the information
acquired in the original 2D scans, but if the scan acquisition creates gaps between the
images then the interpolated voxel values will not depict the true anatomy and may
therefore miss small objects or boundaries, or cause blurring as mentioned in Section
2.2.2 [42-44]. Such artifacts may be reduced by acquiring more images to fill out the
volume, for example by taking more slices in a lateral scan. However, increasing the
number of acquired images, or slowing down the scan speed, will increase the time

it takes to acquire the full 3D dataset. Additional artifacts are introduced during
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the image acquisition due to unplanned patient or transducer motion. Specifically
for long scan times, motion (such as breathing) may cause the scan to miss details,

image objects multiple times over an area, or blur the boundaries.

2.3 Brachytherapy

Brachytherapy involves treating cancerous tissues with a radioactive source implanted
inside, or very near to the diseased tissue. Treatment can be achieved by either
implanting catheters through which a high activity source travels to pre-planned
positions for set times, or through the permanent implantation of radioactive seeds.
In either method, extensive treatment planning, dose calculations, and careful delivery

are performed to ensure the treatment is safe and accurate.

2.3.1 Dose Calculations

Clinical dosimetry requires the total dose from a brachytherapy source, and the com-
bined dose from multiple sources to be determined. During the planning process,
using traditional forward planning methods, the planned source locations are selected
on the volumetric image and the resulting dose to the target volumes are calculated.
Adjustments to the plan may subsequently be made in order to optimize the dose
distribution accordingly.

As every brachytherapy source has a unique spectrum of emitted photons and
electrons, as well as geometric characteristics, dose calculations are specific to the
type of radionuclide selected for treatment. One of the primary factors to determine
the amount of dose that will be deposited from a particular radionuclide is the source
strength. Based on the energy fluence of of the emitted spectrum, the air kerma
strength, Sy, can be determined [45]. Sy is typically measured in units U, where 1 U
=1 cGy cm?h~!, with standard values for brachytherapy sources specified by standard
dosimetry laboratories [21]. As mention in Section 2.1.3, low energy thresholds are
used to remove photons which do not significantly contribute to the absorbed dose
distribution; 5 keV in the case of photon emitters such as '“Pd [21]. In order to
determine the dose resulting to a relevant medium, water in standard calculations,
Sy, is scaled by the dose rate constant A (¢cGy h™! U™!), which describes the ratio of
the dose rate to water at a reference position (r,, ,) to the air kerma strength, either

measured or calculated via simulations [21].
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Figure 2.10: Geometry and coordinates for a 2D brachytherapy dose calculation at
point P(r, ) from a source with length L. A reference point P(r,, 6,) is defined at r,
=1 cm and 6, = 90°.

The international standard for brachytherapy dose calculations is the based on
the AAPM Brachytherapy Subcommittee Task Group report 43 (TG-43) formalism,
which defines the dose rate (D) in water from brachytherapy sources, generally in
cGy/h, at any point in polar coordinates (r, ) by [21, 45, 46]

: GL(T,Q)
D(r.0) = S x A x —£9
(r,9) g Gr(ro,00)

X gp X F(r,0). (2.11)
As shown in Figure 2.10, the reference point, used in determining A, is at a distance of
ro = 1 cm along the transverse axis of the source (6, = 90°). The physical distribution
of emitted radiation is approximated using a line source geometry function Gy (r,0)

where [21]
B

Lrsinf

Gr(r,0) = (2.12)

and G (rg,0y) is calculated at the reference position. The dose distribution as a
function of r, mainly resulting from attenuation, is given by the line source radial
dose function gy (r). As mentioned in Section 2.1.3, brachytherapy seeds are not true
isotropic sources based on their physical design and therefore dose is not deposited
uniformly around the seed. Factors such as self-absorption, and the emission distri-
bution are accounted for using the 2D anisotropy function F(r, ), dependent on the
source material and seed design [45]. For poly-energetic sources (1%Pd), anisotropy

is significant close to the source due to the prevalence of low energy photons, and at
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greater distances anisotropy is essentially negligible due to the higher energy photon
fluence [21].

The exact orientation of the sources is not always known in clinical practice,
particularly for post-implant dose calculations. In such cases the TG-43 formalism is
simplified by replacing F'(r,0) with a 1D anisotropy function (¢, (r)), and g, with a

radial dose function using a point source approximation (gp(r)) [21]

D(r) = S, x A x (7;_0)2 X gp(r) X dan(r). (2.13)

The simplified geometry, using a point source approximation, allows for the geome-
try function to be replaced with an inverse square law approximation, (’“70)2, which
describes the rate of dose fall off from an isotropic source.

The source strength is dependent on the activity of the seed, and therefore changes

with time in a similar fashion as the activity (Equation 2.3)
Si(t) = Spoe™™ (2.14)

where Sk, is the initial source strength. Substituting 2.14 into Equation 2.11 and

integrating over the treatment time (7") gives the total dose (D) delivered to a point

Sko
A

GL(’I”, 9)
Gr(ro,6)

D(r,0) = x (1 —e M) x x g, X F(r,0). (2.15)
For permanent seed implant brachytherapy the seeds remain in place for times much
longer than the active life of the isotope, thus the treatment time can be approximated

as infinity and Equation 2.15 reduces to

% GL(T, Q)

D(r,0) = ) X Gr (0. 60)

x g, X F(r,0) (2.16)

The dose to any point can be calculated using Equation 2.16 for each implanted
brachytherapy source, as shown in Figure 2.11 for a single *3Pd seed. For multiple
sources, the superposition of the dose contributions from each source represents the
total dose delivered. The contoured volumes may then be used to generate DVHs, or
the percentage of the volumes to receive a specific dose. For example the percentage
volume of a target that receives at least 100% of the prescription dose can be expressed

as the Vigo, and the minimum dose received by 100% of the volume is expressed as
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Figure 2.11: Dose distribution of a single **Pd seed resulting from a TG-43 calcula-
tion shown (a) perpendicular to the seed and (b) along the length of the seed. Isodose
lines represent 200% (red), 100% (green), 75% (yellow), and 50% (blue) of the total
dose deposited around the seed.

2.3.2 Seed Implant Brachytherapy

Planning and delivery methods for seed implant brachytherapy are similar across dif-
ferent treatment sites, but the standardization of the steps involved in LDR prostate
brachytherapy related to advanced image guidance have made it one of the most
widely adopted brachytherapy techniques [21]. Seed implant brachytherapy involves
the permanent implantation of radioactive sources into defined treatment volumes to
deliver a prescribed dose. In a general description, the process of LDR brachytherapy
involves the acquisition of 3D volumetric images (through CT or 3DUS), the identifi-
cation and contouring of the target volumes and margins, the pre-planning of source
locations, dose calculation (via the methods described in Section 2.3.1), followed by
implant and post-implant verification [21, 47]. Seed implant brachytherapy is most
commonly used in the treatment of localized prostate cancer and has been shown to
be a highly effective treatment option [21, 48]. The success of the treatment relies on
achieving optimal dosimetry, which requires accurate imaging, planning, and delivery.

Planning for LDR prostate brachytherapy is generally performed using a trans-
rectal ultrasound (TRUS) system to acquire images throughout the prostate region
and generate a 3D dataset that is used for treatment planning [21, 47]. The probe is
mounted on a stabilizing device, known as a stepper, which tracks the position during

image acquisition which can then be reconstructed into a 3D volume (Section 2.2.3).
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Figure 2.12: Planning a prostate LDR implant using TRUS images. The seed po-
sitions (blue points) are planned to provide coverage (100% dose in green) to the
prostate (red) and PTV (blue). The 150% dose region (orange) is confined to outside
of the urethra (yellow).

The TRUS stepper can be used to step the probe by known distances to acquire a
series of transverse images, or rotate the probe to acquire a “fan” of longitudinal
images which are used to reconstruct the 3D volume [24, 49]. TRUS based planning
offers advantages as planning and delivery can be performed using the same imaging
modality in the same patient positioning, and provides very accurate imaging to
differentiate between the prostate, rectum, and bladder [21]. Image acquisition may
occur several weeks before the actual implant [48].

As shown in Figure 2.12; the prostate is contoured on the treatment planning
system and a PTV is generated by expansion of the prostate contour by several mm
(5 mm laterally, 3 mm anteriorly) [48]. The TRUS is inserted along the cranial-caudal
axis of the patient. A template, composed of a grid of small holes to guide the needles,
can be mounted on the US system. Due to the spatial registration of the imaging
and stabilizing system, the template positions can be displayed on the 3D dataset
by extrapolating the template holes over the treatment depth in order to plan the
treatment in the orientation that the implant will be delivered. Template positions are

used to define the entry point, and position at depth, for various needles. Each needle
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is planned to be loaded with several seeds and distributed in order to provide optimal
coverage to the PTV while limiting the dose to the urethra. '*°I (28.4 keV, T’ )5 =
59.4 days) is primarily used due to the ability to achieve better dose distributions
and reduced severity of normal tissue complications such as proctitis compared to
implants using 1%3Pd [47]. Standard prescription dose is 145 Gy for '?°T implants, or
110 Gy if used as a boost following EBRT, requiring approximately 100 seeds to be
implanted [47, 48].

During the implantation procedure the patient is positioned in the OR and the
TRUS is used to refine the setup in order to match the position to the planning TRUS
images [21, 47]. The template is mounted on the stepper while a virtual representation
of the template positions are displayed in the 3DUS image. Each needle is commonly
pre-loaded with the seeds based on the treatment plan. Needles feature a sharp
beveled edge (Figure 1.6) and central stylet which is used to hold the seeds in place
as the needle is removed. The needles are inserted into the planned template positions,
through the perineum. Although the needles are inserted in the planned entry point,
their position at depth may deviate from the intended position, thus resulting in the
misplacement of seeds if not corrected. The implementation of TRUS into the implant
procedure allows for the visualization of the needles at depth and real-time guidance.
Since the position of the US probe is registered to the insertion template, the virtual
representation of the template hole positions can be visualized at depth on the US
image, as shown in Figure 1.3. A live display of a needle as it is being inserted assists
in ensuring that the needle is placed at the correct depth and position. Based on the
implanted position and the expected location, adjustments can be made to the needle
insertion to achieve an accurate position before the seeds are deposited.

Post-implant the treatment is verified via a dosimetric evaluation. Imaging is
performed to evaluate the positioning of the seeds and the dose distribution that was
achieved from the implant. Post-implant verification may be performed immediately
after implant (day-0), but more typically occurs 1-month afterwards (day-30) when
swelling has decreased [21, 48]. CT is considered standard for post-implant verification
as it provides good localization of the implanted seeds, although fusion with magnetic-
resonance images may be used in addition to CT to assist in tissue delineation [21,
48, 50].
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Figure 2.13: Prostate LDR post-implant CT. The seeds (bright spots) are identified
to calculate the dose to the prostate (red), urethra (green) and rectum (blue). Here,
the prostate was defined on MRI and the contour transferred to the CT images, due
to the difficulty of observing the prostate on the CT.

2.3.3 Brachytherapy for Breast Cancer

Brachytherapy plays an important role in the modern treatments of breast cancer,
and is used in approximately 30% of APBI treatments [21]. The most common
breast brachytherapy procedures are intracavity balloon and interstitial multicatheter
brachytherapy [21]. The intracavity balloon procedure involves the insertion of a
balloon at the end of a catheter, under US or CT guidance, which is filled with
saline to expand the balloon (4 - 5 cm) and fill the excision cavity. Multilumen
catheters within the balloon allow for an '*2Ir source to be loaded into the balloon with
pre-defined positions and times to provide an optimal dose distribution around the
expanded volume. A similar procedure can be performed with a strut-based system
which provides a non-symmetric lining of the seroma, allowing for more flexible dose
distributions [21].

Interstitial multicatheter brachytherapy allows for complex and flexible dosimetry
of the target volume. This procedure involves the implantation of multiple catheters

in and around the post-lumpectomy seroma volume [51]. Appropriate placement of
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the catheters and accurate definition of the target volumes are critical to the success
of the treatment, so an extensive planning procedure is required [21, 51, 52]. Patients
receive CT imaging to evaluate the eligibility and technical feasibility, and may also
be used to define the target volume (1 - 2 cm expansion of the seroma contour).
The breast is often compressed with a bridge template to provide a rigid guide for
the implant. The template and breast are held in place by several needles that
are inserted through the template, pass through the breast, and emerge at the same
template position on the distal side of the breast. A CT scan of the setup is performed
in order to define the treatment volumes and plan the appropriate positions for the
implanted catheters to adequately cover the target.

Catheters are implanted in the planned positions, sometimes under US image
guidance, after which another CT scan is performed. The final, uncompressed, CT
scan reveals the actual locations of the implanted catheters within the breast and is
used to determine the optimal dwell positions and times for the *?Ir source within the
catheters. When an acceptable plan has been generated the catheters are connected
to an HDR afterloader that feeds the 2Ir source into each catheter, slowly pushing it
through the catheters to the planned depths for the calculated times. The treatment
typically occurs over several days with two fractions per day, for example 34 Gy
prescription dose over 5 days (3.4 Gy per fraction), after which the catheters are
removed |21, 51, 52].

Improvements to image guidance in multicatheter interstitial HDR breast brachyther-
apy allow for a simpler and more accurate treatment. 3DUS guided brachytherapy
techniques have recently been applied to this procedure [52]. Multicatheter breast
HDR planning requires the patient to move from the implant OR to CT scanning af-
ter the catheters have been inserted. A novel 3DUS system to be used specifically in
HDR breast brachytherapy was developed in order to increase confidence in catheter
insertion and allows for intra-operative US-based planning to be performed [52]. The
mechanical scanning system was developed to fit on the HDR compression template
and sweep the transducer across the treatment area to gather a series of approxi-
mately 200 images in a 5 cm scan length. The US images are spatially encoded based
on the transducer’s mounting position relative to the template, the translational scan
position, and the probe angle. The mounting position and geometry are then used to
reconstruct the 3D volume.

Software modules for image reconstruction, seroma segmentation, and catheter re-

construction for the system were implemented to allow for intra-operative treatment
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planning [52, 53]. Fast, semi-automatic segmentation is based off of techniques devel-
oped for prostate contouring for intra-operative planning in prostate brachytherapy
[54, 55]. Needle segmentation techniques are also important in accurately defining
the catheter positions to perform does calculations on US in prostate brachytherapy
[24, 56, 57]. Catheter reconstruction was similarly used in the breast HDR system to
accurately plan the source positions on the US images. A module was also developed
to automatically move the transducer to the current needle insertion plane in order to
perform real-time needle insertion guidance [53]. Overall, the development of a 3DUS
translation scanner for breast has demonstrated accurate image reconstruction, nee-
dle localization, and volume segmentation proving to be a useful tool, similar to that
standard imaging techniques used in prostate brachytherapy [52, 53, 58]. As 3DUS
has been successfully developed to guide various LDR and HDR brachytherapy proce-
dures, including breast HDR, the potential exists for such technology and techniques

to be further adapted to assist in the PBSI brachytherapy implant procedures.

2.4 Permanent Breast Seed Implant Brachyther-
apy

As discussed in Section 1.2.2, PBSI is novel brachytherapy procedure, relative to other
forms of breast brachytherapy [8]. Presently, the technique is still being adapted, but
many of the original guidelines and general techniques are still in use. This section
describes the current PBSI procedure that has been used for the presented research,

including patient guidelines, planning methods, delivery, and verification.

2.4.1 Patient Criteria

As a relatively new procedure, PBSI is currently only available to patients who meet
a specific eligibility criteria. APBI treatments in general are often limited based on
patient age (due primarily to expected life span), tumour size, resection margins,
and disease staging [7, 10, 21, 28, 30]. PBSI is currently limited to low-risk patients
including those over 50 years with ductal carcinoma in situ or t1, estrogen receptor
positive invasive ductal carcinoma, and no evidence of metastatic disease [59, 60]. Af-
ter tumour resection, pathology determines the amount of diseased-free tissue around

the lumpectomy site, with eligible patients having greater than 3 mm margins [10].



45

Additional technical eligibility criteria are required for PBSI patients in order to
provide safe and effective treatments. For planning and delivery to be possible, the
seroma must be clearly visualized on both CT and US and the seroma itself should
be less than 3 cm in equivalent sphere diameter [59, 60]. The resulting PTV size is
ideally less than 120 cm?® [10]. The seroma must be in a position such that it can be
accessed by the insertion of needles from the lateral side without requiring insertion
through the chest wall or directly toward the skin surface or lung on the distal side.
Additionally, the size of the breast has to be feasible for implant, as large implant
depth and breast mobility may inhibit reproducibility in the procedure.

2.4.2 Planning and Delivery
Treatment Planning

Within approximately 10 weeks of lumpectomy, allowing the seroma time to stabi-
lize after surgery [61], CT and evaluative US scans are performed for potential PBSI
patients. Patients are positioned on a breast board (Figure 1.2) in the EBRT treat-
ment position with the ipsilateral arm raised in an extended position. US is used to
localize the seroma and measure the size and distance to skin in order to evaluate
technical eligibility [8]. A CT scan is subsequently performed with the patient in a re-
producible position, and tattoos are placed on the patient (Section 2.2.1). If deemed
suitable for PBSI treatment, the patient’s CT scan is imported into a TPS, MIM
Symphony (MIM Software, Cleveland, OH), where the treatment planning procedure
is performed.

The planning process, shown in Figure 2.14, begins by contouring the relevant
anatomy within the breast, including the chest wall and skin surface. A skin margin
is defined as a 5 mm inner ring from the skin surface. The seroma is contoured using
standard clinical guidelines for APBI, defining the CTV as the evident dense region in
the image, including surgical clips that are deposited during the lumpectomy around
the perimeter of the excision site if present [62]. The PTV is generated by expanding
the CTV contour by 1.25 cm, cropped at the chest wall and at 5 mm from the skin
surface [60, 63]. The fiducial needle, which centres the treatment template, is planned
to be inserted in the lateral side through the center of the CTV (isocenter) to the
distal side of the PTV, approximately tangential to the chest wall to minimize the
risk of puncturing the lung (Figure 2.14a) [8]. Based on its position and direction,

the fiducial needle entry point on the skin surface is determined. Images are re-sliced
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in directions orthogonal to the fiducial needle insertion angle to provide a needle’s-

eye-view of the template throughout the treatment volume, as shown in Figure 2.14b.

Figure 2.14: (a) The fiducial needle angle approximately tangential to the chest wall
(green), through the seroma (blue), and the resulting needle entry point marked on
the skin surface (yellow). (b) Image re-sliced perpendicular to the insertion direction
(needles-eye-view), with the template centred on the fiducial needle (yellow). (c)
Needle and seed positions (green points) planned to provide coverage to the PTV
(red). The green areas represents the volume receiving 100% of the prescribed dose,
while the orange represents the 150% high dose region.

The needle positions are planned around the perimeter of the PTV and evenly
throughout in grid pattern [10]. Seeds within the peripheral needles are planned to be
spaced 1 cm apart, alternating between a seed and a spacer (each 4.5 mm long), and
seeds within the central needles are separated by 2 spacers (1.5 cm between seeds), in
order to improve dose homogeneity throughout the PTV [10]. Manual adjustments

to the seed positions and spacing can subsequently be made to optimize the dose
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distribution throughout the volume. The activity of the seeds is typically 2.5 U, but
may be slightly adjusted (£0.3 U) to improve the coverage [10, 60]. Positions are
planned such that no 2 needles are inserted with less than 1 grid spacing (5 mm)
between them, and at least 1 cm of space exists between adjacent seeds to prevent
overlap and potential high dose “hot spots”. The cumulative dose from the seeds is
calculated via the methods described in Section 2.3.1, using a line source geometry.
The prescription dose of 90 Gy is planned to be delivered throughout the PTV, with
target goals of Voo > 98%, Vigg > 95%, Vis0 < 75%, and Vygq < 25%, while limiting
the skin dose to less than 90% of the prescription over a 1 cm? area to minimize skin

toxicity [9, 60, 63].

Delivery

The delivery process begins with a mark-up procedure, intended to reduce set up
time in the OR [32]. Patient planning positioning is reproduced using the breast
board, room lasers, and tattoo positions. The fiducial entry point and treatment
isocenter are then marked on the skin surface (Figure 2.15a). US is used to assess the
seroma for any changes from planning, and the projection of the PTV, orthogonal to
the needle direction, is marked on the skin surface to guide US imaging during the
implant [10, 32].

After the patient has been moved to the OR and is given general anaesthesia, the
setup is again reproduced (Figure 2.15b). Lateral tattoo and fiducial needle entry
points are verified through manual measurements [32]. The template is positioned
and set to the planned angle, and the fiducial needle is inserted. Positioning of the
fiducial needle is verified with US and adjustments may be made to position the needle
as planned relative to the seroma (Figure 2.15¢). After the template has been set, the
preloaded needles are inserted into their planned positions, row-by-row starting from
the bottom to prevent visualization interference from the seeds in the US images [10].
Free-hand US is used to qualitatively evaluate the positions of the needles relative to
the seroma and fiducial needle, the protrusion of the needles is measured to ensure
the correct depth (Figure 2.15d) and the seeds are deposited when an appropriate
position has been achieved.

Following the completion of the implant, after anaesthetic recovery, the patient
is again repositioned in CT to evaluate post-implant dosimetry. A follow-up scan

is performed at a later time (day-30 or day-60) to provide quality assurance of the
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Figure 2.15: PBSI delivery procedure. (a) The fiducial needle entry point is marked
using the CT rooms lasers and verified using a portable laser. (b) The set up is
recreated in the OR and the template is set into it’s planned position. (c¢) The fiducial
needle is inserted and final adjustments to the template positioning are made. (d)
Loaded needles are inserted into their planned template positions with depths verified
by the protrusion distance.

overall treatment [10, 60, 63]. The implanted seed positions are identified on the CT
images and the resulting dose is calculated using a point-source geometry (Equation
2.13). The seroma is contoured on the post-implant CT, and an evaluative target
volume (ETV), defined as a 0.5 cm expansion of the CTV, is created to assess the
quality of the implant [60]. Additionally, the dose to OARs (skin, breast, lung, ribs,

heart) is verified in order to track toxicities [9, 60, 63].

2.4.3 Previous Work in PBSI

As mentioned previously, the use of permanent seed implants in breast brachytherapy

is a relatively new procedure, with the first treatments reported by Pignol et al. in
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2006 [8]. Research and development of the procedure was helmed by Pignol and
Keller of the Sunnybrook Health Sciences Center (Toronto, ON). The feasibility of
the treatment was first reported based on the initial results of 16 implants over a 7
month period, yielding a mean PTV Vg of 79.8% (64.4% - 96.4%) with improvements
occurring with operator experience, suggesting a learning curve in the procedure [8].
A follow-up report examined the dose received by family members living with the
PBSI patients, due to the potential risk associated with sources implanted close to
the skin surface, and concluded the procedure to safe for the public [64].

A 1-year follow-up evaluation was presented by Pignol et al. in 2009, summarizing
the tolerance and acceptance results of skin related side-effects for 67 patients [33].
This study showed that the procedure was well tolerated, comparing favorably with
external beam APBI in terms of skin toxicity, and that the rate of skin reactions
decreased (65% to 28%) when the skin received less than 85% of the prescription
dose. A report on dosimetry quality assurance evaluated a total of 95 patients across
three clinical trials. Planning dosimetry was recommended to aim for a Vgy of ap-
proximately 100% and a Vg of between 20 and 30% in order to achieve a successful
treatment [9]. A recent multi-institutional follow-up summarized the early dosimetry
for the current cohort of patients treated with PBSI, as discussed in Section 1.2.2,
finding overall successful recurrence rates and toxicity, supporting the efficacy of the
treatment [10]. Subsequent follow-ups focused on the toxicities of PBSI determined
that patients with tumour sites located medial and closer to the skin surface were
more susceptible to acute side-effects (skin irritation) than primary tumour sites lo-
cated elsewhere in the breast, and that tumour size and depth are important for
consideration for late effects (telangiectasia) [65]. An initial group of 17 patients were
treated with PBSI at the Tom Baker Cancer Centre. In this group, evaluation of the
dosimetry relating to patient arm positioning found a significant, but relatively small,
increase to the Voo within the ETV when the arm was not in a raised position, when
the majority of the dose will be deposited [66].

Beyond initial implementation, some attempts have been made to standardize
post-implant quality assurance and dose reporting by the PBSI research group at the
BCCA - CSI. Presently, 52 patients have been treated with PBSI at BCCA - CSI.
Early implementation of the procedure found that the seroma was difficult to identify
and manually contour on the post-implant CT due to artifacts from the implanted
seeds, thus affecting the accuracy of post-implant dosimetry [59]. Deformable image

registration and adaptive contouring were used to define the post-implant seroma
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from the planning CTV contour with a high-level of accuracy and is recommended
for post-implant quality assurance [59]. Standardization of dose reporting for skin
toxicity was also developed as the previous recommended guideline of reporting the
maximum skin dose to a point [7] was not deemed robust and clinically relevant
enough for breast brachytherapy, particularly due to the area effect of radiation on
skin [17, 63]. By assessing the correlations between various metrics, the dose to
small volumes were found to be robust measures of skin dose, and the dose to a
2 mm internal skin layer (Do), approximately the dose to a 1x1 cm? area, was
recommended for dose reporting in PBSI [63].

Additional developments into the planning and delivery process in PBSI have not
yet been widely explored. An improved dose calculation method has been considered
to correct for the tissue heterogeneity within the breast, rather than the simplified
homogeneous water-based TG-43 calculations, and was able to detect plans with in-
adequate coverage and better predict skin toxicity, although this has not yet been
implemented clinically [67]. Beyond improved standardization of the set up proce-
dure using the pre-implant procedure described in Section 2.4.2 [32], no additional
significant developments into improving the planning or delivery procedures in PBSI

have been made.

2.5 Chapter Summary

The fundamental processes behind RT and imaging have been described. From the
overview of brachytherapy, specifically the LDR prostate brachytherapy technique,
it can been seen how these processes can be applied to the successful treatment of
cancer. Imaging with US is an important component of brachytherapy and, with
advancements in 3D volumetric imaging, can provide a means to both accurately
plan and deliver treatments. The well established prostate LDR technique serves
as a benchmark for the standardization and accuracy of further developments in
seed implant brachytherapy. While PBSI has been successfully adopted by expert
practitioners, challenges in the technique, specifically related to imaging, have not
been addressed. Unlike in prostate brachytherapy, PBSI is planned and delivered
using different imaging modalities and there is no spatially registered needle guidance
system to provide real-time feedback on quality during the implant. The goal of this
work is to quantify uncertainties in the PBSI to identify the components which reduce

the accuracy and adaptability and to develop techniques to ameliorate such issues
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and improve standardization of the procedure. The following chapter describes the
methods used to quantify the uncertainties in the PBSI procedure and presents the
proposed methods to implement improved US imaging in both treatment planning

and delivery.
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Chapter 3

Materials & Methods

This chapter describes the principle methods common to several studies in the pre-
sented work. First, the methods to evaluate seed placement accuracy in PBSI are
described. A detailed description of the tracked 3DUS system used to acquire patient
images for retrospective analysis is provided, along with the general methods of image
assessment used. Additionally, a novel 3DUS scanning system was developed specifi-
cally for PBSI implant guidance. The design of this system and the initial calibration

and commissioning that were performed are outlined.

3.1 Evaluation of Seed Placement Accuracy

The accuracy of seed placement in PBSI can be used to evaluate uncertainties in
the procedure and serves as a benchmark for the improvements in accuracy through
additional developments to the planning and delivery procedures. Methods were
established to evaluate seed placement based on the differences between planned and
implant positions and are used throughout this work to quantify the current PBSI
procedure and identify the components which may be improved through refinement

of techniques.

3.1.1 Image Registration

The accuracy of seed placement could be determined by rigidly registering the plan-
ning and post-implant CTs and evaluating differences between the planned and im-
planted seed positions. As described in Section 2.4.2, following the implant (day-0)

as part of the post-implant verification procedure, a CT scan is performed to evalu-
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ate the dosimetry achieved from the treatment. Due to the difficulties in visualizing
the seroma on the post-implant CT as a result of seed-generated image artifacts, de-
formable image registration and adaptive contouring (MIM Maestro, MIM Software,
Cleveland, OH) are used in the clinical procedure to define the post-implant seroma
on the day-0 CT, previously validated for use in PBSI post-implant dosimetry [59].
To evaluate seed placement accuracy, a rigid registration of the planning and day-
0 CTs was performed, based around spatially aligning the implant region on both
CTs. The registration process was performed using the image registration tools in
MIM Symphony (MIM Software, Cleveland, OH). A region of interest (ROI) on both
the planning and post-implant CTs was defined as the seroma plus a 1 ¢cm margin
to include only the most relevant region of the breast to the implant. An intensity
based rigid registration was subsequently performed to spatially transform the day-0
CT coordinates in order to align the ROIs. The registration (Rr) can be expressed

as a 3D affine transformation of the day-0 coordinates

COSPCOSwW —cos¢sinw —sing T,
sinfsingcosw + cosfsinw  —sinfsingsinw + cosfcosw sinfcosp T,
Ry =

cosfsingcosw — sinfsinw  —cosfsingsinw — sinfcosw cosfcosgp T,
0 0 0 1
(3.1)
where 6, ¢, and w are rotations in the sagittal, coronal, and axial planes, respectively,
and T, T,, and T, are linear translations. Ry can therefore be used to transform the
position of any point in the day-0 CT in the planning CT coordinate system.

The registration process was qualitatively evaluated as shown in Figure 3.1. The
agreement between the anatomy within the breast, the chest wall, ribs, and skin sur-
face were assessed. Quantitative validation of the registration process was performed
by assessing the locations of surgical clips in the registered coordinates. Surgical clips
may be implanted around the lumpectomy site at the time of excision and are there-
fore present in both the planning and day-0 CT images. The location of clips within
the ROI, in the shared coordinate system, were manually identified in the registered
image sets and the distances between them were calculated to quantify the accuracy

of the registration process.
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Figure 3.1: Fusion of the planning (gray) and day-0 (red) images after rigid regis-
tration based on the volume inside of the ROIs (yellow and blue). The position of
a rib (a) is observed to have good agreement between the images. The location of
a surgical clip visible in both images (b) within the ROI is nearly identical in the
registered coordinates. The bright spots within the day-0 image (c) represent the
implanted seed positions, and therefore do not appear in the planning CT.

3.1.2 Seed Matching

The individual implanted seeds are identified in the day-0 CT as part of the post-
implant dosimetry process. An automatic identification process (MIM Symphony)
is used to define the location of the seeds based on the intensity in the CT image.
As can be seen in Figure 3.1, the seeds appear as bright spots in the image and can
easily be manually identified in the absence of image artifacts or overlapping seeds
and clips. Manual verification of the identification process is performed to ensure that
the correct number of seeds have been identified and that clips were not mistakenly
localized before post-implant dosimetry is evaluated.

The locations of the post-implant seeds were exported from MIM Symphony in the
respective day-0 CT coordinates. Applying the transformation matrix generated from
the registration of the day-0 CT to the planning CT (Equation 3.1), the implanted

seed coordinates (x;, y;, z;) could be transformed to the planning CT coordinate
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where xy, y;, z; are the transformed seed positions in the medial-later (ML), anterior-
posterior (AP), and superior-inferior (SI) directions, respectively. The treatment plan
was similarly exported and the planned seed positions extracted, in the planning CT
coordinates. Applying the transformation to each implanted seed coordinate allowed
for the superposition of the planned and implanted seed positions. As seen in Figure
3.2, the planned seed positions are in a straight line, perpendicular to the SI axis
in the planned insertion direction. The implanted seed positions, however, do not
always appear in straight lines as a result of placement deviations, needle bending,
and deformation of the anatomy after implant, but, due to the physical stranding of
the seeds, they remain grouped with the other seeds from the same needle.

The registered seed coordinates were used to evaluate the position of the implanted
seeds relative to the planned positions. The difference in the planned and implanted
seed positions is referred to as the seed displacement. Custom seed-matching soft-
ware (SeedPreview) had previously been developed to quantify the motion of seeds in
prostate brachytherapy [68]. This software displays a 3D visualization of superposed
seed clouds and allows for seeds to be manually paired to calculate the distances be-
tween them. The software was modified for the evaluation of seed placement in PBSI.
The registered seed coordinates were imported into SeedPreview and the pairing tool
was used to manually match each implanted seed to it’s planned position (Figure
3.3). Due to the random variations in the placement, seeds could not necessarily be
matched to the closest position without incorrectly dividing the strands. In general,
the matching process was performed by first determining the number of seeds in a
particular planned needle and then finding the nearest implanted strand with the
same number of seeds. When each strand was confidently matched to the planned
needles, pairing of the seeds was performed in order along the needle insertion di-
rection so as to not leave any seeds unmatched. After pairing, the implanted seed

displacements are calculated in both magnitude and direction (ML, AP, SI).
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Figure 3.2: Superposed planned (red) and implanted (blue) seed clouds with positions
in the planning CT medial-Lateral (ML), superior-inferior (SI), and anterior-posterior
(AP) coordinates.

3.1.3 Seed Placement Analysis

Based on the results of the seed matching process, an evaluation of the seed place-
ment accuracy could be performed within a cohort and for individual patients. The
metric used to quantify the global seed placement accuracy was the mean total dis-
placement of all implanted seeds, and mean directional (ML, AP, SI) displacements
could be assessed in order to determine any global systematic errors in seed placement
accuracy. Within individual implants, several metrics were calculated to quantify the
uncertainties in seed placements: the mean total displacement, directional displace-
ments, the systematic displacements, and the random displacements. The mean total
displacement of all seeds within an individual implant was used to quantify the over-
all accuracy of seed placement. Similarly, the mean directional displacements were
assessed in each of the standard coordinate directions (ML, AP, SI). Mean directional

displacements are a result of shifts in the displacements’ directional distributions,
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Figure 3.3: (a) 3D visualization of the planned (blue) and implanted (pink) seed
clouds along the needle insertion direction. (b) The implanted seeds are paired with
the planned positions (white connecting lines), calculating the distance between them.

implying systematic intra-patient uncertainties in seed placement. Therefore, the
norm of the mean directional displacements was used to approximate the systematic

component of uncertainties in placement within each implant

Systematic = /2% + y? + 22 (3.3)

where T, 7, Z are the mean directional displacements in the ML, AP, and SI direc-
tions. By removing the systematic component from the displacements, or shifting
the directional distributions to centre at zero, the remaining displacement could be
used to approximate the magnitude of the random component of the uncertainties in
placement. The mean directional displacements were subtracted from each individual
seed’s directional displacements and the residual magnitude was averaged across all

seeds in the implant

1 n
Random = - Z V(Az; — 2)2 + (Ay; — 52) + (Az; — 22) (3.4)
i=1

for a cohort of n seeds where Ax;, Ay;, Az are the directional displacements of the
individual seeds.
In addition to the directional displacements in the standard CT coordinates , dis-

placements were calculated in a needle coordinate system to quantify displacements
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Figure 3.4: The standard CT coordinate system (white) and the rotated needle co-
ordinate system (yellow) used to assess seed displacements.

relative to the needle insertion direction. As shown in Figure 3.4 [60], the directional
displacements are rotated by the fiducial needle insertion direction () and are trans-
formed into displacements corresponding to the depth of insertion, and the up-down
and right-left directions in the needle’s-eye-view (template directions). The rotation

is performed by

Az, cos) —sinf 0O Ax
Ay, | = | sind cosd 0 | x| Ay (3.5)
Az, 0 0 +1 Az

where Ax,, Ay,, Az, are the displacements in the shallow-deep, up-down, and right-
left directions, respectively, 6 is the planned fiducial needle angle, and the sign of
x (ML) has been corrected for insertions from the left or right side. The needle is
inserted perpendicular to the Sl-axis and the sign of z, is reversed for insertions from
the right side, as superior displacements are equal to displacements to the left in the

needle coordinates for right sided implants, and vice versa.
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3.2 3D Ultrasound Image Acquisition and Analy-
sis

Investigation of the differences between the seroma visualized in planning and treat-
ment and the potential impact on treatment planning and delivery required 3DUS
images of the seroma that could be assessed in the TPS. For two of the studies in this
work, images were acquired using the Clarity US system (Resonant Medical, Mon-
treal, QC). The differences in the seroma on US and CT, and the potential impact
of implementing 3DUS into the treatment planning procedure were assessed in MIM

Symphony.

3.2.1 3D Ultrasound System

The Clarity US system is a 3DUS platform which acquires and reconstructs volumetric
images by visual tracking of the US probe. The system was predominately designed for
use in prostate EBRT treatments, in which it could be used for prostate localization
instead of x-ray image guidance [69-71]. However, investigation into its use in breast
EBRT planning and delivery has also been previously performed [36, 72, 73].

The Clarily US system uses infrared (IR) imaging to track the US probe in order
to construct 3DUS images (Section 2.2.3). A mounted IR camera tracks the position
of calibrated IR markers that are attached to the US transducer (Figure 3.5b), allow-
ing for recognition of the transducer’s position and orientation at all points during
image acquisition. The linear array 2DUS transducer (L14-5W, Ultrasonix), with a
resolution of 0.25 mm in the imaging plane, can therefore be freely swept across an
area with continuous detection and acquisition allowing for the reconstruction of a
3D volumetric image [36, 73].

As the Clarity system is designed for image guidance in EBRT, the system may be
used in conjunction with CT scanning to provide a mutual coordinate system between
the two modalities. The IR camera is mounted in the CT room in order to track
acquisition while a patient is in the simulation position. The spatial information of
the US system is calibrated such that images are reconstructed in the same coordinate
system as the CT images. A calibration and quality assurance (QA) phantom is
positioned in the CT scanner, centred on the isocentric lasers that define the CT
origin. IR markers on the phantom are localized by the camera, establishing the

coordinate system of the room. Based on the known positions of the markers on the
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Figure 3.5: (a) The Clarity US system reconstructed into a mobile unit. (b) The US
transducer used with the Clarity 3DUS system. The IR camera tracks the locations
of sensors mounted on the probe to record spatial information of the acquisition.

Figure 3.6: (a) The Clarity US system set up in the CT room for QA. (b) The IR
camera is mounted on the wall at the inferior side of the CT bed. (c¢) The calibration
phantom is positioned on the bed, centred on the CT’s isocentric lasers. (d) The
transducer with mounted IR markers (Figure 3.5) acquires images of the sphere in
the phantom, displaying the position and volume in the reconstruction (Figure 3.8).

transducer, the acquired US images and 3D reconstruction have positional information
in the same coordinate system as the C'T images, implicitly spatially registering the
two image sets without requiring any automated image registration techniques. A

demonstration of the system’s set up for QA is shown in Figure 3.6.
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Calibration and Commissioning

For the patient data presented in Chapter 5, images were acquired using the Clarity
US System at the BCCA - Vancouver Island Cancer Centre for a previous study of
seroma definition for APBI treatment planning by Berrang et al. [36]. Shortly after
this previous study, the system was decommissioned. The decommissioned system
was transferred to the BCCA - Centre for the Souther Interior (CSI) where it was
reconstructed in order to acquire images of PBSI patients for the study of the impact

of seroma delineation on seed placement accuracy (Chapter 6).

Figure 3.7: (a) Fusion of CT (gray) and 3DUS (red) images using the implicit regis-
tration of the Clarity system. A homogeneous sphere embedded in a gelatin phantom
has excellent spatial correspondence (<1 mm at the walls) between the image sets.
Slight differences in the boundary region appears on the right side. (b) US image of
the QA phantom, with a sphere (1.2 cc) at the center and 4 rods used for calibration.

The Clarity system was originally designed with several ceiling mounted compo-
nents. The system was re-built into a contained mobile unit, shown in Figure 3.5a,
and re-commissioned. The system’s software contains standard calibration and QA
tools which make use of the QA phantom (Figure 3.7). The phantom contains a
series of rods which are imaged and used to calibrate the positions in the US images
to the CT room coordinates, based on the spatial registration of the phantom with
the tracking system. Evaluation of the accuracy of the system’s reconstruction and
registration was performed in several phantom studies. The sphere in the QA phan-
tom was imaged using the US system and then the phantom was scanned with the

CT, without adjusting it’s position. Both image sets were exported to MIM Sym-
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phony and the implicit registration was verified by comparing the centroid location
of the sphere on each modality. Further evaluation of the registration was performed
by constructing phantoms composed of gelatine and muscoloid fiber (for contrast)
[74] and assessing the fusion between CT and US (Figure 3.7). Small water filled
balloons were suspended in the phantoms to simulate the localization of a seroma.
Phantoms were imaged using C'T and US in the same position with the tracked sys-
tem and co-registered in MIM Symphony to ensure that the position of the balloon
could be accurately localized relative to its position on CT. Table 3.1 summarizes
the registration accuracy based on the phantom studies after the final system calibra-
tion. Overall, the re-commissioned system’s registration was observed to be accurate
to approximately 2 mm, including uncertainties related to positioning and speed of
sound in the phantom studies, consistent with the expected accuracy of the system
based on previous studies [36, 6971, 75]

Table 3.1: The positional differences in the ML, AP, SI directions (Ax, Ay, Az, re-
spectively) between the centroid location of volumes in co-registered CT and 3DUS
images. Imaged phantoms include the calibration phantom in different orientations
(Cal), a block phantom with 3 embedded spheres (Block), and a gelatin breast phan-
tom with simulated seroma (Breast)

Ax (mm) Ay (mm) Az (mm) Total (mm)

Cal 1 -0.2 0.5 1.1 1.2
Cal 2 0.6 -0.3 -0.5 0.8
Cal 3 -0.4 0.1 -0.5 0.6
Block 1 1.6 1.0 0.3 1.9
Block 2 1.1 1.4 0.3 1.8
Block 3 1.6 0.9 -04 1.9
Breast -1.5 -0.8 -1.3 2.1
Mean 0.4 0.4 -0.1 1.5
SD 1.1 0.8 0.8 0.6

The system also includes an automatic segmentation technique, similar to the one
described in Section 2.3.3. Segmentation is performed by acquiring an US scan of the
phantom, and manually identifying the position of the sphere by selecting 4 points
around the perimeter in the central slice. The software then automatically contours
the sphere in the reconstructed image, displaying volume and centroid position rel-
ative to the CT’s origin (Figure 3.8). The volume and centroid positions were used
to QA the system, based on their agreement with the baseline values determined by

CT, before patient image acquisition was performed. The reconstructed images were
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Figure 3.8: Automated segmentation of the spherical volume in the calibration of the
phantom relative to the CT’s origin (red intersection). The white box represents the
reconstructed 3D volume, displaying one slice of the 3DUS image.

aligned within 1 mm in each direction (ML, AP, SI) and the volume was within 3%
of the baseline value of 1.2 cm? in each of the QA procedures before patient imaging

was performed.

3.2.2 Patient Image Acquisition

Image acquisition of co-registered CT and US images begins by positioning the patient
in their planned treatment position. For breast scanning, patients are positioned on
the angled breast board with the ipsilateral arm raised and extended, as for CT
simulation for breast EBRT [36]. Following the standard PBSI evaluation and CT
scanning procedure (Section 2.4.2) the US acquisition was performed. The patients
were instructed to remain still after the CT scan in order to minimize errors in
the registration due to patient motion. The CT bed was positioned to re-align the
markings on the patients with the isocentric lasers such that breast is in the same
coordinates as in the CT scan, allowing for implicit registration of the 3DUS and CT
images.

An initial assessment of the imaging volume was performed with the US to identify

the appropriate scanning location and to adjust the depth and contrast settings on
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the system to achieve a high quality visualization of the seroma, using coupling gel
to maintain good contact between the transducer and skin. The 3DUS scan was
subsequently performed by a skilled physician by positioning the probe at the start of
the scanning volume (generally inferior of the seroma), beginning the image collection,
and sweeping the probe across the seroma. In order for accurate image reconstruction
to be achieved, continuous line of site from the IR camera to the markers on the probe
must be maintained throughout the entire scan. The system would notify the user if
detection was ever lost, prompting a repeated scan with adjusted probe positioning.
After the scan, a visual inspection of the reconstructed volume was performed to
ensure that the entire seroma had been captured and that contact was never lost with
the skin surface, creating signal loss and artifacts in the image (Section 2.2.2). Due to
the application of gel to the transducer and skin surface, the scan could be completed
smoothly with very little pressure, minimizing compression and deformation of the
breast. When a high quality image had been acquired, the 3DUS and CT images were
imported into MIM Symphony and registered using their shared coordinate system

for analysis.

3.2.3 Contouring and Assessment

Evaluation of the use of 3DUS in the PBSI procedure required seromas to be identified
on the US and CT images and their visualization quantified. As described in Section
2.4.2, the seroma on CT is delineated by an oncologist as part of the clinical PBSI
planning procedure. Delineation of the seroma on 3DUS is not currently a part of
the PBSI procedure, as US is not used in treatment planning, but could similarly be
identified on the images acquired with the Clarity system. Seromas were contoured on
US using standard clinical guidelines, defining the seroma as the dark anechoic region
in the image representing the homogeneous fluid-filled cavity plus the hypoechoic wall
of the cavity when visible [36].

Contouring bias may occur from a single user, with high-inter observer variability
in seroma contouring previously observed [36, 62, 76, 77]. High inter-user variability
in seroma contouring has been shown to be associated with reduced clarity of the
seroma on both CT and US, stemming from the volume and location of the seroma in
the breast, the presence of dense breast tissue, and greater amounts of scar tissue and
stranding resulting from the lumpectomy procedure [36, 61, 76]. Multiple independent

contours were used to quantify the visualization of the seroma as well as to provide
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consensus contours to use for further analysis of 3DUS in PBSI.

Figure 3.9: Three contours (a,b,c) exhibiting low (left) and high (right) conformity,
defined by the ratio of the overlapping volume (black) to the total volume encom-
passed by all of the contours (yellow)

Based on the multiple independent contours, the inter-user conformity was as-
sessed to quantify the visualization of the seroma on each modality in each image
set. The conformity index (CI) was defined as the ratio of the overlapping volume
to the total encompassing volume of all contours. For multiple contours (a, b, ¢), as
shown in Figure 3.9, Boolean AND (A) and OR (V) operators were used to define the

overlapping and total volumes and the CI was calculated by

_ Volume(a ANb A c)

1= .
¢ Volume(a V bV c)

(3.6)

Figure 3.10: Three independent delineations of a seroma (blue, yellow, green) and
the resulting consensus contour (red), the middle contour at each point.
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In order to reduce user bias from assessment of the differences between the seromas
delineated on CT and US, consensus volumes were created using the individual users’
contours [36]. The consensus contours were created by observing the overlapping
volumes and taking the middle contour at each point in the image, as shown in
Figure 3.10. The resulting volume is therefore delineated as the median of the 3

contours, determined by
Consensus = (aVb) A (aNc)A(bAc). (3.7)

The consensus contours on CT and US were defined as CTVr and CTVyg, respec-
tively. To assess the difference between the seromas delineated on the two modalities,
CTVygs was transferred to the CT images using the implicit registration of the 3DUS
system. The inter-modality CI could therefore be calculated for the two consensus
contours, similar to Equation 3.6. Positional agreement between the CTVs could also
be assessed by calculating the centroid (center of mass) location in the registered

coordinates and evaluating the total and directional differences.

3.3 3D Ultrasound System for Permanent Breast
Seed Implant Guidance

To realize substantial improvement to the PBSI delivery procedure, an intra-operative
3DUS scanning system that can spatially register the template to the imaging view
is required. Such a system, similar to the established prostate brachytherapy systems
(Section 2.3.2), would allow for visualization of the planned needle positions at depth.
A virtual representation of the template overlaid on live guidance images allows for
adjustments to needle positioning to be made to better match their planned positions
before depositing seeds, thus potentially increasing the accuracy and adaptability
of PBSI. A novel 3DUS scanning system was developed at The Imaging Research
Laboratory (Robarts Research Institute, Western University) with guidance from
the BCCA PBSI research group about the design characteristics required to make a
system specifically for PBSI guidance.
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3.3.1 Scanner Design

The PBSI 3DUS system was designed to provide fast, automated acquisition spe-
cific to breast imaging. The scanner was designed similarly to the system developed
for intra-operative 3DUS in breast HDR brachytherapy, described in Section 2.3.3.
Shown in Figure 3.11, the housing of the scanning system contains a motor which
drives the translation and rotation of a mount while mechanical encoders record the
position. An US transducer is fixed in the mount, and connected to a standard 2DUS
imaging system. Thus, the probe is mechanically translated (5 cm linearly) and
rotated (60°) with it’s orientation relative to the scanning system tracked in space
[78]. In order to avoid contact loss during imaging, and to provide minimal uniform
pressure over the scanning range to prevent deformation, a thin (1.5 mm) plate of
ultrasound transparent polymethylpentene plastic (TPX) is fixed to the bottom of
the scanning system [53, 78]. The TPX plate is machined according to the physical
shape of the transducer, allowing for smooth motion and constant contact with the
application of coupling gel.

During scanning, the image displayed on the 2DUS system is digitally outputted
and recorded by a capture device at predefined intervals, based on the scan speed
and frame rate. The mechanical encoder measurements are recorded at each image
capture interval. Based on the position of the transducer, the captured images are
registered onto planes in space, filling out a volume with each successive image (~150
total), thus creating a 3D image. The software used for the reconstruction allows for
viewing of the US images in re-sliced geometries as well as distance measurements
and volume segmentation [53].

While the PBSI 3DUS system acquires and reconstructs images similar to previ-
ously developed 3DUS techniques, the principal component that makes it unique to
PBSI is the method of registration between the volumetric image and the treatment
template. Unlike in prostate brachytherapy, the template is not physically fixed to the
scanning system and is not necessarily positioned orthogonally to the imaging planes.
The PBSI 3DUS system features a localization arm with a spherical tip mounted on
the lateral side of the scanner housing, shown in Figure 3.11. Each joint of the arm
contains a magnetic encoder that measures the angle. Based on the 3 angles and
the distance of each segment of the arm, the center of the sphere at the tip can be
localized relative to the base of the arm. Therefore the localization arm can be used

to identify the template position and orientation relative to the scanning system by
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Figure 3.11: 3DUS scanning system designed for PBSI intra-operative guidance. (a)
The scanner housing contains a motor which drives the mounted transducer across
the (b) TPX plate. (c) The localization arm with 3 encoded joints and a spherical
tip is mounted to the side of the scanner, used for template registration. The images,
scanner position, and arm encoder values are recorded by a separate computer which
reconstructs the image.

measuring the positions of the tip at known locations relative to the template.
Template visualization in the 3D volume is performed by the transformation of
the template coordinates into the imaging coordinate system. The locations of divots
used to seat the arm’s tip are transformed to the arm’s coordinate system using
a point-based rigid registration, generating a 3D transformation matrix (" — A)
similar to Equation 3.1. A transformation of the arm’s coordinates to the coordinate
system established by the scanner (A — S), with the origin at the center of the
TPX, was generated by measuring the locations of divots with the arm at known
locations relative to the scanner’s origin and registering the points [78]. Finally, a
transformation of the scanner’s coordinates to the imaging coordinates (S — I) was
generated by mounting the scanner to a test jig with intersecting nylon strings at

known locations, identifying the points in the reconstructed image, and performing
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a point-based registration [78]. Therefore the location of any point in the template
coordinates (zr, yr, zr) (template position and depth) could be transformed to the

imaging coordinates (z, y, z7) by combining the 3D transformation matrices

yr | =T = A x[A—=S|x[S—=I]]x | yr | - (3.8)

Using this transformation, the extrapolated template positions within the imaging
volume can be localized and displayed in the 3D image, analogous to the visualization

of the template in prostate brachytherapy, as shown in Figure 3.12.

Figure 3.12: Registration of the template with the imaging volume allows for the
virtual representation of the template positions throughout the image.

3.3.2 Commissioning

Validation of the image reconstruction methods of the PBSI 3DUS scanning system
was previously performed by the developers using linear and volumetric measure-
ments, ensuring that imaged distances in the reconstruction planes accurately repre-
sent the actual known distances [78]. Linear reconstruction accuracy was quantified
by imaging a grid of nylon stings and comparing the measured and known distances.
In order to achieve accurate distance measurements in the 3DUS images, the grid was
submerged in fluid composed of water and 7% glycerol by weight, which produces a
medium with a speed of sound of 1540 m/s [52, 79-81]. Volumetric accuracy was
quantified by embedding known volumes into a solid phantom, composed of water,

agar (3.5% by weight) and glycerol (8% by weight) to achieve the correct speed of
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sound [52, 79-81]. The segmented volumes were compared to the known volumes,
established through titration measurements [78]. The reported median linear recon-
struction accuracy for the initial development of the imaging system, using the de-
scribed methods, was less than 1.4% (95% confidence interval of 2%) in all directions,

and the mean volumetric accuracy was 4.1% [78|.

Figure 3.13: Reconstructed 3DUS image of a grid of nylon strings. The distance
between strings oriented transverse (dots) and along (line) the plane of imaging is
measured to be ~10.1 mm.

After initial verification of the scanning system, a second 3DUS scanner was pro-
duced by the developers, identical in scanning and reconstructing methods, for use in
the investigation of improved intra-operative guidance in PBSI (Chapter 7). The use
of the scanning system with the clinical ultrasound system (1202 Flex Focus Ultra-
sound System, BK Ultrasound) and transducer (Linear Array 8811, BK Ultrasound),
used in the PBSI procedure and for the presented research, was assessed. QA of
the system, described in Section 7.2.1, was performed to ensure reconstruction accu-
racy consistent with the developer’s specifications through linear measurements of a
string grid (Figure 3.13) in a glycerol-water solution (as described above), and volume
reconstruction of a sphere embedded in a solid agar and glycerol phantom [78, 81].

As discussed further in Chapter 7, imaging of needles was performed to evaluate
the template registration accuracy. In order to reduce the uncertainty associated with
the bending of a needle as it travels through a solid medium, and non-deflecting liquid
medium was used for imaging. By inserting needles through a liquid medium, they
could be reasonably assumed to travel in a straight line from the template position.
For all subsequent measurements, the medium was composed of water and 7.25%

by volume isopropyl alcohol, at ~22°C. This mixture has been shown to exhibit a
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speed of sound of 1540 m/s, ensuring accurate displacement measurements in the US
reconstruction [82]. Before each experiment, a subset of measurements in the string
grid were performed in order to insure the speed of sound was correct, resulting in

distance measurements within 1% of expected values.
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Chapter 4

Evaluation of Seed Placement
Accuracy in PBSI

Improvements in the PBSI procedure to increase accuracy, confidence, and adaptabil-
ity first requires an evaluation of the accuracy of the current technique. By identifying
the errors and uncertainties in the procedures, the areas which have the greatest im-
pact on the technique can be identified. Initial assessment of the PBSI procedure was
performed through an evaluation of seed placement accuracy of a cohort of patients
treated with PBSI at the BCCA - Centre for the Southern Interior. This chapter
details the analysis of seed placement in the clinical procedure and the resulting
impact of seed placement on the treatment. The locations of implanted seeds are
assessed relative to the planned positions for the cohort of patients and for individual
implants to evaluate any systematic trends in the implant technique and relative to
the location within the breast and quantify random uncertainties in seed placement.
The resulting impact of seed placement accuracy on the treatment is examined. The
presented study has been adapted from the publication of this work by the disser-
tation’s author in the International Journal of Radiation Oncology, Biology, Physics
(doi:10.1016/j.ijrobp.2016.01.049) [60].

4.1 Introduction

As outlined in Section 2.4.3, initial implementation of PBSI has been successful,
with acceptable target coverage and toxicities, and recurrence rates equivalent to

established whole breast irradiation techniques. The benefits of this treatment option



73

for a broad patient population are clear given the early results and the convenience
of a single day treatment. However, the procedure has not been widely adopted and
concerns have previously been expressed regarding uncertainties in seed placement
accuracy [34]. In order to promote implementation, the validity of these concerns
must be examined. In this study the issue of seed placement accuracy is addressed by
quantifying the differences between the planned and implanted seed positions. The
resulting effects of such differences on initial dosimetry are evaluated to determine
the impact of seed placement on the treatment.

No assessments of the uncertainties in seed placement accuracy have previously
been performed and the sources of error with the greatest effects on the technique are
unknown. Developments to improve the PBSI procedure therefore rely on a thorough
assessment of the current technique in order to determine the components which
must be improved. By quantifying the seed placement accuracy, uncertainties in the
treatment delivery may be identified. These uncertainties can be addressed through
further developments to improve the overall implant accuracy, potentially increasing
the robustness and adaptability of PBSI.

4.2 Methods

4.2.1 Patient Implants

Between May 2012 and October 2015, 30 women were treated with PBSI as part
of an ongoing single-institution clinical trial. Patients receiving treatment met the
criteria as outlined in Section 2.4.1. All patients had a lumpectomy to remove ductal
carcinoma in situ or low-risk invasive ductal carcinoma with clear margins and no
evidence of metastatic disease. Assessment at the time of CT simulation found the
seromas to meet the established technical eligibility requirements including a clearly
visible seroma on CT and US that was less than 3 cm in diameter and in a position
feasible for implant.

The treatment planning and delivery methods for PBSI were described in Section
2.4.2. The implants evaluated in this study were planned and delivered using the
standard procedure. In brief, the seroma was contoured on C'T and expanded by 1.25
cm to generate the PTV, cropping to the chest wall and 5 mm from the skin surface.
Needle insertion angle and depth were set by the planned fiducial needle. Loaded

needle locations and seed positions were planned to achieve optimal dose coverage,
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as described in Section 2.4.2. All treatments were planned using a median 2.5 U seed
activity (range, 2.4-2.7 U) and line source geometries.

Following the markup procedure, the patients were positioned in the OR and
setup adjustments were performed to replicate the simulator positioning. The fiducial
needle was inserted under free-hand 2D US guidance. The stranded !'°3Pd seeds
were subsequently implanted to their planned positions and a post-implant CT was
performed, replicating positioning from the planning CT using the breast board and
tattoos. Day-0 seed positions were identified to perform the standard post-implant
verification process. Dose-volume histograms were calculated for the post-implant
seroma, and evaluative target volume (ETV) defined as the seroma plus 0.5 cm, and
surrounding normal tissue, using point-source calculations. Day-0 CT images are
used here to assess initial seed placement and dosimetry.

Seed placement was evaluated for 20 of the 30 implanted patients (13 left breast,
7 right breast). The other implants were excluded from this study owing to any ambi-
guity in the image registration, intraoperative changes to the plan, or seed matching
which may have incorrectly influenced the results of the placement evaluation proce-

dure.

4.2.2 Seed Placement Accuracy

After clinical dosimetry, a retrospective analysis was undertaken to determine the
positions of the implanted seeds relative to their planned positions. Using the methods
described in Section 3.1.1, a region of interest (ROI) defined as the seroma plus a 1
cm margin was aligned in the planning and day-0 CT images. Registration was
quantitatively validated by comparing the pre- and post-implant locations of surgical
clips within the ROI in 9 patients, and any noted differences were correlated with
differences between the planned and implanted seed positions.

The seed matching software described in Section 3.1.1 was subsequently used to
determine the positional differences between the planned and implanted seed positions
(seed displacements). Coordinates for both the planned and implanted seed positions,
contours, and the transformation matrix derived from the registration of the 2 image
sets were exported from MIM Symphony for each implant. The 2 seed clouds were
superposed using the transformation matrix (Section 3.1.1) and post-implant seeds
for each patient were manually matched to their corresponding planned locations

(Figure 4.1). Because of the stranded nature of the seeds, the matching process was
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unambiguous for all cases included in this study.

Figure 4.1: Visualization of the matched planned (blue) and implanted (pink) seed
positions. Connecting lines (white) indicate matched seed pairs. The purple, blue,
and white contours correspond to the skin surface, chest wall, and seroma, respec-
tively.

The displacements of 1370 implanted seeds from 20 patients (median 67 seeds
per patient; range 52-94) were determined. Mean total displacements were calcu-
lated over all patients and within each individual implant. Directional displacements
were evaluated using 2 frames of references, as described in Section 3.1.3 (Figure
3.4): standard room coordinates (ML, AP, SI) and needle coordinates, defined by the
insertion direction. Positive values were defined to be in the lateral, anterior, and
superior directions in room coordinates, and the shallow, up, and right directions in
needle coordinates. Mean directional displacements and the contributions of random
errors relative to these systematic displacements were computed using the methods
described in Section 3.1.3. Implanted seeds were further classified into 4 anatomic
regions (Figure 4.2) seeds in the plane closest to the chest wall (Chest Wall), seeds
in the plane closest to the skin (Skin), seed implanted through the seroma (Seroma),
and seeds at the anterior boundary of the seroma (Edge of Seroma). Mean values
for the total and directional displacements of the seeds, using needle coordinates,
were calculated within these regions to determine the effect of anatomic location on

placement accuracy.
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Figure 4.2: Visualization orthogonal to the insertion direction demonstrating the
anatomic regions relative to the skin (orange), seroma (blue), and chest wall (green).

4.2.3 Effects of Seed Placement on Treatment

Post-implant dosimetry was assessed on day-0 C'T images to evaluate the initial treat-
ment quality relative to the calculated seed displacements. The volume of the ETV
receiving at least 90% of the prescribed dose (Vgy) was calculated, where a Vgg of
>90% is considered acceptable coverage for APBI [83]. The maximum dose delivered
to a 0.2 cc volume (Dgae) in a 2 mm thick skin layer [63], Vi50 and Vi within
the ETV, and maximum point rib dose were also evaluated to further assess the

treatment.

4.3 Results

4.3.1 Image Registration Accuracy

The median (range) time from surgery to planning CT was 60 (37-105) days, and
from planning to the day-0 CT was 22 (15-43) days. The mean positional agreement
between surgical clips within the region of interest (39 clips total: median 4 clips per
patient; range 1-7) from planning to implant was 1 £ 1 mm and was independent
of location within the breast. The clip positional agreements from each individual

patient are summarized in Table 4.1. The observed clip displacement was consistent
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with values recorded previously for clip migration [84] and validates the accuracy of
the rigid registration process. A strong correlation between the magnitude of clip
displacement and the number of days from the planning CT to the day-0 CT was
observed (r = 0.83 p = 0.01), as shown in Figure 4.3. No correlation was found

between displacement of clips and seeds (r = —0.01).

Table 4.1: Mean (SD) differences in clip positions for each of the evaluated implants
with N identified clips within the registration ROL.

Implant ML (mm) AP (mm) SI (mm) Total (mm)

N = 12 1(2) 0 (0) 2 (1)
N = 1(1) 2 (1) 0 (1) 3 (1)
N =14 0 (1) 0 (1) 0 (0) 1(1)
N = 0 1 0 1
N =4 0 (0) 0 (1) 0 (0) 1 (0)
N=6 0 (1) 0 (1) 0 (0) 1 (0)
N=14 0 (1) 1(1) 0 (0) 1 (0)
N =14 0 (1) 0 (0) 0 (1) 1 (0)
N=5 | -1(2) 1(1) 0 (0) 2 (1)
3 . .
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Figure 4.3: Relationship between the magnitude of clip displacement and the number
of days from the planning to day-0 CT scans.
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4.3.2 Seed Placement Accuracy
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Figure 4.4: Histograms of the magnitude and directional (ML, AP, SI) seed displace-
ments for the (a) cohort seed population and (b) for a single patient. The directional
distributions are normal and centered at zero for the cohort but not for the individual
patient.

Figure 4.4a shows the total and directional distributions of the aggregate seed
population (all patients). The mean (£ SD) total displacement was 9 + 5 mm.
There are no systematic displacements in room coordinates, and all directional dis-
placements appear normally distributed around zero; means are 0 £ 7 mm, 0 + 7

mm, and -1 £ 5 mm in the ML, AP, and SI directions, respectively. For individual
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patients, mean total seed displacements ranged from 6 + 3 mm to 16 + 6 mm, with
individual seeds placed between 1 and 31 mm from their planned positions. In con-
trast to the whole population, for individual implants systematic displacements are
observed, as is shown in Figure 4.4b. In this example, mean shifts in the directional
displacement of the seeds are -1 £ 5 mm, 4 + 4 mm, and -3 + 4 mm, in the ML,
AP, and SI directions, respectively. The mean directional displacements imply that
intra-patient systematic offsets do occur during the procedure. However, the magni-
tude of shifts varied widely among patients (for example, from -7 to 8 mm in the AP
direction) and thus do not amount to any inter-patient trends. Subtraction of the
mean displacements from the individual implant distributions gives an approximate
mean random component to seed displacement of 7 = 4 mm. This signifies that a
significant component of observed seed displacements is due to random variations in

seed placement.
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Figure 4.5: Histograms of the magnitude and directional seed displacements in the
rotated needle coordinate system for the entire seed cohort.

Figure 4.5 shows seed displacement distributions from the entire seed population
in the needle coordinate system. Similar to the room coordinate system (Figure 4.4a),
the directional distributions in Figure 4.5 are centered around zero in the depth (0 +
8 mm), height (0 £ 4 mm), and right-left (0 £ 5) of needle insertion. The spread of
the distributions is greatest in the depth direction, owing to variations in the needle

insertion distance but was not biased in any particular direction.
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4.3.3 Seed Placement within Anatomy
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Figure 4.6: Histograms of the total and directional seed displacements, measured in
needle coordinates, in the 4 anatomic areas: (a) Chest Wall, (b) Skin, (c¢) Edge of
Seroma, and (d) Seroma.

Mean total displacements were 9 & 4 mm, 9 +£ 4 mm, 9 &+ 5 mm, and 10 £+ 5
mm for seeds implanted within the Seroma, Edge of Seroma, Chest Wall, and Skin
regions, respectively (Table 4.2). Total displacements within the anatomic regions
were not significantly different from the mean displacements for all seeds (9 + 5
mm), regardless of anatomic position (p = 0.34,0.07,0.82, and 0.68 in the Seroma,
Edge of Seroma, Chest Wall, and Skin regions, respectively). The largest variation
in placement occurs along the needle insertion direction in all regions. Figure 4.6
shows the total and directional distributions, measured in the needle coordinates, of
seed displacement within anatomic regions. The directional distributions within the

anatomy contain several small mean direction shifts, most notably in the height of
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Table 4.2: Summary of the mean (SD) aggregate seed displacements (total and di-
rectional) in the 4 anatomic regions

Region Depth (mm) Height (mm) RL (mm) Total (mm)
Chest Wall 0 (8) 1(3) 1 (6) 9 (5
Skin 0 (8) 1 (5) 1(5) 10 (5)
Edge of Seroma 0(7) -1 (4) 0 (4) 9 (4)
Seroma 0 (8) 0 (4) 0 (5) 9 (4)

insertion in Skin and Edge of Seroma seeds (-1 £ 5 mm and -1 4+ 4 mm, respectively).
Figure 4.6 shows a large number of seeds displaced towards the negative height within
these areas, corresponding to seeds implanted downward from their planned positions,
away from the skin. Conversely, seeds within the Chest Wall region were seen to be
on average implanted upward from their planned position (1 £ 3 mm). Displacement
in depth was seen to vary widely within the cohort, but no direction was favored,

with a mean of 0 £ 8 mm in all regions except for Edge of Seroma (0 4+ 7 mm).

4.3.4 Dosimetry
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Figure 4.7: The Vg, of the evaluative target volume (ETV) relative to the mean seed
displacement within each patient. Dashed lines represent the target Voo of 90% and
the maximum displacement observed to give an acceptable dose (1.1 cm), with 2 close
outliers.
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The ETV Vg, (Figure 4.7) ranged from 66% to 100% (median 97%) across the
20 implants assessed in this study. A Vgo > 90% was achieved in 15 patients, and
> 95% in 13 patients. Figure 4.7 also shows how dosimetry may be affected by the
distance of the seeds from their planned positions. The maximum mean displacement
observed that resulted in acceptable dosimetry was 11 + 4 mm. One implant with a
mean seed displacement lower than this value (7 + 3 mm) had ETV coverage falling
into the unacceptable range, but at 89% was only very slightly below the acceptable
value (90%). Median ETV V50 and Vago were 75% (43%-97%) and 50% (23%-66%),
respectively. Dose to normal tissues was also observed to be acceptable for the patients
within this study. The median Dg .. to the 2 mm thick skin layer was 80% (9%-202%)
of the prescription dose, and the median maximum point dose to the ribs was 101%
(2%-437%). The immediate post-implant dosimetry achieved within this study was
consistent with previously reported data observing post-implant PTV Vygy and Vg
of 86 + 10% and 36 £ 14%, respectively [9].

4.4 Discussion

Concern has previously been expressed regarding the uncertainty in seed placement
and thus in the safety and efficacy of PBSI [34]. This stems from the assertion that
large seed placement errors may result in reduced coverage of the target volume and
increased chance of recurrence, or increased radiation hot spots resulting in undesir-
able radiation side effects, neither of which has been observed in published experience
to date [10]. This study examined the validity of these concerns by evaluating the
placement accuracy of seeds in the current PBSI procedure, to determine the magni-
tude of such placement errors and their effect on treatment dosimetry, as well as to
expose any potential systematic errors affecting the treatment.

The results presented in Figures 4.4 and 4.5 show that no significant inter-patient
systematic errors occur in the placement of seeds, in either coordinate system. Al-
though systematic placement errors are absent, an overall mean displacement of 9 + 5
mm exists in the evaluated seeds. Despite this, acceptable implant dosimetry of ETV
Voo exceeding 90% [83] is largely maintained. Random variations in seed placement,
which were shown to form a large portion of the seed displacements, do not result in
net displacement, and because good ETV coverage was achieved it is unlikely that
they have a significant effect on the dosimetry. The results of this study indicate that

normal tissue tolerance and acceptable treatment dosimetry are achieved immediately
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after the implant within the limits of the seed placement accuracy of the current PBSI
procedure. A learning curve in the PBSI implant technique has been previously ob-
served [8, 10], so placement accuracy and target coverage could potentially improve
beyond the initial patients included in this study.

In contrast to the lack of systematic directional displacements observed across the
entire patient cohort, mean directional displacements do occur within each individual
implant. One possible explanation is that individual patient setup inconsistencies be-
tween planning and implant contribute to the seed displacements. Time lag between
planning and implant could affect seroma size and shape and therefore how seeds
are implanted relative to the plan, and breast density or tissue type (scar vs skin)
may impact tissue deformation and needle bending during the insertion. A primary
contributing factor may be the use of 2 different imaging techniques within the PBSI
procedure: CT for treatment planning and US guidance for implant. Although US
image guidance is used to match the patient treatment position to the planned posi-
tion, the US-delineated seroma can vary in size, shape, and position compared with
the seroma contoured on planning CT [36, 73, 85, 86|. Therefore, shifting the plan
to align it to the US image may create a discrepancy between treatment delivery and
planning location, thus introducing offsets to the seed placements.

A component of the systematic displacements could be related to the accuracy of
the image registration used for seed placement analysis. However, the clips on the
day-0 images were observed to be located, on average, 1 +£ 1 mm from their position
on the planning CT images, validating the accuracy of the registration within the
target volume. Due to the finite slice thickness on the CT images (2 mm), clips were
generally localized on the same SI slice, potentially artificially increasing the apparent
accuracy. Clip displacements may not only be related to the registration accuracy
as clip migration is a common occurrence within the breast caused by a variety of
anatomical factors [84, 87]. Migration of clips over the course of EBRT (28 fractions)
has previously been observed to average 1.4 mm (maximum 5.8 mm) in the direction
of the center of the excision cavity [84]. Due to the correlation observed between the
clip displacement and the time from planning to implant, migration is likely a factor
in the observed discrepancies between the positions on the 2 CT images.

The results given in Figure 4.6 show that the anatomic location does not affect the
magnitude of the displacement of the implanted seeds, thus refuting the hypothesis
[34] that seeds within certain anatomic areas are prone to larger displacements imme-

diately after their implant. A small mean vertical displacement of the anterior edge
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of the seroma may indicate the seeds settling towards the seroma, but seeds placed
directly in the seroma did not experience any greater displacement compared with
the seeds placed in the other anatomic areas. The only notable trend was the small
vertical displacements of seeds away from the chest wall and skin. This difference
may indicate an operator bias to intentionally direct needles to avoid penetrating the
lungs or distal skin.

Seed placement in prostate brachytherapy is estimated to be accurate to approx-
imately 3 to 6 mm [88-91]. Although relatively smaller than the PBSI displacement
observed in this study, the prostate brachytherapy procedure has advantages such as
the use of US for both planning implant guidance, and the use of an US stabilizer
and stepper to provide a fixed reference for implant coordinates. Thus greater accu-
racy in the established prostate brachytherapy technique is expected. Additionally,
the robust method used in this study of registering the CT data according to the
anatomy and manually performing the seed matching is more rigorous than previ-
ously presented evaluations of prostate seed implant accuracy via orthogonal films or
automatic registration of the seed clouds [89, 91]. A favourable result of this study in
comparison with prostate brachytherapy evaluations was the lack of any systematic
displacements. Multiple prostate brachytherapy sector dosimetry studies have shown
systematic under-dosing of the prostate anterior base [92-94]. Seeds being pulled
toward the apex during implant, in part owing to needle drag [92], did not have an
analog in this study, and thus PBSI seed displacement seems to be more random and
unique to each individual patient.

The success of the PBSI procedure relies not only on the accurate placement
of seeds, but whether the seeds remain in the desired location over the course of
the delivery. Pignol et al. have observed an increase in the Vigg and Vg9 within
the PTV day 0 to day 60, likely due to the reduction of edema over time bringing
the seeds closer together [31, 95]. Later-date dosimetry will be influenced by seed
motion. Determination of how seeds migrate owing to factors such as recovery or
motion of the breast, and how migration relates to initial seed placement is left for
future exploration.

Continued technique developments in PBSI may provide improvements in seed
placement accuracy. The results of this study have shown significant contributions of
both random and systematic placement errors to the overall accuracy. As mentioned
above, biases associated with attempting to center the CT-planned implant on the US

visualized seroma could potentially be reduced by implementing co-registered 3DUS
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imaging into the planning procedure, thus allowing patient setup to be performed
using more analogous images. Random uncertainties were observed to be relatively
consistent among the different implants, and were particularly apparent in the depth
of needle insertion. Improved image guidance during the treatment delivery, similarly
to the well-established prostate brachytherapy techniques, may further reduce seed
displacements by providing precise needle and plan localization at depth. These
methods to potentially reduce systematic and random displacements are explored in

the following chapters.

4.5 Conclusions

Permanent breast seed implant brachytherapy seeds were found to be placed, on
average, 9 = 5 mm from their planned locations. No significant trends or systematic
errors were observed in the placement of seeds, including seeds implanted directly
into the seroma cavity. Even with the observed discrepancies in seed placement,
acceptable post-implant dosimetry was achieved.

Recorded differences in seed positions before and after implant appear to be re-
lated to both intra-patient systematic uncertainties and random placement errors.
Systematic displacements may be related to necessary adjustments made during the
implant procedure based on US guidance. The relationship between seed placement

and imaging in treatment planning are are explored in the following 2 chapters.
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Chapter 5

Incorporating 3D Ultrasound Into
Permanent Breast Seed Implant

Treatment Planning

The results from Chapter 4 indicated that systematic displacements occur that are
unique to each individual implant. These results are potentially related to setup
adjustments that are made during the implant since differences from the planned
setup position would result in global displacements of all implanted seeds. Treatment
setup is based on the visualization of the seroma in the OR, and therefore differences
between the planning CT and US guidance can potentially result in these displace-
ments. This study assesses the potential impact of such visualization differences
and assess the feasibility of incorporating 3DUS into the treatment planning pro-
cedure to reduce such uncertainties. Using spatially registered CT and US images,
the impact of standard planning methods on US-defined target volumes is quanti-
fied, as well as the potential impact of intra-operative adjustments by shifting the
plan to centre on the seroma visualized on US. Implementation of 3DUS into the
planning procedure to compensate for uncertainties in the visualization and the po-
tential effects on the treatment margins are explored. The presented study has been
adapted from the publication of this work by the dissertation’s author in Brachyther-
apy (doi:10.1016/j.brachy.2016.09.007) [96].
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5.1 Introduction

As discussed previously, the widespread implementation of PBSI may only be realized
through continued technique developments, resulting in a more standardized and
transferable procedure. The results from Chapter 4 have indicated that uncertainties
in the procedure exist which can potentially inhibit the accuracy of the delivery.
These uncertainties may be related to deficiencies in the current PBSI methods. It is
important to address the unique technical challenges of PBSI to enable this technique
to be widely adopted with confidence. One challenge in PBSI is the use of two different
imaging modalities within the treatment process: CT for treatment planning and
freehand 2D US for implant guidance [10, 32]. The target in treatment planning is
the post-lumpectomy seroma defined on CT, which is the clinical standard for partial
breast irradiation [5, 10, 62, 97, 98]. Seroma visualization also aids in the implant
procedure, where US imaging provides intraoperative guidance to ensure that the plan
is correctly positioned on the seroma. Inherent differences in the visualization of the
seroma on US and CT can result in variability in the size and shape when observed on
the two modalities, potentially resulting in deviation of their centroid positions within
the breast [36, 73, 86, 99]. Therefore, using these different modalities for planning and
delivery means the CT-based treatment plan may not translate directly to the OR
under US guidance without intraoperative adjustments [32]. Any such repositioning
of the implant relative to the seroma visualized under US guidance could affect the
dosimetry to the original target, planned on CT. Integrating 3DUS into the planning
process alongside CT may help to address this challenge by using the same imaging
modality for planning and intra-operative guidance.

3DUS has been shown to be a potentially useful addition to CT-based planning in
external beam partial breast radiation therapy, in part because of improved seroma
visibility and high inter-user consistency of contouring on US compared with CT [36].
However, its application and potential impact in PBSI treatment planning is currently
unknown. Through retrospective analysis of coregistered CT and 3DUS images, the
potential dosimetric effects resulting from planning and delivery using different imag-
ing modalities, because of the differences in seroma visualization between CT and
US, are evaluated. In addition, this study assesses the impact that the addition of

3DUS into PBSI treatment planning may have on the resulting treatment plans.
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5.2 Methods

5.2.1 Registered CT and US Images

Patient images and contours acquired by Berrang et al. [36] to assess the role of 3DUS
in treatment planning for partial breast EBRT were re-examined for this study, with
approval from the University of British Columbia Research Ethics Board. In this
previous study, for 20 consecutive early breast cancer patients, 3DUS imaging was
also performed at the time of CT, with identical patient positioning, using the Clarity
(Resonant Medical) ultrasound system described in Section 3.2.1. The tracked system
acquires US images in a shared coordinate system as the CT scan, allowing for implicit
registration of the images when acquired in the same patient positioning. Minimal
compression was used during US image acquisition to reduce breast deformation, and
registration of the image sets was validated by assessing the alignment of the skin
and chest wall in this previous study [36].

The CT and US seroma contours used in this study were consensus volumes defined
by Berrang et al. [36]. In the previous study, seroma contouring on the US and
CT images was performed independently by three radiation oncologists, blinded to
the corresponding image set, using standard clinical guidelines [36, 62]. Consensus
seromas were defined for each modality using the methods described in Section 3.2.3.
The three contours were overlayed and the middle contour was traced in order to
produce a volume representing an average delineated seroma. Based on the size and
location within the breast of the consensus seroma defined on CT, 10 patients (6
right and 4 left breast) were selected for this study. All eligible seromas had volumes
smaller than 30 cc and were less than 3 ¢m wide orthogonal to the needle insertion

direction to conform to PBSI criteria.

5.2.2 Contour and Treatment Plan Evaluation

The CT and 3DUS image sets complete with consensus contours were imported into
MIM Symphony for PBSI planning on CT. 3DUS contours were transferred to the
CT images using the implicit ridged registration between the image sets, as shown
in Figure 5.1. The consensus seromas contoured on CT and US were used to define
clinical target volumes CTVr and CTVyg, respectively. The CTVs were expanded
by 1.25 cm and cropped at the chest wall contoured on the CT and 5 mm from the

skin surface to create planning target volumes PTVor and PTVyg. PBSI treatment
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plans were generated following the standard planning procedure outline in Section
2.4.2. Treatment plans were created based on the CT volumes alone, as is standard
for clinical practice, using 'Pd seeds with 2.5 U activity and a 90 Gy prescription
dose. Planning goals included CTVor Vigo of 100% and PTVor Vig of greater than
95%, limiting PTV coverage to Viso < 70% and Voo < 25%, and dose over a 1 cm?
area of the skin margin to < 90% of the prescription [9, 63].

Figure 5.1: Fusion of CT and spatially registered 3DUS images. Consensus contours
CTVer (green) and CTVyg (vellow) are expanded by 1.25 cm to create PTVor (blue)
and PTVyg (pink), respectively, cropped to the chest wall and 5 mm from the skin
surface.

After plan creation and optimization, the plan was re-evaluated using the 3DUS
contours, which were transferred to the CT images. DVHs were computed for the
US-defined contours CTVyg and PTVyg, and the coverage of these structures was
evaluated to determine how CT-based planning, the standard PBSI procedure, pro-
vides coverage to volumes defined on US. In addition, correlations between the ob-
served differences in the size and position of the CT and US contours and the dose
differences between PTV 7 and PT Vg were evaluated.

The conformity index (CI), calculated as described in Section 3.2.3, was used to
quantify the agreement of the CT and US contours. Disparity in the CTV and PTV
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positions was also examined by calculating the differences in the centroid (center
of mass) positions. The mean centroid difference between imaging modalities was
calculated as well as the mean directional differences to identify any systematic offsets

in seroma visualization that may exist.

5.2.3 Simulation of US Guided Procedure

After CT-based treatment planning, the PBSI implant procedure uses freehand 2DUS
to guide needle insertion in the OR, as described in Section 2.4.2 [8-10]. The planned
fiducial entry position is initially marked on the patient’s skin based on the treatment
plan using measured distances from external landmarks [10, 32]. During the implan-
tation procedure, adjustments may be made to the entry point position to center
the fiducial needle in the seroma as visualized on 2DUS. To simulate this practice,
treatment plans were shifted by the calculated distance between CTV o and CTVyg
centroids to mimic any manual adjustment of the fiducial needle entry point based
on US guidance. The resulting mean relative change in coverage of CTVop, CTVyg,
PTVer, and PTVyg was evaluated to assess the potential influence of visualization-

based adjustments made in the OR on the planned dosimetry.

5.2.4 US Assisted Planning

One means to ensure adequate coverage of targets observed on both US and CT would
be to plan using a PTV defined by considering both imaging modalities. This was
tested by regenerating plans for each image set where the total volume encompassed
by the CT and US CTVs was contoured and defined as CTVgoripg, as shown in
Figure 5.2. CTVeryps was expanded by a 1.25 cm margin to create a planning volume
PTVerius, cropped at the chest wall and skin margins as mentioned previously. The
relative increase in volume from the original PTV or was calculated. Treatment plans
were created using the same PBSI planning procedure as the CT-based plans but
optimized to cover PTVr, g rather than PTV oy alone. Coverage of the modality
specific PTVs, PTVer and PTVyg, was also evaluated with the new plan. The
mean relative increase in the number of additional seeds and needles required to treat
PTVeriys compared to PTV o alone was calculated.

The effects of planning using PTV 7y on normal tissue dosimetry compared
to PTVer alone were also examined. The planned skin dose was determined by

calculating the Dga. to a 2 mm thick internal skin layer [63] for both PTV¢r and
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Figure 5.2: The total volume encompassed by CTVer (green) and CTVys (yellow)
is used to define CTVeryps (red) and resulting PTVeryps (blue).

PTVerips based plans, and the mean relative difference was assessed. In addition,

the differences in Vg9 and Vaoo within the breast were measured.

5.3 Results

5.3.1 Comparison of CT and US Contours

The volumes and positional differences for the evaluated CTVs are given in Table 5.1
The median (range) volumes of CTVor and CTVyg were 23.0 cc (7.9-38.4) and 20.8
cc (5.3-27.8), respectively. A strong positive correlation between volumes of the CT
and US CTVs was observed (r = 0.84, p = 0.003). In nine of the 10 cases, CTVr
was larger than CTVyg; median volume difference was 29.8% (4.5-69.9%). One was
5.5% smaller.

The CTVer and CTVyg generally exhibited low conformity, with a median CI of
0.51 (0.32-0.65) and difference (mean + SD) in centroid position of 7 + 3 mm. Mean
directional difference was 5 &+ 3 mm in the inferior direction and 1 & 3 mm in the
medial and anterior directions. The centroids of all CTVs were contained within the

CTYV of the other modality. No correlation was observed between the centroid shift
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Table 5.1: Volumes (SD) and positional differences of 10 consensus seromas evaluated
using US and CT. Centroid shifts represents the distance of the US seroma centroid
from the CT seroma centroid in standard ML AP SI coordinates.

Volume (cc) Centroid Shift (mm)
Patient | CTVyg CTVer | ML AP SI Total
1] 22(1) 23(7) | 52 28 39 71
2| 23(6) 38(5) |42 49 85 106
3] 21(4) 23(11) |28 -3.7 -10.2 11.2
41 16(8) 22(6) | 25 05 47 53
50 21(1) 26(1) |-1.0 -1.1 -29 33
6] 5(2) 8(2) |28 46 26 59
71 28(6) 31(4) |-09 1.9 -47 5.1
81 17(9) 16(5) |-1.7 21 60 6.5
9| 25(5) 32(3) | 57 -21 -3.8 72
10 13(2) 21(3) | 1.1 -06 -33 7.2
Mean 19.0 24.0 1.2 -0.7 -51 6.6
SD 6.5 8.5 3.2 29 35 2.6

Table 5.2: Volume and conformity indices of PTVs based on the seromas on US and

CT.
Volume (cc)
Patient | PTVys PTVer | CI

11958 99.2 0.76

2 | 141.0 177.7 0.58

3| 113.8 115.0 0.63

41 103.0 120.6 0.75

5] 86.2 93.8 0.82

6 | 58.7 72.7 0.67

7| 146.1 153.3 0.74

8| 85.4 97.2 0.69

9 | 106.5 132.2 0.67

10 | 75.0 97.5 0.75
Mean | 1154 101.4 0.71
SD | 31.3 274 0.07

As shown in Table 5.2, CT and US PTVs were observed to have substantially
improved conformity than the respective CTVs with a median CI of 0.72 (0.58-0.82).
Correlation between the volumes of the PTVs was also higher than the CTVs (r =
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0.93, p < 0.001). All PTVer were larger than PTVyg, but the relative volume
difference was much smaller than the differences in CTV size, 15.5% (0.7-30.0%), in
part because of the cropping of the PTVs. The mean difference in centroid position

between the PTVs was also 7 + 3 mm, and the directional differences were equal to
those observed in the CTVs.

5.3.2 PBSI Plan Dosimetry

Although plans were generated to cover CTV oy with Vigg of 100%, the CT-based
planning also, in general, resulted in good coverage of the CTVyg: median Vigy of
100% (97.0-100%). As shown in Figure 5.3a, the planned PTVor Vigo was 95.6%
(93.3-97.3%), and the resulting PTVg coverage from these plans was 91.5% (80.5-
97.9%). The mean relative difference in Vg9 between PTVys and PTVer was -5 +
6%, resulting in planned coverage of PTVy s being less than optimal (Vg9 <95%) in
7 of 10 plans.

LM

1 2 3 4 5 6 7 8 9 10
Case Number

Figure 5.3: CT-based Voo plan coverage to PTVor and PTVyg volumes.

Figure 5.4a shows how differences in visualization of the seroma can lead to a
portion of the PTVy g being under-dosed. Only weak correlations between the PTV
Vigo relative dose difference and CTV or PTV volume differences were observed.
However, strong correlations were seen between the dose difference and the difference
in centroid position of the CTVs (r = 0.75, p = 0.01) and PTVs (r = 0.77, p = 0.01),
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highlighting how a difference in the volumes’ positions impacts the coverage to the

different targets and can leave regions under-dosed in treatment planning.

5.3.3 Simulation of US Guided Procedure

Shifting the CT-based treatment plans to be centered on CTV g reduced the CTVer
V100 coverage in three cases (0.4%, 0.9%, and 8.3%) and maintained 100% coverage in
the others. Conversely, CTVys Vigg was increased in all cases where 100% coverage
was not already achieved. In one case, CTVyg Vigy decreased from 100% to 92.4%,
where a large portion of the contour extended toward the lumpectomy scar away from
the centroid of the seroma. Thus, CTVy g coverage was 100% in 8 of 10 plans (99.6%
in the other).

% Coverage

b 5 w 5 W ™ W ®mn 0 x5 @ % W m W B W
Dose (% of Prescription 306Gy) Dose (% of Prescription 90Gy)

Figure 5.4: (a) The isodose line representing the volume to receive 100% of the
prescription 90 Gy dose (green) planned and CT results in acceptable dosimetry to
PTVer (blue) but under-doses PTVyg (pink). (b) Shifting the plan to center on
the US seroma results in increased (and acceptable) coverage to the PTVy g, whereas
resulting in an unacceptable decrease in the dose received by PTV .
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Figure 5.5: (a) Resulting PTVer and PTVygs coverage after shifting the plan to
center of CTVyg and (b) the change to the coverage from the original plan

Figure 5.4b shows an example of how centering the CT-based plan to the CTVy g
can result in decreased coverage to PTVep while increasing coverage to PTVyg.
Figure 5.5a shows the PTV coverage following the treatment plan shifts. Such plan
shifts resulted in decreased PTV o coverage in all the patients, with a mean relative
decrease in Vygg of -10 + 8%, as shown in Figure 5.5b. However, Viog coverage to
PTVyg increased in 8 of 10 patients (mean 5 + 4%), with a 2.0% and 11.6% relative
decrease in the others. After the shift, only one plan had optimal PTVsr coverage
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(median 88.3%; range 76.1-95.5%), and 6 of 10 plans had optimal PTVyg coverage
(median 94.7%; range 79.4-98.8%), as shown in Figure 5.5a. The mean difference in
Do.2cc to the 2 mm skin layer from the original to the shifted plan was 3 + 45%; thus,

no systematic effect on skin dose was observed.

5.3.4 Assessment of 3DUS Assisted Planning

Planning the treatment using a PTV that encompasses the volume of both PTVgrp
and PTVyg resulted in a mean 9 4+ 6% increase in the volume of the PTV (Table 5.3)
and required a mean 7 £ 8% more seeds and 5 + 5% more needles (average of an addi-
tional 10 seeds and 2 needles). PTVerius Vigo was 95.5% (93.3-96.3%) and PTV ey
and PTVyg coverage was 95.9% (93.3-97.3%) and 97.0% (94.7-98.5%), respectively.
Achieving acceptable dosimetry in PTV r, g therefore resulted in adequate coverage
to the individual PTVor and PTV g volumes.

Table 5.3: The increase in the volume of the PTV (APTV) when planning on
PTVeripgs relative to PTVer alone, and the resulting increase to the skin dose
(ADg2.) and the total breast volume receiving 100% and 200% of the prescription
dose (Avlog and AVQO())

Patient | APTV (%) ADO.QCC (%) AV100 (%) AVQ()() (%)
1 13.3 22.9 10.1 9.5
2 13.1 0.9 12.1 7.6
3 21.7 314 19.6 14.7
4 5.9 8.2 -3.4 -4.8
5 5.6 2.9 14.1 6.3
6 8.1 -22.1 -1.2 4.9
7 12.1 67.5 15.0 18.9
8 0.6 5.3 -5.1 -3.0
9 12.1 -1.8 8.8 8.7
10 1.0 -0.2 -0.3 -0.7
Mean 9.3 11.5 7.0 6.2
SD 6.4 244 8.8 7.5

Expansion of the PTV resulted in additional dose to normal tissues. The median
Dg2ee to the 2 mm thick skin layer was 91.0% (57.1 - 108.3%) of the prescription
dose. The plans based on PTVr alone had median skin dose of 79.8% (54.0-99.6%),
representing a mean 11 £ 24% relative increase in the skin dose when planning on

PTVerius, shown in Table 5.3. The Vig and Vaoo within the breast also increased
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by a mean 10 £+ 12 cc and 2 + 3 cc, respectively (mean relative increases of 7 £ 9%
and 6 £ 8%).

5.4 Discussion

PBSI treatment planning is based on CT imaging because current clinical standards
define the target for partial breast irradiation as the post-lumpectomy seroma de-
lineated on CT, and CT provides a fixed coordinate system for treatment planning
[5, 10, 62, 97, 98]. Imaging the patient in the external beam treatment position, on an
angled breast board, with the ipsilateral arm supported in an abducted and extended
position allows for a treatment plan to be created with an optimal needle insertion
angle and fiducial needle entry point that can be reproduced when the patient is in
the OR. However, once the patient is positioned in the OR, the seroma is visualized
with US and, if necessary, the plan will be shifted slightly to provide accurate posi-
tioning with respect to the US-visualized seroma, while maintaining the same angle
of entry [32]. These adjustments potentially create the patient-specific seed displace-
ments during the treatment delivery which were observed in the previous Chapter
[60]. This study suggests that part of the reason this shift may be required is in
fact because of the different appreciation of the seroma on CT and US. Because the
CT-defined seroma is the clinical target, the plan cannot confidently be adjusted to
the seroma observed on US. However, the seroma that is observed in the OR cannot
be ignored if discrepancies from the plan exist. The dosimetric variations that arise
from seroma visualization and the potential impact of transferring the CT-based plan
to an US-guided procedure were investigated in this study. Several studies have as-
sessed the use of US to assist in seroma identification for external beam partial breast
irradiation and generally conclude US imaging to be a useful addition to the planning
procedure [36, 73, 86, 99-101]. To improve the efficacy of the PBSI treatment, 3DUS
can be implemented into the planning procedure to aid in identifying the seroma on
US before entering the OR and can be used to adjust the plan to target areas of
uncertainty resulting from seroma visualization.

CTVs visualized using CT and US were observed to have overall low conformity.
Differences in contour positions result in low conformity, but even cases with small
centroid differences lacked conformity because of the large volume differences and
thus small overlapping volumes. Despite the observed low CTV conformity, previous
work has shown that an average of 72% of the CTVyg is contained within CTVp
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[36] and is therefore located within the clinically relevant planning regions. The inter-
modality CI is limited by the accuracy of the image registration, which was previously
validated to be within 2 mm for all cases included in this study [36].

PTV contours did not suffer from the same lack of conformity, where the CI
of these contours was 0.73 (0.58-0.82) and a mean 49% higher than the CTV CIL
Improved conformity and smaller relative volume difference of the PTVs are expected
as cropping of the contours at the chest wall and skin eliminates the differences
between the two modalities in these regions. CT-based plans were therefore still
able to provide Vygy coverage greater than 95% to PTVyg in 3 of 10 cases but were
suboptimal in the others.

Systematic differences in seed placement relative to their planned positions within
individual patients were demonstrated in Chapter 4, implying that intra-patient off-
sets occur in the delivery [60]. Despite under-dosing PTVy g in treatment planning,
it is likely that the visualization of the seroma using US during the implant results in
the setup being shifted to the center of CTVyg rather than CTV o during implant.
Simulating this plan shift, as shown in Section 5.3.3, maintained acceptable coverage
in both CTVs in most cases. As expected, small decreases to CTV o were observed
as the plan was shifted away, resulting in small increases to the CTVy g dose. In one
case, the original treatment plan conformed to the changes in the skin contour near
the lumpectomy scar. When the plan was shifted to centre on CTVy g, away from the
skin, a portion which extended towards the scar was left outside of the 100% isodose
region. Changes to PTV coverage were much greater than the CTVs, coverage of
PTVer was reduced in all cases by a mean 10 + 8%. Conversely, the shift resulted
in an increased PTVyg coverage in 8 of 10 implants.

To ensure adequate dose to the target volumes defined by both US and CT, this
study showed that the total encompassing volume of PTVery s could be treated
to achieve acceptable coverage in both PTVsr and PTVyg. Creating a plan on the
increased volume only required one to two additional needles and an average of 10
more seeds, a small increase relative to the mean 26 needles and 119 seeds used in
the CT-based plans. The mean 9% increase in volume from PTVor to PTVerips
resulted in 5 of 10 plans over the 120 cc PTV limit [10]. However, volumes used
for planning in this study were generally much larger than those observed in actual
PBSI treatments (mean 115 cc vs. approximately 60 cc [9, 35]), and therefore similar
relative volume increases would not be concerning for average PBSI PTVs. The mean

6% (2 cc) increase in Vg is small relative to the 20-30% PTV Vg planning target,
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but skin dose increased by a mean 11% resulting in 6 of 10 plans exceeding the target
90% of the prescription to a 1 cm? area [63]. The increase was a direct result of a
greater surface area of PTV adjacent to skin for the expanded volume, PTV ey ps.
Planning the treatment on the combined volumes, although feasible, represents an
upper limit of how dosimetry may change when implementing 3DUS into the planning
procedure. Although this method has shown to be acceptable in this retrospective
planning study, more extensive analysis into the appropriate application of 3DUS in
PBSI planning is required.

Partial breast irradiation aims to reduce the irradiated breast volume, relative
to whole breast irradiation, by treating only the lumpectomy cavity and adjacent
margins where the risk of recurrence is greatest [27, 61, 102-104]. The margins used
to define the PTV beyond the seroma visualized on CT for APBI range from 0 to
3 cm in various studies and techniques, with a general consensus within the 1-2 cm
range [7, 10, 27, 51, 103-105]. The PTVs in this study were defined as a 1.25 cm
expansion of the seroma contour. Increasing the margins to 1.5 and 2 cm would result
in mean 9 + 6% and 47 + 14% larger PTVs than PTVr, g, respectively, and thus
PTVerips is not unacceptably large compared with clinically accepted margins.

PBSI stands to benefit from improved 3DUS procedures for both treatment plan-
ning and image-guided delivery, but such integrated US tools for breast are not yet
widely available. Although this study has shown that the differences in seroma vi-
sualization can result in intra-operative shifts of the treatment plan, with potential
dosimetric effects, the true impact of the differences between the two modalities on
seed placement accuracy in the PBSI procedure has not been determined. A prospec-
tive evaluation of CT and US seroma visualization and the relationship to seed place-
ment accuracy in PBSI patients may highlight specific factors in treatment planning
which predict for inaccuracies in the delivery and is examined further in the following

chapter.

5.5 Conclusion

Inherent differences in the visualization of the seroma on CT and US have dosimetric
effects in the PBSI procedure. Planning PBSI treatments using CT alone to define
target volumes can result in under-dosage of the target volumes observed on US. In
addition, a positional difference of the seroma centers between the two modalities,

resulting from the visualization, reduces coverage to the CT-defined targets when
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adapting the plan to an US guided procedure. Implementing 3DUS into the plan-
ning procedure can potentially be used to compensate for the differences in seroma

delineation.
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Chapter 6

Identifying Impact of Seroma
Delineation on Seed Placement

Accuracy

The previous two chapters have quantified the seed placement accuracy in PBSI
and evaluated the potential impact of visualization differences between CT and US
in treatment planning. The intra-patient systematic displacements observed during
this analysis may be related in part to such visualization differences. This chapter
prospectively evaluates the impact of seroma delineation on seed placement accuracy
to quantify the effects of visualization on the PBSI procedure. At the time of the
planning CT scan for prospective PBSI patients, 3DUS images were acquired. The
seromas on CT and US were delineated by multiple users to quantify the visualiza-
tion and differences between the two modalities and the relationships between these

metrics and the seed placement accuracy is evaluated.

6.1 Introduction

Accurate seroma delineation for APBI treatment planning is critical to accurate target
definition and, thus, successful treatment [6, 98, 106]. PBSI brachytherapy delivery
accuracy may be particularly sensitive to seroma delineation uncertainties as it is
pre-planned using CT imaging [5, 10, 97, 98] and uses ultrasound (US) for implant
guidance [10, 32]. Variability in seroma delineation in APBI treatment planning on

CT has been observed and shown to be associated with clarity of seroma visualization
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(62, 76, 77, 105, 107]. Additionally, it is well established that seromas observed on
CT vary in size and shape from those observed on US as demonstrated in Chapter 5
(36, 73, 86, 96, 99]. Both effects may influence PBSI delivery accuracy by requiring
unplanned intra-operative adjustments to adequately treat the target as observed
during the treatment.

The study presented in Chapter 5 showed that inter-modality differences in seroma
definition leads to different target centroid positions [96]. As PBSI seed distributions
are centered on a fiducial needle inserted at or near the target centroid, it is hy-
pothesized that these inter-modality differences may contribute to the observed seed
placement uncertainties in PBSI, demonstrated in Chapter 4 [60]. This study prospec-
tively evaluates the relationship of seed placement accuracy in PBSI with both the
differences in target definition between the two modalities and seroma delineation
variability. By identifying factors related to seroma delineation which may predict
for seed placement uncertainties, the accuracy and confidence in the procedure may

be increased.

6.2 Methods

6.2.1 Patient Selection

Early-stage breast cancer patients are considered for PBSI after meeting the estab-
lished eligibility criteria described in Section 2.4.1. The patients in this study were
greater than 60 years of age with low risk Stage 0 or 1 breast cancer, clear margins
and visible seroma less than 3 cm in diameter [9, 60, 63]. Ten patients who received
PBSI at CCSI were included in this study (4 left, 6 right breast) to prospectively ac-
quire and evaluate 3DUS images independently of the regular treatment procedure.
Participation was approved by the University of British Columbia Research Ethics
Board and patients provided informed consent to have 3DUS imaging performed at

the time of their planning CT-simulation.

6.2.2 Image Acquisition

The Clarity US system used for image acquisition for the study presented in Chapter
5 was used here to acquire 3DUS images for PBSI patients. As discussed in Section

3.2.1, the infrared imaging system tracks the location of the US transducer as it
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is swept freely across the breast such that, when acquired in the CT setup, the
reconstructed 3DUS volumes share a coordinate system with the CT scanner and
registration between CT and US images is implicit. The US system was calibrated
daily prior to each imaging session and US localization was accurate to within 1 mm
directionally, consistent with the system’s expectations [75].

As for the standard clinical procedure, patients were positioned in CT on an
angled breast board with the ipsilateral arm in an abducted and extended position,
as for CT simulation. The seroma was initially assessed for visibility and suitability
for implant using 2DUS to determine seroma size, depth, and approximate location.
If deemed potentially eligible for PBSI, the CT scan was performed. The patient
was instructed to remain still after the CT and the 3DUS scan was performed within
2 minutes to ensure identical positioning. US images were acquired by a skilled
radiation oncologist using coupling gel and minimal breast compression to reduce
deformation. Multiple scans were acquired in different sweeping directions to ensure
acquisition of a high-quality image without loss of contact. The co-registered images
were transferred to MIM Symphony. PBSI treatments were planned and delivered
using the standard clinical procedure and equipment (Section 2.4.2), without the aid
of the 3DUS images.

6.2.3 Seroma Assessment

Independently of treatment planning, seromas were contoured on the CT and US
images by three radiation oncologists specialized in breast radiation therapy. The
individual users were blinded to corresponding image sets and to other users’ contours.
Seroma contouring was performed using the standard clinical guidelines described
in Section 3.2.3, defining the seroma by the evident dense region on CT and the
dark anechoic region and surrounding hypoechoic wall on US [36, 62]. The treating
oncologist repeated the contouring on CT twice more at different times, blinded to
the previous contours, to quantify the intra-user variability and further assess the
confidence in the defined clinical target. In all cases, consensus contours, CTV o and
CTVyg were defined on CT and US, respectively (Figure 6.1), from the 3 individual
contours by selecting the median contour as described in Section 3.2.3 [36, 96].
Intra-user, inter-user, and inter-modality variations in seroma delineation were
quantified by their conformity indices, calculated using the methods described in

Section 3.2.3. Intra-user Cls were assessed on CT alone, as US is not used in the
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Figure 6.1: Seromas contoured by multiple users independently on CT and US (blue,
purple, yellow) are used to create consensus volumes CTVer (cyan) and CTVyg
(green), and fused using the implicit registration of the 3DUS system.

planning procedure, and the inter-user CI was calculated on both imaging modalities.
Inter-modality differences were assessed by transferring CTVyg to the CT images
using the implicit registration of the 3DUS system (Figure 6.1). The volumes, centroid
positions, and CI of the consensus seromas were recorded and any differences between
CTVer and CTVygs were evaluated. Additionally, the percent volume of CTVyg

contained within CTVr, and vice versa, was assessed.

6.2.4 Relationship Between Seroma Delineation and Seed

Placement

Following the implants and standard post-implant dosimetry verification, the day-0
CTs were analysed to evaluate the differences between the planned and implanted
seed positions using the methods described in Section 3.1 [60]. The same registration

procedure, using a 1 cm ROI around the planning and post-implant seromas, used
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for the study in Chapter 4 was performed to align the image sets. The resulting
transformation matrix was applied to the post-implant seed positions, which were
then paired to their planned positions using the seed matching process (Section 3.1.2)
to evaluate the seed displacements.

For each patient, several metrics of seed displacement were calculated: the mean
total displacement, directional displacements, the systematic displacements, and the
random displacements. The mean total displacement of all implanted seeds was de-
termined to quantify overall seed placement accuracy for each implant. Directional
displacements, assessed as the mean placement differences in the ML, AP, and SI
directions imply intra-patient shifts in seed displacement, as described in Chapter
4. The norm of these directional shifts, and the resulting residual displacements ap-
proximated the systematic and random components of the seed placement accuracy,
respectively (Section 3.1.3).

Associations between variability in seroma definition and seed placement accuracy
were examined by assessing the correlations between the intra- and inter-user Cls and
the total seed displacements. Differences in the centroid positions between CTVrp
and CTVyg were compared to the directional displacements. The impact of the
agreement between the two imaging modalities on total seed placement accuracy was
also assessed by the correlations with the inter-modality CI, and the volume difference
of CTVer and CTVyg.

Analysis was repeated using the systematic displacements only to assess the rela-
tionship between seroma definition and the intra-patient systematic displacements in
the delivery. Similarly, the effect of the seroma delineation on the random displace-
ments was evaluated. Correlations between all metrics were analysed using Pearson
correlation statistics to establish whether seroma delineation differences could predict

for larger seed displacements.

6.3 Results

6.3.1 Seroma Delineation Analysis

The median (range) intra-user CI was 0.60 (0.46-0.72). Inter-user CI were 0.46 (0.38-
0.58) and 0.50 (0.29-0.67) on CT and US, respectively, in accord with previously
observed results using the Clarity system [36]. Seroma contours on US had higher

inter-user CI than CT in 6 out of 10 cases (equal in 1), shown in Table 6.1. Similar
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to those in Chapter 5, consensus seroma volumes varied widely between CT and US;
median CTVer and CTVyg volumes were 7.2 cc (3.8-13.0 cc) and 2.7 cc (0.5-6.4 cc),
respectively. CTVyg was smaller than CTVer in every case, with a mean (£SD)
volume difference of 68 + 12% (p < 0.0001). The delineation differences between the
two modalities resulted in apparent positional differences, with a mean magnitude
difference in centroid location of 8 &+ 3 mm. Mean medial, anterior, and inferior
directional differences in centroid position (CT to US) were 2 + 5 mm, 2 + 4 mm,

and 4 + 5 mm, respectively.

Table 6.1: The volumes (SD) of consensus contours and the inter-user CI on CT and
US for the 10 cases in this study.

CT US
Patient Volume (cc) CI  Volume (cc) CI
1] 13(2) 058  6(2) 054
2|  6(1) 043  2(1) 048
30 4(1) 048  1(1) 029
40 72 045  2(1) 0.45
50 7)) 039 2(1) 049
6/ 12(5 038  3(1) 050
71 11(3) 053 3(1) 052
8| 6(2) 044  1(0) 049
9ol 102 056  5(1) 059
10|  8(2) 049  3(0) 067

Inter-modality CI, determined from CTVgr and CTVyg, was only 0.14 (0.11 -
0.29). This low conformity was, however, due primarily to the large volume difference
between the contours, as a mean of 67 = 20% of CTVy ¢ was contained within CTV o,
opposed to a mean 20 + 8% of CTVr contained within CTVyg. For example, Figure
6.2 shows CTVys completely contained within CTVer with only 3 mm centroid
difference, but the 85% volume difference results in a CI of only 0.14.

6.3.2 Seed Placement Accuracy

Seeds implanted for the entire 10 patient cohort (701 total) were placed a mean 10 + 5
mm from their planned locations, with individual seeds placed between 0 and 31 mm,
which is consistent with the results obtained in Chapter 4 [60]. As shown in Figure 6.3,
mean directional displacements in the AP and SI directions were 1 + 6 mm and 1 + 4

mm, respectively. A small offset in the ML directional distribution is observed (mean
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Figure 6.2: Image fusion shows low conformity between two imaging modalities that
can result despite CTVyg (cyan) being entirely contained within CTVer (green).
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Figure 6.3: Histograms of the total and directional (ML, AP, SI) differences in the
planned and implanted seed positions for all seeds in the 10 implants.

3 £+ 7 mm), as seen by the large amount of seed displaced in the lateral direction.
Individual implants’ total seed displacements ranged from 7 + 2 mm to 12 £+ 6 mm.
Intra-patient directional displacements were observed, implying global offsets in the
delivery, and ranged from -9 to 3 mm in the ML and AP directions, and from -2 to

6 mm in the SI direction. Across all implants, mean systematic displacement was 6
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4+ 3 mm, while mean random displacement was 7 & 1 mm, as shown in Figure 6.4.
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Figure 6.4: The total seed displacement for each implant and the corresponding
random and systematic components of the displacements.

6.3.3 Correlations Between Delineation Differences and Seed

Placement

No significant correlations between the intra-user CI and the total seed displacement
was observed (r = 0.11, p = 0.75). Inter-user US CI also did not correlate with total
seed displacement (r = 0.25, p = 0.48). However, as shown in Figure 6.6a, a strong
correlation was observed between total seed displacement and the inter-user CI on
CT (r =0.74, p = 0.01).

Total seed displacements were not significantly correlated with the difference in
centroid position of CTVer and CTVyg (r = 0.46, p = 0.18) (Figure 6.5a), and there
was no observed association between directional seed displacements and directional
differences in centroid position between the two modalities. Similarly, no correlation
between the total seed displacement and inter-modality CI was observed (r = 0.32,
p = 0.36), as shown in Figure 6.5b. Although low conformity of the consensus seromas

did not associate with larger displacements, a moderate correlation was observed be-
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Table 6.2: Correlation of seroma delineation metrics with the total, systematic, and
random seed displacements. Significant correlations are highlighted in bold.

Total Systematic ~ Random

r P r P r D

Intra~user CI (CT) | 0.11 0.75 0.34 0.34 0.43 0.21

Inter-user CI (CT) | 0.74 0.01 0.67 0.03 0.19 0.61

Inter-user CI (US) | 0.25 0.48 0.51 0.13 0.38 0.28
CTVer-CTVyg Position (mm) | 0.46 0.18 0.43 0.21 0.22 0.54
CTVer-CTVys CI| 032 036 0.33 035 0.06 0.87
CTVer-CTVys Volume (%) | 0.65 0.04 0.64 0.05 0.18 0.62

tween total seed displacement and the volume difference between CTV o and CTVy g
(r = 0.65, p = 0.04), shown in Figure 6.6b.
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Figure 6.5: Relationship between the total seed displacement and (a) the difference
in the centroid positions of CTV¢r and CTVyg and (b) the inter-modality CI.

Similar relationships between the seroma visualization uncertainties and the total
seed displacements were also observed with the systematic components of the seed
displacements. Intra-user CI on CT and inter-user CI on US, as well as the inter-
modality CI and centroid differences were not observed to be significantly correlated
with systematic component of the displacement, as shown in Table 6.2. However,
systematic displacements were significantly correlated with the inter-user CT CI (r =
0.67, p = 0.03) and the volume difference between CTVor and CTVyg (r = 0.64,
p = 0.05) (Figure 6.7). Conversely, there was no correlation between the random

component of seed displacement and inter-user CI (r = 0.19, p = 0.61) or volume



difference (r = 0.18, p = 0.62).
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Figure 6.6: Relationship between the total seed displacement and (a) the inter-user
CI of seromas contoured on CT and (b) the volume difference between CTVr and

CTVUS.
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Figure 6.7: Relationship of the random and systematic components of the seed dis-
placements with the (a) inter-user CI of the seromas contoured on CT and (b) the
volume difference between CTV e and CTVyg.

6.4 Discussion

PBSI is subject to several unique technical factors which can make the procedure
challenging and inhibit adoption and implementation of the technique. One such
factor may be related to deficiencies in imaging. Subjective interpretations of the

target, specifically the seroma in the breast, potentially increases user-dependence
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of the procedure and can introduce uncertainties in the delivery. Like other APBI
techniques, the success of the PBSI procedure relies on accurate delineation of the
seroma [5, 97, 98]. Target volume delineation is performed on CT and during the
delivery the seroma is visualized on US to guide the implant and to potentially adjust
the needle positions based on the intra-operative visualization. While small physical
changes in the seroma likely occur from planning to implant [61, 98, 108], additional
factors leading to these adjustments may be uncertainties in seroma delineation in
treatment planning and the inherent seroma visualization differences between CT and
US. In the clinical experience at CSI, such adjustments are sometimes necessary to
adequately treat the volume observed during the procedure. However, as shown in
this study, uncertainties in seroma delineation itself may influence differences between
the planned and implanted seed positions.

Variability in seroma contouring was observed between imaging modalities, multi-
ple observes, and even within a single user. The inter-user variability in seroma con-
touring observed was consistent with similar visualization studies [36, 62, 76, 77, 105,
107]. This was despite the significantly smaller volumes used in PBSI than in other
forms of APBI, with a median CTV 7 volume of 7.2 cc compared to, for example, 32
cc and 49 cc observed by Berrang et al. [36] and Petersen et al [76], respectively. How-
ever, the inter-modality (CT to US) conformity, 0.14 (0.11-0.29), was much smaller
than observed for the volumes examined in Chapter 5 where inter-modality confor-
mity was 0.51 (0.32-0.65) [96]. Given differences in centroid positioning were similar
(7 mm) in the two studies, the lower inter-modality CI observed in this chapter can
be attributed to the small PBSI volumes since contour discrepancies translate into
larger relative volume differences and lower CI for smaller volumes.

The implants analysed in this study had total seed placement accuracy that was
consistent with evaluations of independent cohorts, such as in Chapter 4 [60, 109].
Figure 6.3 shows no significant trends in the directional displacements across the
cohort and Figures 6.4 and 6.7 show that the random displacements are consistent
between implants. Thus, differences in the accuracy of seed placement observed be-
tween implants results primarily from the systematic component of the displacements.

The systematic seed displacements for each implant significantly correlated with
the inter-user conformity of seroma contouring on CT (Figure 6.6a). Therefore, the
precision with which the target can be defined in planning does appear to influ-
ence seed placement accuracy. Similarly, the volume difference between CTVyg and

CTVer was significantly correlated with the systematic displacements. Although
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these are not causative relationships, as the uncertainty in target definition and the
differences between the seromas on CT and US increase, larger intra-operative ad-
justments may be required to treat the volume observed during implant, therefore
increasing the magnitude of systematic seed displacements. In contrast, the inter-
user CI of seromas defined on US did not correlate with the seed displacements, nor
did intra-user conformity.

The results from Chapter 4 and 5 suggested that apparent positional difference
of the seroma centroid observed on US and CT, resulting from inherent visualization
differences [36, 73, 86, 99], could result in plan shifts during delivery, equivalent to the
CTVer-CTVyg centroid differences [60, 96]. However, correlations between total and
directional seed displacements and the inter-modality centroid position differences, in
either magnitude or direction, were not observed in this study, indicating that the
shift in centroid position between modalities does not capture all of the decision
process in making intra-operative adjustments to PBSI plans.

In Chapter 4 it was demonstrated that total seed displacements of less than ap-
proximately 11 4+ 4 mm were more likely to result in implants where target dosimetry
goals (ETV Vygy >90%) were met [60]. Similar results were observed in this study,
with 8 of the 10 implants achieving the ETV coverage goal. Two of the 3 implants
with displacements greater than 1.1 cm had ETV coverage of 86 and 71%. This study
has also shown that low inter-user CI on CT is associated with increased total seed
displacements and that all implants with total displacement above this threshold had
inter-user CI of less than 0.45. It is well established that as both seroma clarity
and seroma volume decrease, so dose the inter-user CI of CT-contours [36, 77, 105].
This second factor is particularly relevant to PBSI as the treatment is limited to
seromas with an equivalent sphere diameter of less than 3 c¢m [10], making PBSI
seromas smaller than those selected for other forms of APBI [36, 76]. These factors
all motivate improved delineation of the seromas for PBSI planning. 3DUS seroma
delineation variability does not appear to be affected by many of the factors that
confound CT delineation [36], particularly seroma size. Ultrasound-based delineation
has been shown to be useful in localizing the tumour bed for external beam APBI,
especially in cases with poor CT-seroma clarity [36, 99]. Thus, implementation of
3DUS into the planning procedure can mitigate factors contributing to delineation
uncertainties and may therefore increase seed placement accuracy [36, 96, 99].

While uncertainties in the seroma delineation have been shown to correlate with

the systematic component of seed displacement, total displacements are equally af-
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fected by random variations in seed placement. Random displacements can result
from needle deviations due to the beveled tip, tissue motion during the implant, or
seed deposition inaccuracies, such as when greater than normal force is required to
dislodge the seeds from the needle. Improved techniques for treatment delivery are
required to reduce the magnitude of these random errors. Implementation of a 3DUS
guidance system for the implant with a template projected at depth, analogous to that
available for prostate seed implants, could be used to track the needle positions during
insertion, relative to their planned positions and surrounding anatomy, thus allowing
for corrections to be made before seeds are deposited. Such a system could also be
useful in assisting in treatment setup, and could serve to improve the overall accu-
racy of the PBSI procedure beyond the systematic uncertainties relating to seroma
delineation. An initial investigation of the potential benefits of an intra-operative

guidance system for PBSI is described in the following chapter.

6.5 Conclusion

Uncertainties in seroma delineation, quantified by the variability in contouring on CT
and inter-modality differences, can impact the accuracy of seed placement in PBSI as
they are significantly correlated with patient specific systematic seed displacements.
Random errors in seed placement are independent of factors in target delineation and
may only be reduced through improved implant techniques, as will be described in
Chapter 7. Efforts to improve seroma visualization in PBSI and to reduce visualiza-
tion differences between planning and implant should be pursed to improve implant
accuracy and confidence in PBSI. As described in Chapter 5, 3DUS may be imple-
mented in the planning procedure, thus allowing for improved target delineation and

providing analogous images for the different phases of the procedure.
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Chapter 7

3D Ultrasound Implant Guidance
System

The results presented in Chapters 4 and 6 have shown that random seed displace-
ments occur during PBSI delivery, independent of systematic uncertainties relating
to visualization. These random uncertainties can contribute significantly to some of
the inaccuracies that may be observed. This chapter presents work to explore the po-
tential benefits of improved image guidance in the PBSI procedure to reduce random
uncertainties in PBSI delivery. A novel 3DUS scanning system designed specifically
for PBSI, described in Section 3.3.1, is validated for use in needle guidance. The
uncertainties associated with needle insertion are defined, and the accuracy of the
registration between the treatment template and the imaging volume is evaluated.
The potential benefits of implementing 3DUS into the implant procedure is assessed
through an implantation of seeds into a phantom and comparing the accuracy to an

implant performed following the standard clinical procedure.

7.1 Introduction

As discussed in Chapters 4 and 6, PBSI is susceptible to random errors in the delivery
which can reduce implant accuracy and potentially increase user dependence and
impede the adaptability of PBSI. The current PBSI procedure involves setting up
the implant and inserting loaded needles into the breast through the pre-planned
template positions with the aid of free-hand 2DUS. Successful delivery relies on the

ability to accurately deposit the seeds close to their planned locations. The previous
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chapters assessed how the differences in visualization of the seroma from planning
to implant may result in intra-operative adjustments being made to the setup. Such
adjustments can potentially contribute to the observed displacements of the seeds
from their planned positions, although a significant component of the displacements
was shown to be related to random uncertainties in the placement of seeds.

Unlike in prostate brachytherapy (Section 2.3.2), PBSI currently lacks advanced
image guidance. The reliance on free-hand 2DUS requires needles to be inserted using
only subjective appreciation of the limited observable anatomy. There is no virtual
representation of the template at depth for needle targeting, making it challenging to
ensure that needles are inserted to their planned positions, especially for peripheral
needles where no spatial information from the seroma or fiducial needle is available.
The lack of spatial information within the imaging volume may lead to needles being
misdirected and random deviations may not be realized until after the implant is
complete. Without a method to guide the implant and assess the quality during the
procedure, PBSI is susceptible to user errors which can affect the accuracy of the
treatment.

Errors related to the random seed displacements may be reduced by incorporating
improved image guidance into the PBSI procedure. Improvements to the implant
technique using advanced image guidance may improve the accuracy of the procedure
and facilitate implementation. This study assesses a novel 3DUS scanning system
specifically designed for PBSI implant guidance and investigates the potential impact
on seed placement accuracy. The reconstruction of the system is validated and the
accuracy of the registration of the PBSI template to the imaging system is evaluated.
Through assessments of needle insertion accuracy into phantoms and examining the
accuracy of seed placement relative to implants guided using the standard free-hand
2DUS technique, the potential benefits of 3DUS image guidance can be quantified

and serve as a benchmark for clinical implementation.

7.2 Methods

7.2.1 3DUS Scanning System

The 3DUS scanning system that was used in this study was described in Section
3.3.1. In brief, the US transducer is mounted to the system which mechanically

translates the probe and acquires images at known positions. Based on the scanning
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geometry and positional information, the images are reconstructed into a 3D volume.
The accuracy of the reconstruction was previously validated by the developers, as

described in Section 3.3.2 [78].

e ———"

Figure 7.1: (a) Image of a sphere embedded in a solid phantom, automatically seg-
mented, and (b) the reconstructed segmentation in 3D.

Commissioning of the 3DUS scanner was performed to ensure reconstruction ac-
curacy of the system was consistent with the developer’s specification, using the
methods described in Section 3.3.2. Linear measurements of a grid of nylon strings
spaced 10 mm apart, submerged in a glycerol-water solution, imaged with the system
were performed to validate the linear reconstruction accuracy. A total of 160 distance
measurements were manually performed in each direction, 20 at 8 different scanner
depth settings ranging from 30 to 80 mm. Volumetric reconstruction was validated
by imaging a sphere (diameter of 35 mm) composed of agar and glycerol embedded
in a solid phantom. The sphere was segmented using the system’s semi-automatic
segmentation software (Figure 7.1) and the reconstructed volume was compared to

the physical measurement.

7.2.2 Template Registration Evaluation

Registration of the template with the scanning system is performed by measuring
the location of points with a localization arm and transforming the positions into the
imaging coordinate system, as descibed in Section 3.3.1. By registering the location

of the template relative to the scanning volume, the virtual template positions can
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be displayed throughout the image to provide needle insertion guidance. In order
to facilitate registration of the clinical PBSI template, a registration plate was con-
structed to provide points for the localization arm to detect, shown in Figure 7.2. The
registration plate contains 1.3 mm pins at positions 27.5 mm and 37.5 mm vertically
and laterally, respectively, corresponding to the corner positions of the template. The
pins can therefore be used to fix the registration plate to the template at a known
and reproducible position. Divots were precisely machined into the registration plate
(2 on each the top and left side) such that when the localization arm is positioned
at each divot location the coordinates of the centre of the spherical tip are known
relative to the centre of the face of the template. The registration process from the
template coordinates to the imaging coordinates described in Section 3.3.1 is then

performed in order to display the template positions in the 3D image.
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Figure 7.2: (a) Registration plate used for localize the template with the scanning
system. Divots for the localization arm’s spherical tip are machined at precise loca-
tions relative to the center and pins in the corner fix the plate to the PBSI template.
(b) Schematic of the registration plate.

Validation of the template registration process using the registration plate was
performed to ensure accurate extrapolation of the template positions in the image.
In order to evaluate the position of the virtual template positions in the imaging
volume relative to the actual positions, a QA jig was constructed which positions
the scanner orthogonally to the template plane. The face of the QA jig had holes

machined with the width of the fiducial needle in precise locations corresponding
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to 8 template grid positions and could accommodate the registration plate as if the
template was positioned in front of it. The registration plate was placed on the
front face of the jig and the localization arm was used to measure the location of
the divots and perform the registration (Figure 7.3a). To assess the registration,
needles were inserted through the jig in a liquid medium (to prevent deformation),
thus representing a straight line from the template plane into the imaging volume
(Figure 7.3b). Plastic sleeves on the needles were positioned in order to achieve known
and consistent implant depths. The needles were imaged in a solution of water and

isopropyl alcohol (7.25% by volume) to achieve a speed of sound of ~1540 m/s [82]

in order to produce accurate localization of the needles in the imaging volume.

-

Figure 7.3: (a) The registration plate on the face of the QA jig used to localize the
virtual template position. (b) Needles inserted through the QA jig at various positions
into the imaging volume. Sleeves on the needles ensure consistent insertion depth.

The needles in the images were segmented using the automatic segmentation tools
in the 3DUS software (Figure 7.4) and compared to the virtual template positions.
The trajectory separation, measured as the mean distance from the segmented needle
to the template position across the length of the needle, was determined as well as

the angular separation between the two trajectories (A#) calculated by

N.-T
Af = arccos (ﬁ) (7.1)
NI

where N and T are the vectors of the needle and template trajectories being compared

[53]. Additionally, as needles were inserted to known distances from the QA jig face,
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the position and depth of the needle tips were compared to the expected position

based on the coordinate transformation.
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Figure 7.4: (a) Virtual representation of the template in the QA jig geometry. Needles
(red) are inserted into the template positions highlighted in blue. A segmented needle
(purple) relative to the template position (blue) (b) along the length of the needle
and (c) in a 3D visualization.

Registration of the template positions within the imaging volume was further
validated using the clinical PBSI template in 3 different orientations relative to the
scanner: orthogonally and 9 cm from the scanning center (Orthogonal), at a 5° angle
in the insertion direction and 12 ¢cm distance (Tilt), and 13° insertion angle and 10 cm
distance with 10° lateral angle and 4° rotation in the template plane (Oblique), shown
in Figure 7.5. The template was submerged in the isopropyl-water solution and the
scanner was mounted at the liquid’s surface. The registration plate was fixed to the
template face and the localization measurements performed. The registration plate
was removed and needles were inserted into several of the template holes. Needles
inserted through the central holes were of the same design as the fiducial needle, and
could be locked into place using the mechanisms of the template. Needles in the other

template positions were the beveled needles used for seed deposition. Needles were
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subsequently imaged, segmented, and compared to their respective virtual template

positions to assess the accuracy of the template visualization.

Figure 7.5: The template positioned in the (a) Orthogonal, (b) Tilt, and (c) Oblique
positions relative to the scanning volume. The scanning plane represents the central
slice of the 3DUS reconstruction, and the red sphere is at the center of the imaging
volume.

7.2.3 Needle Insertion Characterization

In order to characterize the magnitude of the random uncertainties that may occur
in needle insertion and assess the potential benefits of the 3DUS guidance system on
placement accuracy, needle insertions were performed in an anthropomorphic breast
phantom (Blue Phantom, CAE Healthcare, Sarasota, FL). The scanning system was
positioned on the breast phantom, ensuring good contact of the TPX plate and the
phantom surface, and the template was fixed on the lateral side, as for real implants
(Figure 7.6). The template registration was performed using the registration plate,
and needles were subsequently inserted into the phantom without the assistance of
the 3DUS guidance by a non-expert user. 3DUS images were acquired of the needles
after they had been inserted and their resulting positions relative to the extrapolated
template positions were evaluated. Based on a qualitative assessment of the imaged
needles relative to their planned template positions after the scan, the needles were
retracted and re-inserted in order to attempt to improve the accuracy of the insertion.
After re-insertion, the needles were again imaged and their accuracy evaluated relative
to the template position. The reduction in the insertion error from the original
insertion with no guidance to a single re-insertion with the assistance of the guidance

were assessed by comparing the trajectory separations.
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Figure 7.6: Registration of the scanning system with the PBSI template before inser-
tion into an anthropomorphic breast phantom.

7.2.4 3DUS Guided Seed Placement

The overall effect of improved image guidance on the seed placement accuracy was
evaluated by implanting inert seeds into phantoms with and without the aide of the
3DUS guidance system. The phantoms were blocks (13x12x10 c¢m) composed of
agar and glycerol (80 mL and 35 g per L of water, respectively) to achieve a speed
of sound of ~1540 m/s, as described in Section 3.3.2 [78, 81]. For contrast, 12 g
of psyllium hydrophilic mucilloid fiber was added per litre of solution [74]. The
phantoms were created by pouring the agar solution into a mold, letting it solidify,
and then pouring another layer in order to create a boundary region which could aide
in implant guidance, similar to how the seroma is used to guide the implant depth in
PBSI. A CT scan of the phantoms was performed to create an implant plan (Figure
7.7).

A treatment plan, resembling a clinical PBSI plan, was created following the
standard planning procedure outlined in Section 2.4.2. A 3 x 3 grid of needles
spaced 1 cm apart centred around the fiducial needle was planned with a total of
40 seeds. The fiducial needle entry point was defined at known locations on the
phantom and the insertion direction was perpendicular to the phantom surface in

order to minimize systematic errors related to the setup. A treatment plan report
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Figure 7.7: (a) Planning CT of the block phantom and the planned seed locations
(green). The boundary region, under the marker at the centre of the block, is not
visible in the CT image. (b) Post-implant CT of the block phantom.

was generated that identified which needles were to be implanted into which positions
and the corresponding depth. Needles loaded with inert seeds based on the treatment
plan were used for the phantom implants.

For the implant procedure, the fiducial needle entry point was marked at the
planned location on the phantom and the template was positioned orthogonally to
the block. The procedure was first performed using the 3DUS guidance system.
The template position was registered to the imaging system, as described in Section
3.3.1, and the fiducial needle was inserted and scanned for verification. The boundary
region was not clear in the US images, thus the implant depth was set only on physical
measurements of the needle protrusion to match the treatment plan. Needle insertion
was performed by an expert oncologist skilled in brachytherapy. The bottom row of
needles were inserted into the planned template positions and a scan was performed
to assess the accuracy of the needle positions relative to the extrapolated template
positions at depth. Based on the visualized locations of the needles, the insertion was
adjusted by redirecting the needles to achieve final positions that were closer to the
planned location. After final verification, the needles were positioned at the correct
depth and the inert seeds were deposited. The insertion process was repeated for each
subsequent row.

Following the completion of the implant, the procedure was repeated using only
free-hand 2DUS guidance. Based on the needles observed under 2DUS, the insertion

was adjusted to make the trajectories approximately parallel to the fiducial needle,
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with no guidance to the actual template position at depth.

Figure 7.8: Implant of seeds into a block phantom using (a) 3DUS guidance and (b)
free-hand 2DUS guidance.

Following the implants, a CT scan was performed for each phantom (Figure 7.7b).
Seed positions were unambiguously identified on the post-implant CTs. The phan-
toms were non-deformed blocks and thus rigid registration of the planning and post-
implant CTs was trivial. The planned and implanted seed positions and the trans-
formation matrix were exported and the seed matching process described in Section

3.1.2 was used to evaluate the accuracy of each implant.

7.3 Results

7.3.1 Image Reconstruction Validation

Table 7.1 summarizes the measured separations between the strings in the grid, mea-
sured at 8 different US scanning depth settings. The mean (£ SD) measured grid
separations were 10.1 £+ 0.1 mm, 10.0 = 0.2 mm, and 10.0 & 0.1 mm in the eleva-
tional, axial, and lateral directions, respectively. All measurements were within 2%
of the expected value in the axial and lateral directions and 3% in the elevational
direction. The measured values were not significantly different from the expected 10

mm separation in each direction, and no significant differences between directions or
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Table 7.1: Mean (SD) linear measurements of the distance between strings spaced 10
mm apart in grid imaged with the 3DUS scanning system performed at 8 different
US depth settings. 20 measurements were performed in each direction at each depth.

Depth (mm) | Elevational (mm) Axial (mm) Lateral (mm)
30 10.0 (0.2) 101 (0.1)  10.1 (0.1)
35 10.1 (0.1) 100 (0.1)  10.1 (0.1)
40 10.1 (0.1) 10.0 (0.2)  10.0 (0.1)
46 10.1 (0.2) 10.0 (0.2)  10.0 (0.1)
52 10.1 (0.2) 10.0 (0.2) 10.1 (0.1)
60 10.1 (0.2) 100 (0.2)  10.0 (0.1)
69 10.1 (0.2) 100 (0.2) 9.9 (0.1)
80 10.0 (0.1) 100 (0.1) 9.9 (0.1)

Mean 10.1 10.0 10.0
SD 0.1 0.2 0.1

imaging depths were observed. The measured segmented volume of the embedded
sphere was 21.9 £ 0.3 cm® and was a mean 3 £ 1% smaller than the expected value
(22.4 cm?).

7.3.2 Template Registration Accuracy

The mean (+ SD) angular separation of the calculated template trajectories and
the imaged needle positions in the QA jig was 0.8 4+ 0.3° and the mean positional
difference of the trajectories along the visible length of the needle was 1.4 + 0.2
mm, as shown in Table 7.2. No significant trends between the trajectory positional
differences and the location within the image was observed, however the most lateral
needles appeared to have the greatest angular separation (1.1 4+ 0.1° and 1.1 4 0.6°)
relative to the central needles (~ 0.8°). The mean difference in needle tip location
from the calculated location based on the insertion depth was 1.5 + 0.3 mm. Similar
to the mean trajectory difference, no significant correlations were observed between
the tip positional agreement and the template position.

Registration with the PBSI template in different orientations resulted in similar
agreement with the imaged needles as the QA jig, summarized in Table 7.3. Mean
positional agreement of the calculated trajectories and needles was 1.3 £ 0.9 mm,
with mean angular separation of 0.9 £ 0.5°. No significant difference were observed
between trajectory separations in the axial and lateral directions, and no systematic

directional differences were observed. Mean trajectory differences were 1.6 + 1.2 mm,
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Table 7.2: Mean (SD) angular separation (Af), trajectory separation, and difference
in needle tip position of needles imaged in the QA jig relative to the calculated tem-
plate positions given by the distance from the template centre (up/down, right /left).

o Trajectory Needle tip
Position (mm) | A0 (deg) separation (mm) difference (mm)
0,0 | 0.8 (0.2) 1.2 (0.6) 1.7 (0.6)
2.5, 7.5 | 0.7 (0.2) 1.3 (0.6) 1.2 (0.4)
2.5,-7.5 | 0.8 (0.3) 1.1 (0.5) 1.1 (0.3)
125, -12.5 | 0.7 (0.5) 1.5 (0.2) 1.4 (0.3)
125,125 | 0.4 (0.3) 1.5 (0.6) 1.4 (0.1)
22.5,22.5 | 0.5 (0.2) 1.4 (0.6) 1.9 (0.3)
7.5,27.5 | 1.1 (0.1) 1.4 (0.3) 1.5 (0.3)
7.5,-27.5 | 1.1(0.6) 1.7 (0.1) 1.2 (0.2)
Mean 0.8 1.4 1.5
SD 0.3 0.2 0.3

Table 7.3: Mean (SD) total and directional (axial [Ay| and elevational [Az]) trajectory
separation difference between the visualized template positions and imaged needle
positions for 3 different template orientations relative to the scanner. Needle locations
are given by the distance to the template center (up/down, right/left).

Position (mm) | Ay (mm) Az (mm) Total (mm) A6 (deg)
Orthogonal 0,0 -0.1 (0.1) 0.4 (0.3) 0.5 (0.2) 1.2
0,-15 | 0.8 (0.0) 0.1(0.1) 0.8 (0.1) 0.3
0,30 | 0.4(0.0) 33(02) 3.4(0.2) 0.5
125,225 | 0.5 (0.0) 0.3 (0.0) 0.6 (0.1) 0.2
75,125 | -0.8 (0.2) 1.2(0.1) 1.5 (0.1) 0.7
Tilt 0,0 0.6(0.3) -08(0.4) 1.1(0.1) 1.9
0,-15 | 0.0 (0.2) -1.1(0.2) 1.1 (0.2) 1.1
12.5,-17.5 | -1.9 (0.4) -0.4 (0.1) 2.0 (0.4) 1.8
75,125 | -0.2 (0.1) 0.4 (0.1) 0.5 (0.1) 0.8
Oblique 0,0] 0.3(0.1) 08(02) 0.9 (0.2) 1.1
0,-15 | 0.0 (0.1) 0.5 (0.0) 0.5 (0.0) 0.3
0,30 | 0.1 (0.1) 15(0.2) 1.6 (0.2) 0.9
75,125 | -1.2(0.3) 0.7 (0.1) 15 (0.2) 1.4
12.5,-7.5 | 0.9 (0.1)  1.4(0.2) 1.7 (0.1) 0.8
Mean -0.3 0.6 1.3 0.9
SD 0.7 1.2 0.9 0.5

1.2 +£ 0.6 mm, and 1.2 £+ 0.5 mm in the Orthogonal, Tilt, and Oblique orientations,

respectively, and thus the positions and orientations evaluate did not appear to affect
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the registration accuracy. No trends between the trajectory separation or angular

separation and the needle position were observed

7.3.3 Insertion Characterization

Figure 7.9: (a) Insertion of a needle (red) into an anthropomorphic breast phantom
though a template hole (blue). (b) Re-insertion of the needle with adjustment after
assessment with 3DUS guidance achieves an implanted position closer to the target.

Needles were inserted into the anthropomorphic breast phantom in 5 different
template positions (3 separate template orientations). Insertions without the aide
of imaging has a mean positional agreement with the template trajectories within
the image of 3.7 £ 1.4 mm, and a mean angular separation of 4.2 £+ 0.9°. Such
differences in the planned to implanted needle positions represent the magnitude
of random uncertainties that can occur from needle insertion alone, contributing to
the seed displacements observed in Chapter 4. Following a qualitative evaluation
with the 3DUS guidance system, then needles were re-inserted to achieve a mean
positional agreement with the template positions of 2.0 + 0.9 mm. Overall, the
trajectory separation was reduced by a mean 1.6 £ 0.7 mm, representing a mean 47
+ 16% increase in the needle insertion accuracy. Mean angular separation for the
re-insertion was reduced to 2.7 + 1.3° compared to the original insertions.

Figure 7.9 shows how the 3DUS guidance system can potentially improve the

accuracy of implanted needles. In this example, the original needle insertion was a
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mean 3.9 £ 0.5 mm from the planned template position due to the random uncer-
tainties associated with needle insertion. After evaluation of the positioning with the
3DUS system, the needle was re-inserted by directing it upwards and to the left of the
original insertion. The resulting position was a mean 1.7 £ 1 mm from the target,
decreasing the mean distance from the target position by 55% and improving angular

trajectory separation from 2.9° to 1.2°.

7.3.4 Implant Accuracy With 3DUS Guidance

Figure 7.10: (a) Original insertion of needles (purple) implanted into the block phan-
tom through template position (blue) in the needles-eye-view. (b) Trajectory sep-
aration between the segmented needle position (purple) and the template position
(blue) visualized along the length of a needle. (c¢) Re-insertion of the needles follow-
ing assessment of the original insertion with 3DUS guidance, and (d) the resulting
improvement of the needle position.

The needles implanted into the block phantom before imaging were a mean 3 4
2 mm from the expected template positions with a mean 5 + 4° trajectory separa-
tion. Following imaging, 4 needles were re-inserted with adjustments based on their
visualized positions in the image: the first 3 needles and 1 needle in the top row. As
demonstrated in Figure 7.10a, the initial insertion of the bottom row of needles var-
ied greatly in position and direction from the extrapolated template positions. The
adjusted needles were a mean 5 + 2 mm from the template positions in the origi-

nal insertion, which improved to 1.3 + 0.9 mm after re-insertion. Overall, implant
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accuracy was improved by a mean 74 £+ 16% for the re-inserted needles. Angular

separation additionally improved from a mean 9 + 4° to 2 + 1°.
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Figure 7.11: Histograms of the total and directional (ML, AP, SI) seed displacements
for implants in a block phantom using (a) free-hand 2DUS guidance, and (b) 3DUS

guidance.

Figure 7.11a shows the total and direction distributions of seeds implanted using

only free-hand 2DUS guidance. The seeds were implanted a mean 5 + 1 mm from

their planned position, with individual seeds displacements between 3.8 and 6.5 mm.

Mean directional displacements were -1 £ 2 mm, 4 £ 1 mm, and 1 &+ 1 mm in

the ML, AP, and SI directions, respectively. As can be seen in Figure 7.11a, a
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large number of seeds are displaced in the anterior direction, while displacements
in the other directions are more even distributed close to zero. The mean random
component of the seed displacement was 3 + 1 mm. The implant using the 3DUS
guidance system had a mean total seed displacement of 3 + 2 mm, as shown in Figure
7.11b, with individual displacements ranging from 1.3 to 7.1 mm. Mean directional
displacements were -2 + 2 mm, 2 + 1 mm, and 1 + 1 mm in the ML, AP, and SI
directions, respectively. The random component of the seed displacement for this
implant was 2 + 1 mm.

While systematic offsets were minimal in both implants relative to those seen
in clinical implants (Chapter 4), small mean directional displacements did occur in
both implants. The largest systematic displacement occurred in the AP direction in
both implants, potentially related to positioning of the fiducial entry point on the
phantom. Greater displacements in the ML direction were observed in the 3DUS
implant compared to the 2DUS implant, corresponding to variations in the depth
of the implant. Overall, seeds were implanted more accurately in the 3DUS guided
implant (p < 0.001), although the magnitude of the random displacements was not
significantly different (p = 0.3).

7.4 Discussion

The results of Chapters 4 and 6 have shown that seed displacements occur during the
PBSI procedure that are not associated with systematic uncertainties in the delivery,
and which may not be reduced through improved planning and setup methods. These
random seed displacements can contribute significantly to the overall accuracy of seed
placement in PBSI. Without a system to guide needle insertion, such as the TRUS
guidance used in prostate seed implant brachytherapy, needle insertion is susceptible
to random errors, characterized in Section 7.3.3. The overall accuracy of the seed
implant procedure is therefore highly reliant of the skills of the delivering oncologist
to achieve accurate needle positioning. Such user dependence can potentially impede
adoption of the procedure by less experience practitioners and limit the overall accu-
racy of the technique. The novel 3DUS scanning system for PBSI presented in this
chapter provides a method to guide implant and make intra-operative adjustments
to needle positioning before seeds are deposited. This study assessed the accuracy
of template registration with the scanning system in order to ensure accurate target

positioning in PBSI implant guidance, and assess the potential benefits of system’s



131

implementation into the implant procedure.

The results presented in Section 7.3.2 showed that the template could be accu-
rately registered to the imaging volume using the registration plate and localization
arm. Overall, the virtual template positions were a mean 1.4 4+ 0.2 and 1.3 + 0.9 mm
from the imaged needles in the QA jig and template setups, respectively. The AAPM
TG-128 guide for prostate brachytherapy ultrasound QA defines the tolerance of tem-
plate visualization relative to needles inserted in a liquid medium to be a maximum
of 3 mm [110]. The imaged positions in the validation of the PBSI system were con-
sistently within this limit. The current PBSI procedure uses a projection of the PTV
on the skin surface orthogonal to the needle insertion direction as a guide for imag-
ing. Therefore, the scanning system would likely be positioned orthogonally to the
template in clinical implementation. However, adjustments to the orientation (Figure
7.5) were examined to ensure accurate registration outside of orthogonal setups. The
orientation did not appear to affect the accuracy of the template visualization and
all virtual template positions were within 3 mm of the imaged needle position.

The registration of the template to the imaging volume involves the combination
of each of the individual transformation described in Section 3.3.1, each of which
is susceptible to errors during the development process. Several other uncertainties
in the validation process likely contributed to the overall differences in trajectories
observed in this study. Motion of the template after localization, particularly due
to attaching and removing the registration plate, or instability of the localization
arm when recording the position will additionally contribute to the accuracy of the
template visualization. The needles were assumed to be inserted through the QA jig
and template in a straight line to provide a true measure of the template positions, but
needles sagged in the imaging field, especially at greater depths, which can potentially
contribute to the discrepancies observed from the extrapolated template positions.
Additionally, the lateral needles were often blurred in the images, as seen in Figure
7.4, which made precise localization uncertain.

The implants described in Sections 7.3.3 and 7.3.4 show the magnitude of random
displacements can result from the insertion of needles into solid material. Despite
inserting the needle in the correct template position, the needles in the simulated
implant were a mean 5 + 2 mm from the target position with an angular separation of
9 + 4° before re-insertion. Similar deviations would therefore contribute significantly
to the random seed displacements that were observed in clinical implants in Chapters
4 and 6 [60]. While adjustments to the needle trajectory can be made with 2DUS
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imaging, based on the observed needle trajectory relative to the fiducial needle, the
final trajectories would only be approximations based on the user’s interpretations.
The 3DUS guidance system can therefore reduce operator dependence by eliminating
the need for subjective assessment of the needle positioning.

Overall seed placement accuracy for the 3DUS guided implant and the free-hand
US guided implant was 3 + 2 mm and 5 + 1 mm, respectively. Greater overall dis-
placement was observed in the free-hand implant, but was primarily due to the mag-
nitude of systematic displacements, particularly in the AP direction. Mean random
displacements were not significantly different between the two implants. Re-insertions
were performed with 4 of the 9 implanted needles after observation with the 3DUS
guidance system, thus decreasing the displacements that would have result from their
initial insertions. Three of the adjusted needles were in the first implanted row, all of
which needed to be directed downwards. Based on the required needle adjustments
after the original insertion, the expert user modified the insertion technique for subse-
quent needles, deliberately directing needles downwards. As a result, the middle row
required no adjustments and the top row required only one needle to be re-inserted.
Since the free-hand US guided implant was performed immediately following the
3DUS guided implant, insertion may have been biased to achieve a higher level of ac-
curacy compared to if the implant was performed completely independently. A more
extensive evaluation of the 3DUS guidance system’s impact on the seed placement
accuracy is required to accurately quantify the reduction in random uncertainties that
may be achieved through improved image guidance, as discussed further in Section
8.2. In addition, an assessment of the feasibility for clinical implementation through
more clinically relevant implant simulations should be pursued.

Random seed displacements were shown to average approximately 7 mm in clinical
PBSI implants (Chapters 4 and 6) [60]. Greater overall accuracy is expected in
simulated implants due to the absence of anatomical motion, minimal systematic
uncertainties, and the simple geometry of the block phantom. However, the validation
and simulated implant in this chapter have shown that the random displacements can
be reduced with the 3DUS implant guidance system, accurate to less than 3 mm, thus
allowing for a significant increase in seed placement accuracy. As shown in Chapter 4,
a limit to the mean total seed displacement in an implant which allows for acceptable
dosimetry exists. Reduction of random displacements through the implementation of
3DUS guidance can potentially improve implant dosimetry, and may help to achieve

more acceptable coverage in implants where greater displacements would otherwise
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be occur.

7.5 Conclusions

A novel 3DUS system designed specifically for PBSI implant guidance was validated
to achieve accurate registration of the template positions within the imaging volume.
Random uncertainties in needle insertion exist, independent of systematic setup er-
rors. Large deviations in the implanted needle position relative to the target position
can therefore occur without the aide of image guidance, potentially reducing the accu-
racy of seed placement during implant. The 3DUS guidance system shows potential
for improved needle insertion accuracy by allowing for adjustments to be made to
deposit seeds closer to their intended position. Implementation into the PBSI pro-
cedure can therefore reduce user dependence and improve the overall accuracy and

confidence of the technique.
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Chapter 8

Conclusions and Future

Considerations

PBSI is a promising technique that can significantly benefit many women with early
stage breast cancer due to the reduced treatment burden relative to other forms of
breast conserving therapy. As stated in Section 1.3, adoption of PBSI has been limited
and implementation may be facilitated through an improved, standardized procedure
which reduces user dependence in the technique. The goal of the work presented in
this dissertation was to quantify uncertainties in the current PBSI treatment planning
and delivery procedures and define the methods which can improve the treatment ac-
curacy, reduce user dependence, and promote implementation of the technique. This
chapter summarizes the conclusions of the presented work which establish the foun-
dation for improvements in the PBSI brachytherapy technique. Based on the results
of this work and the necessary steps required to bridge the gap between development
and clinical implementation, future considerations and suggestions for further work

are discussed.

8.1 Conclusions

As a novel treatment option, PBSI has not been comprehensively evaluated and no
thorough assessment of the uncertainties in the procedure have been performed. Al-
though the technique has been successfully implemented by a few expert practitioners,
this work was motivated by the fact that PBSI has not been widely adopted and con-

cerns in the adaptability of the procedure have currently not been addressed. The
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study presented in Chapter 4 was the first to perform a comprehensive assessment of
the accuracy of seed placement in PBSI. Based on a cohort of 20 implants, the mean
seed displacement from the planned positions was 9 + 5 mm. Overall, no significant
trends or systematic errors were observed in the entire cohort, including seeds im-
planted into the different anatomical regions of the breast (near the chest wall, skin,
and seroma), thus refuting reported concerns that seeds implanted in these regions
may be susceptible to greater errors in accuracy [34]. The seed placement accuracy, in
general, was not observed to significantly impact the resulting post-implant dosime-
try, thus PBSI was shown to provide a safe and effective treatment within the limits of
the implant uncertainties. However, implants with mean seed displacements greater
than approximately 11 mm were more likely to result in less than optimal ETV cover-
age, suggesting that minimizing seed displacements may stand to improve treatments.
The effects of seed placement on treatment dosimetry were similarly observed in an
independent cohort of implants presented in Chapter 6.

Evaluation of seed placement accuracy identified the magnitude of systematic and
random uncertainties that occur during implant. In contrast to the cohort population,
within individual patients systematic displacements were observed. Directional shifts
in the directional displacement distributions varied widely between implants, with
no inter-patient trends. Mean random displacements in the cohort was 7 + 4 mm,
contributing significantly to the overall displacements. Based on the displacements
observed in this study, potential improvements to the procedure were explored to
address the individual components and improve implant accuracy.

The analysis performed in Chapter 5 examined the theoretical effects of seroma
visualization on implant accuracy and treatment dosimetry. Inherent differences in
the size and positions of seromas delineated on CT and US, with a median (range)
CI of 0.51 (0.32 - 0.65), resulted in significant under-dosing of the PTV defined based
on US when planning PBSI treatments using C'T alone. Intra-operative adjustments
to the needle positioning are sometimes necessary during clinical implants due to
the location of the seroma observed on US during implant. This study showed that
adjusting the treatment plan to center on the seroma visualized on US reduced the
coverage to the CT-defined PTV in all cases (mean 10 £ 8%). Centroid positional
differences resulting in the plan shifts were a mean 7 & 3 mm, similar to the magnitude
of the systematic displacements observed in the seed displacement in Chapter 4.
Therefore, the visualization differences can potentially result in reduced treatment

and seed placement accuracy when adapting the CT-based plan to the US-guided
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procedure. Incorporating 3DUS into the treatment planning procedure was shown
to be able to compensate for these visualization differences by ensuring acceptable
coverage to target volumes on CT and US, with a moderate increase in the overall
treated volume, while providing a treatment plan that may more accurately translate
to the OR.

The impact of seroma delineation on seed placement accuracy in PBSI was di-
rectly investigated in Chapter 6. Correlations were observed between the mean seed
displacement and the inter-user CI of seromas delineated on CT (r = 0.74,p = 0.01)
and between the seroma volume difference between US and CT (r = 0.65,p = 0.04).
These results indicate that as the clarity of seroma on CT decreases and the differ-
ences between the two modalities increases, the accuracy of seed placement may be
reduced. The correlations were maintained when assessing the relationships with only
the systematic component of the seed displacements, supporting the hypothesis that
uncertainties in the visualization can contribute to systematic errors in treatment
setup and delivery. Improved seroma visualization in treatment planning through the
implementation of 3DUS into the planning procedure, as described in Chapter 5, may
therefore decrease the need for subjective intra-operative adjustments and potentially
improve implant accuracy and reduce user-dependence in the delivery.

Unlike the systematic displacements observed in Chapter 6, the random compo-
nent of the seed placement accuracy was not found to be dependent on factors relating
to target delineation. Therefore, it is unlikely that improved visualization in treat-
ment planning would result in a reduction of these random uncertainties. Chapter 7
demonstrated the magnitude of errors that can occur during needle insertion, where
the random deflecting and bending of needles would result in the displacement of
seeds from their intended position. A 3DUS system designed for PBSI image guid-
ance was validated to provide accurate target localization for needle insertion. The
virtual representation of the template at depth allows for adjustment and re-insertion
of needles to achieve a significant reduction in the random needle insertion errors.
Re-insertion by an expert practitioner improved the trajectory separation of needles
from their planned positions by a mean 74 4+ 16%, representing a significant reduction
in the seed displacements that could occur in the absence of image guidance. Ran-
dom displacements between implants performed with the 3DUS guidance system and
using the standard free-hand 2DUS technique were not observed to be significantly
different (p = 0.3), although a more comprehensive comparison of the two techniques

is required to determine the impact of the guidance system on seed placement accu-
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racy. However, improvements to the needle insertion accuracy with the assistance of
3DUS indicate that overall treatment accuracy may be improved through the clinical
implementation of such a system.

PBSI has been shown to be a safe and effective treatment for select early-stage
breast cancer patients through a limited number of clinical trials but, as shown in this
work, is susceptible to errors in the delivery which can potentially impact treatment
accuracy and impede the implementation of the technique as a standard treatment
option. This dissertation highlighted some of the areas where uncertainties in the
procedure exist and assessed methods to mitigate these factors. Through the inte-
gration of advanced US imaging in both treatment planning and delivery, a more
standardized technique can be achieved. With the potential increase to the accuracy
and confidence in PBSI, widespread adoption may be facilitated, thus introducing a

new treatment option to many breast cancer patients.

8.2 Future Considerations

While the goal of this research was to establish the necessary steps to improve PBSI
and promote widespread adoption, there exists a large gap between the development
and clinical implementation of tools and procedures aiming to improve PBSI. Contin-
ued developments and investigations are required before these steps can be integrated
within the clinical PBSI procedure. The results presented in Chapters 5 and 6 demon-
strated that variability of seroma delineation can result in intra-operative adjustments
to the treatment plan and, subsequently, systematic displacements of seeds from their
planned positions. An accurate and reliable method to acquire 3DUS images and reg-
ister them to the planning system is required in order to make US imaging a standard
component of PBSI treatment planning. For example, the novel 3DUS scanning sys-
tem, or a similar device, could be integrated into the planning CT procedure, as was
performed with the now obsolete Clarity US system in Chapter 6. The localization
arm of the 3DUS scanning system could provide a method of tracking known loca-
tions in the CT image. Based on their locations in the US image coordinate system,
a rigid registration between the two image sets could be performed, thus allowing the
visualization of the seroma on US to be used in the planning procedure. One potential
challenge in the registration process is deformation of the anatomy when acquiring
3DUS images, which should be taken into careful consideration when integrating the

US images into the planning procedure. While the TPX plate of the scanning system
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can minimize the pressure required to obtain a clear image, limited contact with the
breast surface may require more force to be applied. The magnitude of deformation
is not currently know, but could be quantified by performing CT imaging with and
without the scanning system in place and evaluating the differences in the anatomy;,
particularly the seroma shape and location. Based on the mutual information of the
CT and US images, a non-rigid, deformable registration between the two modalities
could theoretically be performed. A registration algorithm would provide a faster and
more convenient method of registration, potentially eliminating the need for images
to be acquired in identical patient positioning.

An initial assessment of the 3DUS image guidance system was presented in Chap-
ter 6, but more work is required before the scanner can be confidently implemented in
the delivery procedure. The comparison of the accuracy of the system to the standard
free-hand US guided technique was performed in a single implant in a simple block
phantom. A comprehensive comparison of the two techniques should be performed
using multiple implants in anthropomorphic breast phantoms. Simulations using clin-
ically realistic setups would provide a more accurate assessment of the system in the
implant procedure. Additionally, implants should be randomized and multiple users
could perform implants in order to reduce bias between the two delivery techniques.
A thorough comparison of the two techniques would provide an accurate evaluation of
the guidance system relative to the current procedure and allow for an assessment of
the clinical utility and feasibility of such a system. Upon validation, an initial study
of several clinical patient implants can be performed to demonstrate the usability
of the system during clinical implants, while further assessing template registration
and needle localization accuracy, and ensuring that implants guided with 3DUS can
provide improved treatment accuracy relative to the standard technique.

While the guidance system as presented can provide a significant benefit to PBSI,
it also creates opportunities for further developments. As discussed in Chapter 2,
3DUS imaging has facilitated advanced software modules in other brachytherapy
techniques. Real-time image guidance would be useful in PBSI to more rapidly assess
needle positioning over the system assessed in this work. Needle and seroma segmen-
tation would provide a means to more thoroughly evaluate the quality of the implant,
and could be used to perform intra-operative dosimetry. Based on the coverage to
the seroma from the actual implanted needle positions, intra-operative adjustments
to the treatment plan could automatically be performed to optimized the positions

of the remaining needles. Ultimately, a planning procedure based entirely on intra-
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operative imaging would eliminate uncertainties in the delivery related to setup and
visualization, ensuring precise delivery and treatment of the target volumes as in-
tended.

Overall, PBSI stands to benefit from improved imaging in the planning and deliv-
ery procedures. The presented work provides a foundation for continued developments
in the technique. Future advancements in image acquisition and delivery guidance
can result in improvements to the treatment accuracy and further allow for PBSI to

be adapted by a greater number of practitioners.
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