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Abstract
Treatment of gynaecological cancers often includes a type of conformal radiotherapy,
known as brachytherapy, that allows radiation sources to be placed close to or directly
into cancerous tissues, tailoring the dose to the local region around tumours and sparing
surrounding normal tissues. These sources can be positioned via intracavitary applicators
that are placed inside the vagina/uterus or interstitial implants, involving the insertion
of multiple needles into the tissue. There is currently no standard imaging modality to
visualize these applicators and needles at the time of placement, which would allow for the
immediate assessment and refinement of the implant positions. Ultrasound (US), including
three-dimensional (3D) US, is an inexpensive modality that offers many advantages for
intraoperative imaging. The objective of this thesis was to develop and evaluate systems and
methods for incorporating US guidance and implant location verification intraoperatively
for brachytherapy treatment of gynaecological cancers.
Two 3D US imaging systems were developed and their utility for needle location
verification was assessed. The geometric accuracy of the image reconstruction was
validated for each system and preliminary feasibility studies were conducted in phantoms.
The first system used a 3D side-fire transrectal ultrasound (TRUS) approach and was
found to provide good visualization of the needles for five patients. The second system
used a 360◦ 3D side-fire transvaginal ultrasound (TVUS) approach to provide clear
visualization of the needle trajectories and surrounding anatomical features, in a study
of six patients. To provide real-time feedback during insertion, a generalized deep
learning-based segmentation method was implemented and applied to two-dimensional
TVUS images, accurately localizing the needles. To aid in interpretation of the 3D
TVUS images, a 3D needle segmentation approach was also implemented, providing
additional information about the needle positions relative to each other. The 3D US
imaging techniques were extended to intracavitary/hybrid applicators in a phantom study
to assess the feasibility of fusing 3D TRUS images with 3D transabdominal US images,
providing more comprehensive visualization of the applicators and surrounding anatomy.
These US imaging tools have the potential to improve the quality of gynaecological
brachytherapy treatment by providing accessible and versatile systems for intraoperative
implant assessment.

Keywords: gynaecological cancer; brachytherapy; three-dimensional ultrasound;
image-guided interventions; needle segmentation; image fusion
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Summary for Lay Audience
Gynaecological cancers are cancers that begin in parts of a woman’s reproductive system,
such as the vagina or cervix. They are often treated using high doses of radiation to kill the
cancer cells. This radiation can be given from inside the body (called brachytherapy) by
placing devices in the vagina or inserting needles into the tumours. To reduce side-effects
and give the best treatment, these devices or needles, called applicators, must be placed in
the correct locations. Medical images are a useful way to check that the applicators are
in the correct place. Often three-dimensional (3D) images are better than two-dimensional
(2D) images for deciding if the applicators are placed correctly but 3D systems may be
costly. One imaging type that is commonly available is ultrasound (US). The goal of this
work was to create 3D US tools to help doctors decide if applicators are placed correctly.
Two ways of creating 3D US images were tested. These systems use motors to turn
a normal 2D US probe and send the 2D images to a computer where they are built into
3D images. The first way creates images by turning the US probe in the patient’s rectum.
The needles could be seen in these images for five patients. The second way turned the
US probe in a full circle inside the vagina so that needles on all sides could be seen. The
needle paths and nearby organs, such as the bladder, could be seen in the images from
six patients. To help doctors quickly decide if the needles are in the correct places, two
computer programs were created to show where the needles were in both 2D and 3D US
images. Lastly, 3D US images were taken of a model representing the human body. These
images were used to decide if 3D US images taken from the rectum and the belly could be
combined to see more of the applicators than with one image type. These US tools may
help doctors check that applicators are placed correctly in the future, making this type of
treatment easier, safer, and available to more women.
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I never am really satisfied that I understand anything; because, understand it
as well as I may, my comprehension can only be an infinitesimal fraction of
all I want to understand about the many connexions & relations which occur
to me, how the matter in question was first thought of or arrived at. . .
—Ada Lovelace
Letter to A. De Morgan (1841)
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Introduction

Gynaecological cancers are among the most prevalent cancers in women worldwide.1,2
Treatment of these malignancies often requires a multimodal therapy approach with
radiotherapy commonly delivered as a combination of external beam radiation therapy
(EBRT) and brachytherapy.3–8 Brachytherapy is a conformal irradiation method that
requires the radioactive sources to be placed close to the cancerous tissues. Its inclusion
in the radiotherapy treatment process allows the radiation dose to be tailored to the tumour
and the patient’s anatomy while sparing surrounding normal tissues.9–12 Although the field
of radiotherapy has embraced more precise treatment approaches, evolving largely from
advancements in three-dimensional (3D) imaging, there still lacks a standard imaging
modality for visualizing the placement of the gynaecological brachytherapy applicators
used to position the radioactive sources.11,13 Consequently, many problems associated with
brachytherapy treatments are repercussions from unacceptable applicator placement and
the failure to identify the error on imaging.11,14 These deficiencies can have an impact on
the acceptability of the treatment, resulting in suboptimal dose distributions and potentially
higher complication rates.11,14 Challenges in gynaecological brachytherapy are also
exacerbated by the limited access to advanced imaging and treatment equipment in many
healthcare cost-constrained settings.11 Considering these aspects when addressing current
obstacles is integral for the development of better tools for gynaecological brachytherapy
with the potential to streamline and simplify the procedure, improving adoption and
accessibility. Many existing works conflate the terms “image-based” and “image-guided”;
in this thesis, “image-based” is used to refer to gynaecological brachytherapy procedures
that use imaging to develop treatment plans whereas “image-guided” is used to refer to the
application of imaging to make judgments about the device or surgical tool placement (i.e.
applicators and needles) at the time of insertion.
The incorporation of 3D ultrasound (US) imaging at the time of applicator positioning
has the potential to mitigate applicator misplacements and provide a relatively low-cost
approach with a short acquisition time, making it an accessible and translatable option for
1
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applicator assessment. In this thesis, the development and intraoperative implementation of
3D US systems to visualize gynaecological brachytherapy applicators and relevant anatomy
is investigated and the application of additional software tools to ease clinical use and
interpretation of intraoperative US images from the procedures is described. Foundational
background knowledge, including descriptions of the subtypes of gynaecological cancers
(1.1) and an overview of the standard treatment approaches for these malignancies
(1.2) is provided, as well as more specific background information about the types of
gynaecological brachytherapy implants in practice (1.3) and the current role of imaging
during the procedures (1.4). The remaining subsections further motivate the work with a
summary of the prevailing challenges in gynaecological brachytherapy treatments and lack
of image-guidance and image processing tools (1.5), followed by an outline of the thesis
chapters with the overarching objective and specific aims of each study.

1.1

Gynaecological Cancers

The class of gynaecological cancers mainly includes five different anatomical origins: the
ovaries, uterine corpus or endometrium, uterine cervix, vagina, and vulva (Figure 1.1),
though other primary locations, such as the fallopian tubes, may be differentiated and
included in this category. These malignancies tend to be associated with diverse disease
presentations, difficult anatomical locations, and variable disease geometries, leading to
a wide variety of treatment approaches with many associated challenges. Addressing
these challenges is critical given that gynaecological cancers are among the most prevalent
cancers in females worldwide.1,2 By recent estimates, cervical cancer, which is the most
common gynaecological cancer, is the fourth most commonly diagnosed cancer and the
fourth most common cause of cancer mortality in women.1,2 The incidence and mortality
associated with cervical and gynaecological cancers is particularly high in less developed
settings and has been reported by Bray et al.1 to be the most frequently diagnosed cancer
in at least 28 countries and the leading cause of cancer mortality in at least 42. The greater
burden in developing nations may be attributable to the lack of screening programmes and
human papillomavirus (HPV) prevention.1,2,15 In addition, some more highly developed
regions have reported increasing trends or predictions for the future, particularly in younger
women, which are partially attributable to increased HPV risk resulting from changing
sexual behaviours.2,16–19
At diagnosis, gynaecological malignancies are typically staged using the International
Federation of Gynecology and Obstetrics (Fédération Internationale de Gynécologie et
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d’Obstétrique) (FIGO) staging system to describe the anatomic qualities of the cancer,
including the location of the tumour and the degree of spread. Occasionally the
Tumour-Node-Metastasis (TNM) classification system may also be referred to; however,
in many regions, particularly those where gynaecological malignancies are most prevalent,
the required lymph nodal staging is not feasible.5 Generally, under the FIGO system, the
malignancies are classified in a four-stage scheme. The disease is described as Stage I
when the tumour is confined to only the organ of origin, Stage II when there is evidence
of extension into the surrounding pelvic tissues, Stage III when there is spread beyond
the pelvic tissues or nodal involvement, and finally advancing to Stage IV when distant
metastases are detected. These stages may be further stratified into sub-classifications with
specific criteria relating to each primary gynaecological cancer site.

Figure 1.1: Selected anatomy of the female reproductive system and relevant local
structures, shown in a sagittal view with key landmarks indicated.

1.1.1

Ovarian Cancer

The ovaries are two solid, almond-shaped organs (one shown in Figure 1.1) connected
to the upper portion of the uterus (described in Section 1.1.2), known as the uterine
fundus, via the fallopian tubes.3,20 They function as part of the female reproductive
system, secreting hormones to regulate the menstrual cycle and releasing an egg during
ovulation.3,20 Following menopause, the ovaries become non-functional, atrophying and
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reducing in size.3 The cumulative number of menstrual cycles (menstruation span) or
increased frequency of ovulatory events, particularly advancing age, is associated with
higher ovarian cancer risk with family history being the second-highest risk factor.3,21–23
The incidence of ovarian cancer varies widely depending on geographic factors, where
developing countries typically have low incidence whereas western and northern Europe
and North America show the highest incidence rates.1,3,20,21,24 In addition, ovarian cancer
tends to be associated with high mortality rates relative to its incidence.3,21,24
The majority (60–65%) of primary ovarian malignancies are epithelial tumours, with
the serous subtype accounting for 50–60% of these and the remainder including a variety
of other histologic subtypes, such as clear cell carcinoma (3–5%), which tends to be more
aggressive than other epithelial subtypes and is associated with a higher recurrence rate.3,25
In the FIGO staging system, early-stage disease includes cases where the tumour is limited
only to the ovaries but may involve either one or both (Stage I) and those tumours that are
present in one or both ovaries but demonstrate evidence of pelvic extension (Stage II).26
More advanced tumours also involve spread to the peritoneum (lining of the abdominal
cavity) beyond the pelvis and/or involvement of lymph nodes behind the peritoneum (Stage
III) or metastases present outside the peritoneal cavity (Stage IV).26 As these cancers are
typically asymptomatic at early stages and there is a lack of effective screening methods,
the majority of ovarian malignancies are diagnosed at advanced stages.3,23,24

1.1.2

Endometrial Cancer

The uterus (Figure 1.1) is a muscular pear-shaped pelvic organ with a hollow internal cavity,
facilitating fetal development.20,27 The uterus is typically bent anteriorly (anteflexed) and
lies between the bladder and rectum with the anterior surface commonly falling along the
superior surface of the bladder (anteverted), separated by a portion of the peritoneum.4,5,20
In adults, the average uterus is nearly 8 cm long and approximately 5 cm at the widest
point, expanding during pregnancy.4,5,20 The uterus is made up of three regions: the fundus
(upper portion connecting to the fallopian tubes), the body (middle portion), and the
cervix (most inferior portion, described in Section 1.1.3).4,5,27 The fundus and body are
collectively referred to as the uterine corpus.5 In addition, it is composed of three layers:
endometrium (membranous lining of the uterine cavity), myometrium (approximately 12 to
15 mm thick muscular uterine wall), and parametrium (outer layer comprising connective
tissues).4,20 Generally, the terms endometrial cancer or cancer of the uterine corpus are used
synonymously with the term uterine cancer, which is distinct from cancer of the uterine
cervix.
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The main risk factor for endometrial cancer is estrogen levels unopposed by the
mitigating effects of progesterone.4 Other related risk factors include menstruation span,
which is associated with a larger number of menstrual cycles where endometrial cell
proliferation becomes increased during some phases, and obesity, which is associated
with changes in the endogenous estrogen sources.4,28 As with ovarian cancer, endometrial
cancers are more common in more highly developed regions rather than developing
countries, potentially indicating a significant role of environmental factors on incidence.4
Although this disease mainly occurs in postmenopausal women, in developed regions
endometrial cancer is the most common gynaecological cancer and the fourth most
common cancer in women in Canada and the United States.2,4,29,30 Worldwide, endometrial
cancer is the sixth most frequently diagnosed cancer in women, and incidence and mortality
rates show increasing trends in many regions.1,2,28,29 Currently, the five-year survival rate
for endometrial cancer is high, indicative of the fact that the majority of cases are diagnosed
at early stages.4,27
The most common histologic subtype (75% or more of cases) of endometrial
malignancies is endometrioid adenocarcinoma, though the proportion of subtypes varies
based on factors such as race.4,31 Serous histology is an aggressive subtype that accounts
for approximately 11% of cases (second most common); it is associated with a tendency
for early spread into the lymphatic system and within the peritoneum and a relatively
low survival rate.4,31 Early-stage endometrial cancers typically include Stage I or II
malignancies, under the FIGO system, where a tumour is designated as Stage I if it is
confined to the uterine corpus with sub-categories (A and B) reflecting the amount of
myometrial invasion and Stage II if there’s evidence of invasion into the cervical stroma
(fibrous tissues) but the tumour is still contained within the uterus.4,32 Stage III tumours
demonstrate local or regional spread, where IIIA tumours involve the outer uterine lining
and/or uterine appendages, such as ovaries, fallopian tubes, and ligaments, IIIB tumours
show invasion into the vagina and/or parametrium, and IIIC tumours have metastasized to
the pelvic or para-aortic lymph nodes.4,32 Under FIGO classification, tumours involving the
bladder and/or bowel mucosa and/or distant metastases are considered Stage IV.4,32

1.1.3

Cervical Cancer

Cancer of the uterine cervix, or cervical cancer, originates in the predominantly fibrous
portion at the bottom of the uterus (Figure 1.1). Inferiorly, the uterus constricts slightly,
creating the isthmus and forming a junction between the uterine body and the cervix.4,5
The cervix is typically about 3 cm long with an approximately 3-cm diameter.5 It creates
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a rounded region that extends into the vagina (described in Section 1.1.4), forming
recesses in the upper vagina, known as the vaginal fornices.6,20 The primary risk factor
for cervical cancer is HPV with more than 90% of cases estimated to occur in women
with a history of HPV infection, where the related cancer can develop many years after
the initial infection.1,5,17,18,33 Globally, cervical cancer is the most common gynaecological
malignancy, representing the fourth most common cancer in women, with particularly high
prevalence in less developed regions where access to screening is poor.1,2,5 Although the
incidence is decreasing in many high-income regions,1,2,29 estimates accounting for the
growing and aging world population project a 2% annual increase in global cervical cancer
burden to about 770,000 new cases annually by 2030, indicating a need for more effective
and accessible screening and treatment.18
Squamous cell carcinoma (SCC) is the most common cervical cancer subtype with
greater than 90% of malignancies classified with this pathology.5 Similar to the staging
for other gynaecological regions, the FIGO system specifies Stage I tumours as those that
are confined to the cervix; however, extension into the uterine corpus is permitted.5,32,34
Stage I tumour classification is further divided into preclinical cases where the diagnosis
can only be performed by microscopy (IA) (with sub-categories (1 and 2) indicating the
degree of stromal invasion and extension) or, secondly, clinically visible lesions within the
cervix or those with the depth of invasion greater than 5.0 mm and/or greater than 7.0 mm
of horizontal extension (IB) (with sub-categories (1 and 2) indicating whether the lesion is
smaller or larger than 4.0 cm in its largest dimension).5,32,34 In Stage II, the tumour invades
beyond the uterus but does not involve the lower third of the vagina or the pelvic wall; IIA
tumours are present in the upper two-thirds of the vaginal canal but do not have parametrial
invasion and are subdivided further (1 and 2) based on whether the greatest dimension
is less than or greater than 4.0 cm, whereas IIB tumours show evidence of parametrial
invasion.5,32,34 Once the tumour has extended to the pelvic wall and/or the lower third of
the vagina and/or causes a kidney to become abnormally enlarged or non-functional, it is
classified as Stage III.5,32,34 Involvement of the rectal or bladder mucosa, extension outside
the true pelvis, or spread to distant organs upgrades the tumour stage to Stage IV.5,32,34

1.1.4

Vaginal Cancer

The vagina (Figure 1.1) is a fibromuscular canal made up of three strata.6 The innermost
stratum is the vaginal mucosa covering a second stratum composed of two smooth muscle
layers with the inner layer arranged circularly and the outer layer arranged longitudinally.6
This muscular stratum is covered by a thin layer of connective tissue that merges with
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the adjacent organs.6 The vagina lies posterior to the urethra and bladder and anterior to
the rectum, extending from the uterine cervix to exit the body at the vulva (described in
Section 1.1.5).6,20 The angle between the vagina and cervix and the downward protrusion
of the cervix into the vagina (illustrated in Figure 1.1), creates the vaginal fornices and
causes the posterior vaginal wall to extend longer than the anterior wall.5,6,20 Typically
these posterior and anterior walls are approximately 9 cm and 7 cm long, respectively, and
are flexible and elastic, generally collapsed against each other rather than maintaining a
firm tubular structure.20 Cancerous lesions are most frequently observed in the superior
third of the vagina and involve the anterior and posterior walls more often than the lateral
walls.6
Most primary vaginal cancers are SCCs, accounting for 65–85% of cases.6,35 In general,
primary vaginal cancers are rare and most vaginal malignancies result from direct spread
or metastasis of other gynaecological cancers, as well as recurrences, particularly in the
post-hysterectomy vaginal cuff.4,6,36–39 Vaginal lesions are most commonly associated with
recurrent endometrial malignancies and, regardless of stage, most endometrial and cervical
cancer (Sections 1.1.2 and 1.1.3) relapses appear in the vaginal vault or cuff.4,36,38,39 The
low rate of primary vaginal cancers is partially a result of the FIGO staging criteria. These
criteria dictate that any tumour involving both the vagina and vulva is classified as vulvar
cancer and any vaginal tumour with cervical involvement is classified as cervical cancer, in
addition to any case where the patient has a prior history of cervical cancer within the past
five years, regardless of current involvement.6 Primary vaginal cancers are categorized as
Stage I when the malignancy is limited to the vaginal wall or Stage II if there is involvement
of the subvaginal tissue, which is a largely subjective distinction.6,40 Once there is evidence
of extension to the pelvic wall, the cancer is classified as Stage III and extension beyond the
pelvis or involvement of the bladder or rectal mucosa warrants a Stage IV classification.6,40

1.1.5

Vulvar Cancer

The vulva refers to the external genitalia located in the anterior part of the perineum, defined
as the diamond-shaped region between the pubis and the coccyx (tailbone) at the bottom
of the spine (Figure 1.1).20,41,42 Multiple components comprise the vulva, including both
the labia majora and minora and the vaginal vestibule.7,20,41 Vulvar cancers are rare and
account for less than 5% of diagnosed gynaecological malignancies with approximately
65% of these occurring in more highly developed global regions.7,41,43 More than 90% of
vulvar cancers are identified as SCCs.43 Stage I vulvar cancers are confined to the vulva
or perineum whereas Stage II disease exhibits extension to nearby perineal structures,
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including the lower thirds of the urethra and/or the vagina or the anus.7,34 Regardless of
whether or not the tumour has extended to the adjacent perineal structures, the cancer
is considered Stage III if regional lymph nodes (inguino-femoral) are involved.7,34 Stage
IV cancers show invasion of other regional structures, such as the proximal two-thirds of
the urethral and/or vaginal mucosa, or distant metastasis, including involvement of pelvic
lymph nodes.7,34

1.2

Gynaecological Cancer Treatment

Oncologic management of gynaecological malignancies is highly complex given the
varied nature of these cancers, including the diverse anatomical presentations and disease
geometries, as well as proximity to critical genitourinary and gastrointestinal structures.
Accordingly, there is a plethora of available therapy options and techniques. Broadly, the
treatment approaches can be classified into three categories: surgery, chemotherapy, and
radiotherapy. In general, effective management and control of these cancers, particularly
at advanced stages, requires a multimodality approach, combining more than one of these
therapy paths sequentially or concurrently.3–7 Consequently, direct comparison between
the outcomes from clinical trials examining various treatment approaches are difficult,
given the heterogeneity associated with the combination of therapy techniques. Patient
populations in these studies are also often heterogeneous, making tangible conclusions
challenging, or are very small with highly specific characteristics contributing to heavy
selection biases. Many factors are involved in patient selection and determining the
aggressiveness of the treatment approach, including disease factors (e.g. location,
histology, stage), the comparative risk of treatment side-effects, and patient factors (e.g.
comorbidities and preferences, including desire to mitigate functional and psychosexual
impacts and, in rare cases, fertility preservation).3–7 With the exception of vaginal cancers,
surgery or a combination of surgery and radiotherapy is generally the standard for
early-stage disease; however, the extreme morbidity that is associated with surgery to
control extensive disease spread is often prohibitive for advanced stages.3–7 Radiotherapy
is used routinely as adjuvant therapy, and also as the primary treatment modality for
recurrent endometrial cancer, locally advanced or unresectable cervical cancer, and
vaginal cancers.4,6 Chemotherapy is commonly used in combination with radiation as a
radiosensitizer, especially for cervical cancer, and may be used in an adjuvant context to
eradicate potential subclinical disease.3–7 The general principles and applications of each
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of the three treatment modalities, as they pertain to gynaecological cancers, are described
in the following sections.

1.2.1

Surgery

Surgical treatment involves the removal of cancerous tissues with a margin to account
for microscopic disease spread and may follow a localized excision approach or removal
of entire associated organs, as well as suspicious lymph nodes. The surgical approach
varies depending on the type of gynaecological malignancy, location, and stage and,
notably, surgery also plays an important role in the diagnosis and staging of these cancers,
especially for presumed early-stage cases.3,4 Surgery is most often the first choice of
treatment for ovarian cancers and commonly includes a total hysterectomy (removal of
the entire uterus, including the cervix) and bilateral salpingo-oophorectomy (removal of
both fallopian tubes and ovaries), as well as the removal of any additional cancerous
tissues.3 For advanced ovarian cancers, it may also be used to improve symptoms and
in combination with chemotherapy to enhance response.3,44 Hysterectomy with bilateral
salpingo-oophorectomy is the primary treatment for the management of endometrial
cancer with the aggressiveness of the surgery and resection of lymph nodes selected
based on the disease extent.4,30 For cervical cancer patients, surgery is usually selected
for early-stage (typically Stage IB2 or less) cervix-confined disease with the preferred
approach being radical hysterectomy. Pelvic exenteration is a highly aggressive and often
morbid procedure that involves removal of the uterus, upper vagina, and disruption or
complete removal of the bladder or rectum; this is generally reserved for salvage of locally
recurrent patients.5,45 The choice of surgery versus radiotherapy alone or chemoradiation
in early-stage cervical cancer treatment is multifactorial and usually decided based on
multidisciplinary consultation between surgeons and radiation oncologists.5 Studies have
reported comparable outcomes between surgery and definitive radiation in a variety of
cervical cancer patient cohorts.5,45–47 The patients’ individual characteristics, including
clinical, anatomic, social, and prognostic factors, are considered when selecting the primary
treatment modality, or a combination thereof, particularly in the case of bulky disease,
where treatment with surgery alone can have recurrence rates as high as 31% in some
high-risk patient groups.45,48,49 Although more severe morbidity may be associated with the
surgical approaches than radiotherapy alone, the combination of surgery and radiotherapy
for cervical cancer patients generally leads to the worst morbidity and is avoided when
possible.5,45 Depending on the extent of vaginal resection during hysterectomies, the
remaining vaginal cuff is a common site of recurrence and the morbidity risks are
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weighed against the recurrence risk when determining which patients receive adjuvant
radiotherapy following surgery (described in Section 1.2.3).4,5,30,50,51 In recent years, there
has been a substantial shift to minimally invasive and robotic approaches to hysterectomies
with studies demonstrating that procedures can be performed laparoscopically with small
differences in recurrence rates but improved quality of life and fewer complications
compared to more traditional laparotomy approaches for endometrial cancer.4,30,45,52–54
Surgery has a limited role in the treatment of vaginal cancers, particularly given the
potentially devastating impact on sexual function, and, for vulvar cancers, surgery is as
localized as possible and tailored to the individual case to minimize the impact on function
and body image.6,7,55

1.2.2

Chemotherapy

Chemotherapy employs antineoplastic drugs to stop the growth of cancer cells, killing
them through deoxyribonucleic acid (DNA) damage and preventing the cells from dividing.
Chemotherapy is primarily used in adjuvant settings during the treatment of gynaecological
cancers. In early ovarian cancer patients, chemotherapy is generally administered as
adjuvant therapy following surgery and is usually considered for patients with a high risk
of relapse, regardless of stage, whereas in advanced disease, it is typically given in a
neoadjuvant fashion.3,44,56 These chemotherapy regimens are typically platinum-based with
carboplatin considered the standard-of-care choice in ovarian cancer with fewer side-effects
than alternatives.3,56 Chemotherapy is also commonly used to treat recurrent and advanced
endometrial malignancies and is increasingly used in adjuvant settings for advanced stage
and aggressive histology disease, based on the results from recent clinical trials.4,57–59
The sequential or concurrent combination of chemotherapy and radiotherapy, known
as chemoradiation, has demonstrated enhanced treatment effects in many cancers and
may be used definitively or preoperatively to down-stage previously unresectable tumours
into surgical candidates, as well as help preserve nearby organs.60 The chemotherapeutic
drugs reduce the number of tumour cells that need to be targeted and act as a
radiosensitizer through a variety of mechanisms, making cells more susceptible to
destruction using radiation, as well as provide systemic reinforcement against disease
spread.60,61 During cervical cancer therapy, multiple trials have demonstrated a modest
survival improvement from this radiosensitization effect, using platinum-based concurrent
chemotherapy, and, therefore, these are commonly used as part of definitive or adjuvant
concurrent chemoradiation approaches for Stage IB2 to IVA patients.5,45,62,63 In particular,
concurrent chemoradiation with cisplatin is widely recognized as the standard-of-care
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for locally advanced cervical cancers.5,45,62,63 Evidence also indicates that cisplatin-based
chemoradiation may improve outcomes for women with early-stage disease (Stages IA2 to
IIA) with high recurrence risk; however, adjuvant chemoradiation regimens may increase
the risk of severe acute toxicity and therefore the benefits and risks must be carefully
evaluated on an individual basis.5,63–65 Although studies investigating chemoradiation in
the context of vaginal cancer are limited, the favourable outcomes from cervical cancer
treatment are usually extrapolated to treat locally advanced vaginal cancer, particularly
Stages III and IVA, typically using cisplatin-based regimens.6,66–70 Therapy for vulvar
malignancies tends to be highly multimodal, often including chemoradiation during the
course of treatment, typically in a neoadjuvant setting or definitively for unresectable
tumours.7,71–75

1.2.3

Radiotherapy

Radiation therapy, or radiotherapy, leverages the interactions between ionizing radiation
and biologic matter to destroy the cancerous cells. Many different mechanisms can be
used to deliver radiotherapy but the general principle behind conventional radiotherapy is
that high-energy photons will produce charged particles (electrons) within the irradiated
tissue that ideally leads to damage of the cancer cell’s DNA through direct and indirect
mechanisms, including free radical production.76 The resulting complex series of effects
are integral for effective cancer treatment and dictate the doses and timing used during
the treatment regimen.76 These aspects are also influenced by tissue radiosensitivity, which
is highly heterogeneous and depends on many physiological characteristics, such as cell
proliferation rate.76,77 Although all parts of the cells are damaged by ionizing radiation and
multiple mechanisms cause cell-death, DNA is the primary target for lethal cell damage in
cancer therapy, inducing breaks in double-stranded DNA among other destructive effects.76
Radiation effects occur in both the target and normal tissues and so the selection of
treatment regimens and parameters must be individualized with the risks and benefits
balanced, particularly in the pelvis where many critical structures are in close proximity
to each other.77
Radiotherapy is routinely included during the course of treatment for most
gynaecological malignancies, both alone (definitive/radical radiotherapy) and in
combination with surgery (neoadjuvant or adjuvant) and/or chemotherapy (concurrently
or sequentially), providing options for highly individualized treatment. As an exception
among the gynaecological malignancies, radiotherapy plays a limited role in the treatment
of ovarian malignancies aside from its use in palliative care and localized recurrences.3,48
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Conversely, radiotherapy is essential for effective management of endometrial malignancies
with radiation indicated during the treatment course in 46% of all endometrial carcinoma
patients under ideal circumstances (although actual usage rates may be lower).48,78 Its
most prominent role is for adjuvant therapy following surgery, as well as in the definitive
treatment of select unresectable patients or local recurrences.4 In particular, irradiation
following surgery for high-risk endometrial cancer patients has been demonstrated to
reduce local recurrence risk (which generally ranges between 5% and 50%) by at least
two-thirds.51 Generally, the recurrence risk is significant for high-grade endometrial
disease or patients with deep myometrial invasion, requiring adjuvant radiotherapy after
surgery even if other adverse risk factors are absent.48,79 As introduced in Section 1.2.2,
chemoradiation is the standard-of-care for most cervical cancer cases beyond the earliest
presentations. Radiotherapy is the treatment of choice for vaginal cancers, tailored
to the size and location of the tumour.6,48 Locally advanced vulvar cancer therapy
typically includes radiotherapy or chemoradiation in neoadjuvant, adjuvant, and definitive
approaches.7,48
For gynaecological cancers, radiotherapy can be delivered via two approaches: EBRT
or brachytherapy. These methods are discussed in more detail in the subsequent sections
and both approaches are commonly used during the course of radiotherapy. Adjuvant
radiotherapy during endometrial cancer treatment typically delivers doses of 45–50.4 Gy
with pelvic radiotherapy and variable boost doses using brachytherapy.80,81 For locally
advanced cervical cancer, the total combined dose of EBRT and brachytherapy is typically
in the range of 80–90 Gy.5,45,82 Similarly, vaginal tumours should generally receive a
combined minimum dose of 75–80 Gy.6 Definitive radiotherapy or chemoradiation of
vulvar cancers, as well as adjuvant settings with residual gross disease, typically require
minimum tumour doses of 60–70 Gy, whereas a lower dose of 50–55 Gy to the primary
tumour area is recommended if radiotherapy is employed to remove suspected microscopic
disease.7,41 In general, the vagina and vulva are sensitive to radiation effects and relatively
high doses may be used to treat SCCs in these regions, making their propensity for
radiation injury an important consideration in choosing the treatment regimen.77 For all
gynaecological malignancies treated with radiotherapy, there are challenges associated with
attaining the very high doses required to achieve cure without damaging nearby structures,
and care is taken not to overexpose nearby healthy organs, minimizing normal tissue
toxicity where possible. As a result of their proximity, the bladder and rectum (Figure 1.1),
as well as the bowel, are considered organs-at-risk (OARs), requiring specific dosimetric
considerations during treatment.
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External Beam Radiation Therapy (EBRT)
EBRT refers to ionizing radiation delivered from a source outside the body. Although there
are a variety of techniques used to deliver EBRT, the most common modern method is
through the use of a linear accelerator (linac) to generate x-rays, orienting and shaping
the beams to create the desired dose distributions.45,83 The energy of the radiation dictates
dose distribution along the beam path and these beams can be manipulated to achieve the
prescribed dose to the tumour.48 In general, megavoltage energies (6 MV or higher) are
used for irradiation in the pelvis owing to the potentially large tissue thickness and deep
treatment volume locations.5,48
For gynaecological malignancies, EBRT is used to irradiate regions at risk for
recurrences and typically is delivered to the whole pelvis, or occasionally the whole
abdomen, and may include the areas around additional lymph nodes.45,48 In addition,
modern 3D conformal techniques, such as intensity-modulated radiation therapy (IMRT),
have become the treatment standard.48,84 These techniques allow for precise dose plans,
reducing the radiation doses to nearby critical structures, sparing surrounding healthy
tissues as much as possible, and minimizing associated complications while ensuring a
sufficient dose is still delivered to the tumour.48,84 For 3D conformal radiotherapy, the
clinical target volume (CTV) is typically defined on 3D images to be the region at
risk of containing microscopic disease spread.48 The OARs are also outlined so that the
treatment plan may be designed to encompass the CTV and spare normal tissues as much
as possible.48 When designing treatment fields for many gynaecological tumours, there
is a high likelihood of tumour and organ motion, as well as potential tumour regression
over the course of treatment, restricting the degree of conformation that can be achieved
and emphasizing the need for high-quality imaging with these procedures.48,85,86 The
dose received by critical structures is often described in 3D planning using dose-volume
histograms (DVHs) and related parameters. In general, the total prescribed dose to the
whole pelvis is 45–50 Gy for adjuvant therapy, divided into 25–28 smaller doses (fractions),
which may be followed with subsequent brachytherapy to provide a radiation boost to the
residual tumour or areas at the highest risk of harbouring microscopic disease.6,45,48,82,84

Brachytherapy
Brachytherapy is a form of radiotherapy where radioactive sources are placed inside or
adjacent to the tissues being treated. This approach allows for higher doses of radiation
to be delivered to localized regions around the diseased tissue relative to the surrounding

Chapter 1.

14

normal tissues, providing the opportunity for enhanced tissue sparing for nearby healthy
organs.48 Consequently, brachytherapy is commonly used in concert with EBRT to provide
a radiation boost to the local area containing the tumour, as well as independently in some
circumstances.48 As a consequence of the highly localized nature of brachytherapy and,
correspondingly, the short active distance with rapid dose fall-off, the most critical aspect
influencing the efficacy of the treatment with minimal toxicity is the source placement and
associated geometry.9,87,88 Integration of 3D imaging to precisely target the tissues at risk
and assess the placement of source channels has been transformative for brachytherapy and
is discussed in detail in Section 1.4.
To achieve this localized approach, radioactive isotopes are encapsulated and either
permanently implanted or temporarily placed. The choice of radioactive isotopes influences
the rate that the dose is delivered and, in general, there are two main forms for
brachytherapy delivery: low-dose-rate (LDR) or high-dose-rate (HDR). LDR methods
typically use sources, such as caesium-137 (energy: 0.662 MeV, half-life: 30 years), that
deliver radiation to the target at a rate of 0.4–2 Gy/h.48,87,88 In contrast, HDR approaches
deliver dose at rates over 12 Gy/h.87,88 For gynaecological applications, the most common
HDR isotope is iridium-192 (192 Ir), which produces a mean effective photon energy of
0.397 MeV (half-life: 73.8 days) and has a dose rate of up to 430 Gy/h at a distance of
1 cm from the source.48,88 LDR therapy may offer a radiobiological advantage over HDR
methods as it provides a better opportunity for normal tissue repair; however, it requires
longer immobilization and hospitalization of patients relative to HDR approaches and,
consequently, HDR therapy has gained popularity.12,48,81,89 Specifically for gynaecological
cancer treatment, a survey of international members of the Gynecologic Cancer Intergroup
(GCIG) noted that 85% of the 72 eligible respondents used HDR techniques.89 HDR
approaches allow procedures to be performed on an outpatient basis, reduce the exposure
risk for personnel, and, importantly, allow for optimization of the dose distributions.12,48,90
Pulsed-dose-rate (PDR) methods have also been proposed to mimic the radiobiology from
LDR while harnessing the advantages of HDR; however, logistical limitations, including
inpatient treatments and the requirement in some regions for a medical physicist and/or
radiation oncologist to be present for the entire treatment duration, have hampered the
widespread adoption of PDR approaches.12,48
LDR therapy may involve permanent implantation or temporary placement of
radioactive sources, though permanent implants have limited use in the context of
gynaecological malignancies.6,48 All HDR procedures involve temporary placement of
sources at planned locations, often using a single source positioned stepwise for prescribed
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durations (dwell times) via a remote afterloading system.48 A variety of devices and
techniques are used to provide the channels and geometries for positioning the sources and
those most commonly used for gynaecological applications are described in more detail
in Section 1.3. As with EBRT, a target volume containing the tumour is defined and the
dose to critical tissue volumes in 3D planning is reported using DVHs and their associated
metrics.
Treatments, particularly in HDR applications, are delivered in fractions where
subsequent fractions occur before the sublethal damage of cells is completely repaired.48
This fractionation system relates to four main factors that influence the tumour and normal
tissue responses: repair, reoxygenation, repopulation, and redistribution/reassortment.9,88
Sublethal cell damage can be repaired over time; however, if these damaged cells receive
further irradiation prior to complete repair, the damage may become lethal.9 In general,
normal tissues are more capable of cell repair than the tumour cells, and thus the malignant
cells are preferentially destroyed.9 Fractionation schemes can broaden the gap in cell
damage lethality between the normal and diseased tissues. In addition, the cell response
to irradiation is dependent on the availability of oxygen to facilitate DNA damage.9
Treatment timing is also linked to the potential for repopulation of tumour cells and
the cell cycle phase affects the radiosensitivity of the cells, relating to the concept of
redistribution/reassortment.9 Fractionation schedules vary widely in clinical practice with
3–12 HDR fractions usually used with a minimum of six hours recommended between
fractions to allow for normal tissue repair.10,12,88 As an example of practice patterns, the
GCIG survey found that the most common fractionation scheme was five 6-Gy fractions.89
Given the importance of source placement in brachytherapy, interfraction motion of the
target and OARs is a crucial consideration during treatment.91,92 HDR brachytherapy for
gynaecological malignancies can be associated with burdensome complications, including
rectovaginal fistulas, vesicovaginal fistulas, ureteral strictures, and vaginal necrosis and
stenosis; however, 3D image-based treatment planning allows for more adaptive and
individualized therapy, reducing associated morbidity.10,48,93
For gynaecological applications, brachytherapy is an integral part of the definitive
treatment of endometrial, cervical, and vaginal cancers, as well as recurrent gynaecological
malignancies.4,6,8,12,48,82,90 Patterns of clinical practice for brachytherapy are highly variable
depending on the clinical scenario, institutional preferences, and available resources. In
general, EBRT can be used initially to address subclinical metastatic disease and lymph
node spread, as well as reduce tumour bulk and improve the anatomic geometry for
localized therapy with brachytherapy, which is subsequently delivered to improve local
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control.48 In the Postoperative Radiation Therapy in Endometrial Cancer (PORTEC)-2
trial, 427 early-stage endometrial cancer patients were randomized to pelvic EBRT or
intravaginal brachytherapy to compare their efficacy in controlling recurrence in the
vagina, which is the most common site of recurrence following surgical treatment.94 The
study demonstrated that brachytherapy alone was sufficient to establish vaginal control,
even when intermediate-to-high risk features were present.94 Moreover, the equivalent
recurrence prevention was achieved with fewer adverse side-effects and a better resulting
quality of life.94 Accordingly, brachytherapy is now routinely used in early endometrial
cancer treatment to provide postoperative radiation focally to the vaginal cuff following
hysterectomy, as recommended by the American Brachytherapy Society (ABS) guidelines,
and can be critical for reducing recurrence risk.5,8,50 In radical radiation treatment of
cervical cancer, brachytherapy is critical and its inclusion has been shown to significantly
improve survival for cervical cancer patients.5,48,95 Retrospective analysis of 7,359 women
(Stages IB2 to IVA) that received either a combination of EBRT and brachytherapy or
EBRT alone showed that the inclusion of brachytherapy in cervical cancer management
was independently associated with increased cause-specific survival (CSS).95 In this cohort,
the four-year CSS increased from 51.5% to 64.3% with the addition of brachytherapy, and
significantly better overall survival was also observed.95 Similarly, brachytherapy should be
considered during the treatment of all vaginal tumours, supported by a recent retrospective
analysis of 2,517 primary vaginal cancer patients demonstrating survival benefits across
all stages.6,96 Brachytherapy is also considered an essential component for managing
all localized recurrences of gynaecological cancers.97 Brachytherapy of gynaecological
malignancies, particularly for primary vaginal tumours and vaginal recurrences, is the focus
of this thesis and the most relevant aspects of this treatment and current challenges will be
described in the following sections.

1.3

Types of Gynaecological Brachytherapy Implants

To accommodate the diverse presentations of gynaecological malignancies and wide
anatomical variation among patients, there are many different devices and methods that
can be used to create the geometries for radiation delivery and sparing of normal tissues
during brachytherapy.50 In general, the placement of these devices, known as applicators
or implants, occurs transvaginally or transperineally. The patient is placed under general
or spinal anaesthesia for the applicator placement and during this time, patients are
commonly positioned on their back in the dorsal lithotomy position with their legs raised
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in stirrups.6,8,11,89,98 The implantation techniques can be categorized as either intracavitary
or interstitial brachytherapy. Modern hybrid approaches that combine these techniques
have emerged as an area of growing interest in recent years, providing additional treatment
flexibility.99 The main principles and clinical indications for each approach are outlined in
the next sections along with brief descriptions of the most common applicator styles.

1.3.1

Intracavitary Brachytherapy

Intracavitary brachytherapy for gynaecological cancers refers to procedures that are
performed using applicators placed into the vagina and/or the uterine cavity. It is usually
the first choice of technique for gynaecological brachytherapy unless contraindicated.
Intracavitary treatment may be done using a single- or multi-channel vaginal cylinder,
alone in postoperative patients without a uterus or with an additional radiation channel,
called a tandem, passing centrally through the cylinder into the uterus in definitive radiation
cases.8,50 Vaginal cylinders are favoured for treatment along the vaginal length whereas
vaginal ovoid and ring applicators can be optimally used as alternatives to focus treatment
on the cervix, upper vagina, and parametria.50 In general, if the uterus is intact, as is
commonly the case for definitive radiation of cervical cancer, a tandem-and-ovoid or
tandem-and-ring applicator is used, as shown in Figure 1.2. These applicators include an
intrauterine tandem to provide a source channel into the uterine cavity and also include
two egg-shaped (ovoid) components or a donut-shaped ring to sit snugly against the
cervix in the lateral vaginal fornices (Figure 1.2).8,88 Tandems have variable length and
angle options to accommodate the specific patient anatomy and the tandem-and-ovoid
applicator requires the choice of ovoids such that the largest ovoids accommodated by
the fornices are selected.8,88 Both the ovoids and the ring contain source channels and
the size of these shaped components influences the penetration of the dose distribution,
with larger components increasing the effective penetration depth and reducing the vaginal
surface dose.88 In both cases, lubricated vaginal packing is placed into the vagina following
insertion to stabilize the applicator, provide hemostasis, and displace the rectum.5,8
Historically, tandem-and-ovoids has been the most common applicator, though the
tandem-and-ring applicator is now very common and may be ideal for patients with shallow
vaginal fornices.8,89 Both the tandem-and-ovoid and tandem-and-ring applicators produce
pear-shaped dose distributions in the coronal plane, shown in Figure 1.4(a), which generally
cover the uterus, cervix, inner parametrium, and upper third of the vagina.5 Although some
of the applicator limitations may be overcome with HDR optimization, applicator selection
requires careful consideration and is individualized to the unique patient anatomy.5,8
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Figure 1.2: Illustrations of (a) tandem-and-ovoid and (b) tandem-and-ring
intracavitary applicator placement.

1.3.2

Interstitial Brachytherapy

Interstitial brachytherapy refers to procedures where the radioactive source is positioned
directly inside the tumour and surrounding area through channels, such as needles or
catheters inserted into the tissue. It is typically used in cases where the tumour volume
cannot be adequately encompassed by the intracavitary dose distributions. This includes
patients with large or bulky residual tumours following EBRT or cases with evidence
of vaginal extension, lower vaginal involvement, or pelvic sidewall invasion, as well as
patients with anatomical distortions, such as a narrow or stenosed vagina.5,8,11,12,98 Further,
interstitial brachytherapy may be indicated for post-hysterectomy patients, where the lack
of an intact uterus precludes the use of a tandem but the extent of residual disease cannot
be encompassed by the dose distribution from a vaginal cylinder alone (lateral extension
greater than 5 mm).12,100 Although interstitial applicators allow greater flexibility to shape
the implant geometry and improve conformality, they are more invasive and complex
relative to intracavitary techniques, requiring a greater degree of experience and care to
appropriately cover the target volume and avoid serious complications.8,11,101–103
Generally, interstitial applicators (Figure 1.3) include a vaginal cylinder (also referred
to as an obturator) to stabilize the implant and separate the vaginal walls.6,98 The cylinder
also typically has a central channel to accommodate an intrauterine tandem, if required.
Although free-hand or transvaginal techniques are possible, interstitial implants usually
use a template sutured to the perineum, providing a pattern of holes for plastic or metallic
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needles to be inserted, creating the implant geometry.6,11,98 These needles provide the
hollow channels for the radioactive source to be positioned using a remote afterloader
at stepped locations with variable dwell times to deliver optimized treatment plans.11
This allows clinicians to create tailored geometries extending beyond the typical range
of intracavitary implants, particularly in the lateral direction.98,102,103 The most common
transperineal needle template styles are variants of the Syed-Neblett template or Martinez
Universal Perineal Interstitial Template (MUPIT).5,6,104,105 Typically 5–36 needles are
positioned with 10 mm between adjacent needles and are ideally parallel, with the
exception of implants that use templates with slightly angled arrays of holes to access
tumours with widespread parametrial involvement.6,11,98,100–103 Ideally these needles extend
5–10 mm beyond the disease with peripheral needles often placed into normal tissues
to cover the gross disease with a 10-mm margin in all directions.6,100,103 These implants
are particularly well-suited to treating vaginal tumours, though the standard templates
include additional channels in the cylindrical obturators to accommodate central needles,
encompassing the cervix and vaginal apex and avoiding a central “cold spot” in the dose
coverage.106 Dwell positions and times are optimized during treatment planning to deliver
the prescribed dose to the target volume, accounting for the proximity of the needles to the
intrauterine tandem at the implant core, if present, and the proximity of the OARs at the
periphery.90

Figure 1.3: Model of a MUPIT-style transperineal applicator, including a template
with a grid of holes for needle insertion, representative needle, and cylindrical
vaginal obturator with channels for an intrauterine tandem and placement of four
additional needles. The second cylinder hole in the template can be filled with an
insert with additional needle holes.
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Hybrid Brachytherapy

Hybrid approaches combine interstitial needles with tandem-and-ovoid or tandem-and-ring
applicators, incorporating needle template holes into modified versions of the ovoid or
ring components. Current trends in gynaecological brachytherapy indicate a shift towards
hybrid applicators and techniques to provide more flexibility and individualization of
treatments, leveraging their similarity to traditional intracavitary applicators while avoiding
the complexity of classical interstitial approaches.99,102 The most commonly implemented
hybrid applicators are the Utrecht (modified ovoid-based) and Vienna (modified ring-based)
applicators; however, given the novelty of these approaches, availability is still limited and
hybrid brachytherapy programmes are currently associated with high initial costs.107–111
These applicators are generally appropriate in many of the same cases as interstitial
brachytherapy, where the uterus is intact but intracavitary applicators are insufficient to
generate adequate target doses.11,82,109 In addition, hybrid approaches may improve the risk
of morbidity in cases where intracavitary methods would sufficiently cover the target but
cannot meet OAR dose constraints.108,109,111–115 Further, once established this is generally
achievable without considerable demands on resources, requiring little additional time for
applicator placement and planning.108,112,113 Relative to perineal interstitial implants, hybrid
vaginal applicators may reduce the number of needles required, as well as the needle
penetration depth into the tissue that is necessary to achieve the desired targets and may
greatly improve procedure time and throughput.5,108,111,116
In general, in hybrid approaches, the majority of the dose is delivered via the
intracavitary component with approximately 10–20% of the dwell time designated
to source positions within the interstitial needles to fine tune and shape the dose
distribution.8,12,90,91,109,110 Despite this relatively small contribution from the interstitial
component, the inclusion of interstitial needles has been shown to improve target coverage
substantially.91,108–116 Coverage with the prescribed dose can be expanded 10–15 mm
in the local region around the needles, allowing treatment of tumours with dimensions
of up to 6–7 cm laterally and even broader cranial extensions, as illustrated in Figure
1.4(b).8,91,99,109 More recent versions of both the Utrecht and Vienna applicators, as well
as custom adaptations aimed at further improving treatment individualization, include
constrained oblique needle holes with angles up to 25◦ to provide even broader access
to tumours with wide lateral extension.110,116–119 Established hybrid applicators are often
unable to provide appropriate coverage of mid- or distal-vaginal disease and therefore these
cases may still require transperineal interstitial approaches.11,99,108 Recent innovations in
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applicator designs have aimed to overcome this limitation with newer applicators, such as
the Venezia applicator, incorporating perineal template components.102,117

Figure 1.4: Illustration of (a) the standard pear-shaped dose distribution associated
with intracavitary applicators, and (b) an example of a modified dose distribution
attainable with a hybrid applicator. Shown in the coronal plane with representative
isodose lines and dwell positions.

1.4

Imaging in Gynaecological Brachytherapy

Medical imaging can play a role in almost every step of the applicator placement process
during gynaecological brachytherapy. This includes preoperative imaging to estimate the
position of the target volume and identify the relevant anatomical features, intraoperative
imaging to immediately assess the applicator and OAR positions, and post-insertion
imaging to verify the applicator placement and perform treatment planning. Although
laparoscopy and laparotomy, as well as fluoroscopy, have been historically investigated
and are still sometimes used for intraoperative visualization, particularly for interstitial
implants, the use of these methods has declined at many institutions as a result of the
inherent additional resource demands, risks, and limited visualization of some relevant
structures.6,8,11,120–127 Depending on the context, there are three main imaging modalities
that are typically used during gynaecological brachytherapy: magnetic resonance (MR),
x-rays or x-ray computed tomography (CT), and US. Developments in recent years
have focused on transitioning many aspects of the procedure to be 3D image-based,
rather than the traditional two-dimensional (2D) approaches, although these may still
be pertinent in intraoperative and lower-resource clinical environments.13,89,128,129 This
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shift toward 3D imaging approaches is especially pronounced for post-insertion treatment
planning, including identification of the CTV and OARs, as it allows for volumetric
contouring for effective normal tissue sparing with dose optimization when combined
with HDR dose delivery.89,128,130 The integration of volumetric 3D image-based planning
into gynaecological brachytherapy treatments has demonstrated superior outcomes and
decreased toxicity compared to traditional methods, which prescribe dose to a defined
point on 2D images.8,128,130,131 In particular, the addition of 3D imaging to cervical
cancer brachytherapy has improved local control rates from 60–70%, historically, to
approximately 90%, demonstrating the importance of 3D image information for these
procedures.132

1.4.1

Magnetic Resonance (MR) Imaging

MR imaging uses radiofrequency waves and magnetic fields to manipulate the nuclear spins
within tissues, particularly protons associated with hydrogen atoms, enabling images to
be generated from the detectable signals produced as a result of this mechanism. The
resulting 3D images provide excellent soft-tissue contrast and, therefore, can be used
for gynaecological brachytherapy to visualize the tumour, vagina, uterus (if present), and
OARs in detail.8,12,120,128,133 Where MR imaging is available, preoperative images (Figure
1.5) are typically acquired prior to applicator placement to visualize the relevant anatomy
and assess tumour regression resulting from any preceding EBRT, as well as assist with
post-insertion contouring on CT images.8,11,12,91,128,134

Figure 1.5: Preoperative MR image (sagittal view) from a patient undergoing
gynaecological brachytherapy, acquired with a vaginal cylinder inserted.
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MR imaging may also be used post-insertion at some institutions to assess the
position of the implant and OARs, if MR compatible equipment is available, and has
been demonstrated to provide superior outcomes when included in the dose optimization
process.82,91,128,130,132,135–139 In 2012, 25% of respondents in the GCIG practice patterns
survey reported using MR imaging after applicator insertion, with nearly half of these
acquiring an MR image for every fraction and the remainder using MR imaging for
the first fraction and CT images for subsequent fractions.89 As a result of the superior
soft-tissue contrast of relevant structures, MR images are considered the gold standard
for target delineation and many well-resourced centres are migrating gynaecological
treatments to MR-based planning, supported strongly by recommendations from the
Groupe Européen de Curiethérapie – European Society for Radiotherapy & Oncology
(GEC-ESTRO).8,129,135,140–144 With the aim of standardizing and advocating for the
dissemination of MR-based gynaecological brachytherapy, GEC-ESTRO launched the
International Study on MRI-guided Brachytherapy in Locally Advanced Cervical Cancer
(EMBRACE) study to evaluate and benchmark MR-based techniques prospectively in a
broad multi-institutional cohort of 1,416 patients enrolled internationally.140,145
The transition to MR-based techniques is further motivated by recent cost analyses
indicating that the benefits will reduce the later costs of managing side-effects and
recurrences; however, the initial investment and resource requirements may still be
prohibitive in many healthcare systems.107,134,146,147 Many centres, including the vast
majority of Canadian institutions, still have limited access to MR scanners, particularly
for routine use by radiotherapy departments; however, if some access is possible,
priority is given to first insertions and cases with very large tumour volumes.11,134,137,148
MR-based approaches have also facilitated dose optimization for hybrid applicators, as the
highly conformal nature of these implants necessitates precise delineation of targets and
OARs.99,107,117,140 Some studies have investigated the use of MR imaging for intraoperative
implant assessment for both interstitial and intracavitary applicators, using either iterative
evaluation techniques or specialized procedure suites for immediate feedback.136,149,150
These proposed approaches and current limitations are discussed in more detail in Section
1.5.2.

1.4.2

X-ray Computed Tomography (CT)

Conventional x-ray imaging generates images using an x-ray source to transmit
electromagnetic radiation through tissue and detecting the transmitted x-rays that have
travelled through the body on the opposite side. The fraction of transmitted x-rays

Chapter 1.

24

depends on the material’s atomic number and mass density, as well as the x-ray photon
energy, and dictates the appearance in the resulting image. Contrast is created by the
differential attenuation properties of the materials composing the objects that the x-ray
beam encounters on its path from the source to detector. This mechanism produces
a projection image, effectively displaying 2D superimposed shadows of the internal
structures. CT imaging leverages this mechanism but augments the technique with rotating
components to build 3D images from a series of x-ray projections taken at multiple angles
around the body. Historically, plain film x-ray was the standard approach to imaging
following applicator insertion for gynaecological brachytherapy; however, with the advent
of 3D imaging technologies and increased access to these modalities, CT has become the
standard at most institutions.8,89,129,151–153 The GCIG survey of international gynaecological
brachytherapy patterns of practice found that CT was the most commonly used imaging
modality for verifying applicator placement after insertion with routine use by 57% of
respondents, although 24% of centres still used plain x-ray imaging in some capacity.89
In gynaecological brachytherapy, CT has a limited role for preoperative imaging but
it may be used in the absence of access to MR imaging, though it typically provides less
specific anatomical information as a consequence of its poorer soft-tissue contrast. Its
principal role is for post-insertion imaging to confirm appropriate applicator placement and
avoidance of OARs, and to perform 3D dose planning and optimization.11,12,91,100,128,129,151
Examples of two patient CT images containing interstitial and intracavitary applicators are
shown in Figure 1.6. Although the uterus and cervix, as well as OARs and applicators, can
generally be reliably delineated on CT images, it may be difficult to distinguish the tumour
from surrounding normal tissues and CT has been shown to overestimate tumour volumes,
especially in cases with parametrial extension, which motivates the incorporation of MR
image information (as described in Section 1.4.1), when it is available.8,12,100,128,129,139,152,154
Intraoperative CT in a dedicated suite using an iterative needle detection technique has also
been proposed to immediately evaluate interstitial needle positioning and will be discussed
further in Section 1.5.1.155
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Figure 1.6: Axial (right) and sagittal (left) views from post-insertion CT images of
patients undergoing interstitial (top) and intracavitary (bottom) gynaecological
brachytherapy. (a) and (b) show the perineal template, vaginal cylinder with a
channel for an intrauterine tandem, and interstitial needles, as well as the bladder
with a Foley catheter. (c) and (d) show a tandem-and-ovoid applicator with the two
ovoids, central tandem, and the bladder with a Foley catheter visible in the axial
view and one ovoid with the associated source channel shown in the sagittal view.

1.4.3

Ultrasound (US)

Conventional brightness-mode (B-mode) US imaging leverages the properties and
interactions of sound wave pulses in media to generate 2D images representing the
internal structures. These US systems use the time for a pulse to travel to a reflective
interface between materials with different acoustic impedances and for the echo to be
detected at the transducer to establish the distance between the transducer and boundary.
This transmission and reflection time is related to the speed of sound in each medium
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that the waves propagate through and is influenced by the attenuation of the waves,
including absorption and scattering. Sound waves are mechanical and longitudinal and are
considered US at frequencies above 20 kHz. For medical imaging, frequencies between
2–15 MHz are typically used with the transducer frequency influencing the penetration
depth and spatial resolution. Higher frequencies are associated with greater attenuation
and therefore shorter penetration but provide higher spatial resolution. US imaging is
widely used intraoperatively during interventional procedures as it provides very high
temporal resolution (effectively real-time) in addition to the advantages of being highly
portable, cost-effective, and accessible; however, US is limited by its operator dependence
and restricted fields-of-view. US can be used in two main contexts for gynaecological
brachytherapy: (1) intraoperatively to monitor insertion and assess applicator placement
and (2) to identify the target volume and OARs.
Given the advantages of US imaging for immediate image feedback, it is most
commonly employed during gynaecological brachytherapy applicator insertion procedures
to improve the technical quality of the implant.156 Internationally, 62% of respondents
in the GCIG practice patterns survey reported using US to aid applicator insertion
with 18% using US in over 75% of cases.89 In a recent Canadian survey, US was
the most commonly used modality for intraoperative imaging with 75% of centres
using US during insertion procedures for cervical cancer brachytherapy, mainly with
transabdominal ultrasound (TAUS) techniques.99 Conventional US probes are available
in a variety of configurations with endocavity and TAUS approaches most applicable to
gynaecological brachytherapy. Endocavity US imaging may be in the form of transrectal
ultrasound (TRUS) or transvaginal ultrasound (TVUS) image acquisition.128 Probes for
these applications are generally long and narrow and may be used for side-fire/sagittal,
axial, or end-fire views, referring to the direction of the imaging plane relative to the
probe axis. The selection of the probe and imaging plane, as well as parameters such
as image and focal depth, depends on the region-of-interest for visualization, with some
probes providing multiple viewing modes. Examples of each of the three acquisition
types are shown in Figure 1.7, including intraoperative 2D endocavity US images from
gynaecological brachytherapy patients and a 2D TAUS image of normal anatomy.
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Figure 1.7: Intraoperative 2D US images from gynaecological brachytherapy
patients, including (a) a side-fire TRUS image prior to applicator insertion with the
uterus visible, (b) a side-fire TVUS image showing the Foley catheter in the patient’s
bladder, and (c) a TAUS image showing a normal bladder and uterus.

Although TRUS imaging has been used to assist with intrauterine tandem positioning,
it is most pertinent to interstitial applicator placement.11,128,156,157 The application of both
axial and sagittal 2D TRUS images to assist with the accurate insertion of interstitial
needles has been described by Stock et al.158 With this biplanar technique, real-time
visualization of the target volume and normal tissues was demonstrated, as well as
the ability to verify needle locations, particularly of those placed posterior to the
vagina.158 These findings have been supported in subsequent studies and reports of clinical
experiences, which observed good visualization of relevant structures, reduced injury to
nearby pelvic tissues, and lower complication risks.159–161 In contrast to the utility of TRUS
imaging for this application, TVUS imaging is mainly used diagnostically rather than
intraoperatively, as both the intracavitary applicators and vaginal cylinder in interstitial
applicators preclude the insertion of the TVUS probe into the vagina.128 Although TVUS
use is limited for gynaecological brachytherapy, in some cases, TVUS imaging may be used
to visualize anterior interstitial needles prior to the placement of the vaginal cylinder.128
TAUS imaging has been widely adopted as an aid for intrauterine tandem placement for
both intracavitary and interstitial implants, providing a tool for immediate feedback to avoid
perforation of the uterus and facilitate proper tandem positioning with greater clinician
confidence, especially in complex cases.8,128,156,162–164 US has been repeatedly demonstrated
to substantially improve the quality of gynaecological brachytherapy implants with
nearly all implants achieving optimal tandem placements under US visualization.156,163–166
Furthermore, the routine use of TAUS imaging during tandem placement may help
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to detect unsuspected perforations or suboptimal placements with improved workflow
efficiency.163,164,166 In addition, TAUS images may be used to visualize normal tissues and
needles for interstitial implants, allowing the position to be manipulated under continuous
monitoring and avoiding inadvertent placements.11,167
Given the widespread availability of US systems compared to other imaging modalities,
the use of US images has been explored for generating contours and treatment
plans.128,156,168,169 Measurements of the uterus and cervix (as well as targets) on US
images have demonstrated excellent agreement with MR images, supporting the potential
use of this technique for image-based planning.170–172 Good agreement with comparable
inter-rater variability has also been observed in volumetric estimates of target volumes
and OARs from US images compared to MR images, showing potential for this approach
to be adopted for volumetric treatment planning in the future.156,173–175 Both TRUS and
TAUS images, alone or in combination with other modalities, have been investigated for
conformal treatment planning in intracavitary cases with promising preliminary results;
however, thus far the potential for US-based planning for gynaecological interstitial
cases remains largely unknown.156,168,171,173,176 In addition, modern treatment approaches
promote the use of 3D image-based planning, requiring advancements from the traditional
2D US techniques prior to systemic implementation.133,156,157
The paradigm shift to 3D image-based techniques may be supported by advancements
in the application of 3D US imaging. The development of 3D US imaging technologies
has allowed for many of the limitations of traditional 2D US to be overcome. Specifically,
3D US imaging reduces the operator dependence associated with image acquisition,
requiring less manipulation of the US transducer position.177 It also diminishes the need
to mentally collate and transform 2D information to gain an impression of a 3D structure,
which introduces uncertainty from its variable and subjective nature.177 Furthermore, in
many scenarios 3D US imaging allows anatomical restrictions on the probe placement
and orientation to be circumvented, providing access to optimal views that may have
otherwise been unavailable.177 Although integrated 3D US probes using 2D matrix arrays
of elements exist, 3D images may also be generated with mechanical approaches using
conventional 2D US systems with one-dimensional element arrays. These techniques use
multiple 2D frames produced by the US machine video output as slices to reconstruct a
3D image when combined with position information from sensors or a mechanical device.
When mechanical actuators are used, the 2D frames are acquired with known positional
relationships by manipulating the probe in prescribed geometries, such as linear translation,
rotation, or tilt motions as shown in Figure 1.8. These 3D images provide a more complete
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understanding of the 3D anatomy than traditional 2D US images, which is critical for
volumetric treatment planning and can aid in the assessment of implant quality, though
this requires further investigation in the context of gynaecological brachytherapy.

Figure 1.8: Mechanical 3D US scanning geometries, including (a) linear, (b)
rotational (shown with a side-fire endocavity configuration), and (c) tilt motions.

1.5

Current Challenges in Gynaecological Brachytherapy

Although advancements have improved many aspects of gynaecological brachytherapy,
the procedure is still hindered by multiple challenges, many of which stem from a lack
of standardization for imaging and planning techniques. Reliance on historic systems
has caused progress in gynaecological brachytherapy to stagnate and as a consequence
of this slow progress, the individualization of treatment to address the diverse disease
presentations has lagged behind other radiotherapy techniques.156,178 Among the challenges
is the limited ability to visualize applicators at the time of placement and adaptively
guide their insertion, which is essential for optimal treatment.11,14,156 Unlike prostate
brachytherapy, which has been transformed by the addition of advanced imaging and image
processing techniques, progress in gynaecological brachytherapy has fallen behind modern
image-based approaches in recent decades.178–180 This lack of modernization and associated
obstacles in gynaecological brachytherapy have contributed to a concerning decline in
the use of brachytherapy for gynaecological malignancies despite being established as
a critical component of care.8,95,96,180 Inequities in access to imaging technologies and
specialized equipment exacerbates these difficulties with much of the recent progress
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neglecting healthcare environments with the highest gynaecological cancer burdens.11,180
Many of these healthcare cost-constrained settings lack the resources to perform modern
3D image-based treatment planning, relying on classical point-based techniques.128,176
Discrepancies in the treatment of gynaecological malignancies are amplified by research
funding disparities. A recent analysis by Spencer et al.181 concluded that, in the
United States, research based on gynaecological malignancies is allocated significantly
less funding than many less lethal cancer sites, where the lethality metric takes into
account incidence, mortality, and average person-years of life lost, with disproportionately
decreasing trends in financial support.

1.5.1

Intraoperative Implant Assessment and Image Guidance

Motivation
The need for correct applicator placement for gynaecological brachytherapy is twofold,
as it is critical both to ensure adequate dose delivery to the target volume and to avoid
overexposing the nearby OARs. The importance of ensuring suitable implant quality
is increased as treatments become more conformal and personalized to the individual
patient.119 The necessity for accurate applicator placement has been well established and
could be achieved by the incorporation of intraoperative imaging during the insertion
procedure; however, despite this need, there is currently no standard method for assessing
applicators intraoperatively.8,14,102,156,166,182 Many centres place applicators primarily based
on clinical examination and preoperative imaging alone, relying heavily on clinician
experience. Rather than incorporating intraoperative approaches to assess the implant
quality, the applicator placement is typically assessed on post-insertion images. Poorly
placed applicators discovered at this time-point may require patients to undergo a secondary
procedure to reposition the applicator or, in the case of interstitial implants, misplacements
may render some needles unusable for loading during dose delivery, complicating the dose
planning procedure and potentially leading to suboptimal treatment.8,11,166 For intracavitary
applicators, studies have identified perforations on post-insertion CT images in nearly 10%
of cases without intraoperative imaging, even when the clinician reported feeling confident
in the placement, motivating a need for earlier imaging to assess the applicator at the
time of placement.166,183 With conventional interstitial brachytherapy, rates of grade 3 or
4 toxicities reported have ranged between 6.5% and 21%.102,184,185 Although volumetric
treatment planning has brought these rates to about 12%, more accurate implant assessment
and guidance of applicator placement based on visualization of the relevant anatomy may
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permit these toxicity rates to be further reduced by allowing for avoidance of OARs.102
Although intraoperative imaging can minimize the misplacement of applicators, changes in
patient anatomy and applicator positions, including those resulting from edema, differences
in bladder and rectal volumes, and patient movement (for example, altered pelvic tilt from
lowering the patients’ legs from stirrups) between the intraoperative setting and treatment
fractions at subsequent time-points are important considerations.92,174,186 Ideally, initial or
first fraction treatment could be performed with intraoperative imaging but this process
would require the development of adequate tools for real-time planning.157
Although 2D US may be used intraoperatively, as described in Section 1.4.3, this is
not the case at all institutions and often its use is not extended beyond verification of the
intrauterine tandem placement.179 Despite the minimal impact on procedure time, reduced
requirements for additional expert consultation, and diminished need for repeat corrective
procedures, the disadvantages associated with 2D US, including the limited field-of-view
and operator dependence, have prevented broad adoption for implant assessment.156,157,166
The inconsistent use of US during applicator insertions has hindered approaches to
systematic evaluation of the implant intraoperatively.
The ability to visualize applicators at the time of placement would allow for corrections
to be made immediately, while the patient remains under initial anaesthesia, potentially
improving implant quality.11,156,163 This is particularly important for interstitial applicators
where the geometry can be far more variable than intracavitary cases and requires additional
attention as hybrid applicators become more prominent.102,157 Given the large number of
interstitial needles that may be placed, it is critical to ensure that these do not unnecessarily
impinge on OARs, especially as these needles are typically inserted deeper than the
target volume to ensure complete coverage and account for solid needle tips.157 Moreover,
with multiple needles it is important to ascertain that they do not converge or diverge
substantially and that the distribution of needles is conducive to optimizing the dose plan.157
Furthermore, the addition of image guidance could allow for more tailored treatments
and decrease the number of interstitial needles required, potentially reducing associated
side-effects.8,150

Previous Work
One approach to guiding applicator placement is the use of tracking systems,
such as electromagnetic (EM) navigation. Although EM tracking approaches have
been investigated for a variety of interstitial brachytherapy applications, results for
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gynaecological brachytherapy use have been limited to those reported from a preliminary
benchtop study by Mehrtash et al.187 performed in a phantom. Information about both the
placement and distribution of the needles and the patient anatomy is important for optimal
treatment, therefore EM systems are limited by the persistent need for an intraoperative
imaging modality and, consequently, the additional registration required to align applicator
positions with the imaging coordinate system to incorporate image information about the
OARs.
Lee et al.155 described an iterative approach of acquiring a CT image following
insertion of an initial set of needles, adjusting their positions, and then using serial
CT image acquisition to verify their locations, repositioning and adding needles, as
required. This technique makes use of a custom CT bed, allowing for needle insertion
at the edge of the CT scanner.155 The main limitation of this technique is that it
requires a dedicated CT suite with specialized equipment. In addition, this approach
provides verification of needle positions but does not provide real-time guidance.157
Some approaches using MR imaging intraoperatively have been described for interstitial
gynaecological brachytherapy.136,149,150,188 Kapur et al.136 proposed a needle guidance
technique using 3T MR imaging. In this method, an initial set of needles was inserted
followed by a 3D sagittal MR image to localize and verify the needle tips.136 Additional
needles were then inserted and a series of monitoring scans were acquired periodically
to visualize needle positions.136 Viswanathan et al.150 proposed the use of MR interstitial
needle guidance using a specialized interventional 0.5T MR system, acquiring images of
the needles as they were inserted in 4 s intervals using fast series in the sagittal or axial
planes containing the needle. After the insertion of each needle, an additional image
series was acquired to confirm the needle position.150 Although the use of MR systems
aligns well with GEC-ESTRO recommendations for 3D planning, access to MR scanners
is restrictive for many institutions, particularly those with large numbers of patients
requiring brachytherapy and in countries with limited numbers of MR systems. Both CT
and MR guidance techniques are limited by long treatment times under anaesthesia and
require comprehensive procedure suites and specialized equipment only accessible to a
few institutions internationally, limiting their translatability.11,174
An additional limitation of MR-based methods for interstitial implants is that the
needles are visualized as artefacts on MR images, therefore they are not real representations
of the applicators and are vulnerable to effects of acquisition parameters, introducing
inter-observer uncertainties and making needle tips difficult to identify and localize
accurately and efficiently.136,140,142,189–194 A study by Haack et al.195 visualizing needles in
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images from a 1.5T MR scanner for the purpose of treatment planning, reported deviations
larger than 4 mm for 13% of the needles identified. Wang et al.189 proposed resolving
this difficulty by integrating an active MR tracking system to provide real-time needle
localization information via customized needle inserts containing microcoils, yielding
accuracies less than 2 mm when identifying the needle tip in phantoms and a small patient
cohort. The feasibility of this system was also confirmed in a subsequent clinical study.191
Although this approach is feasible, it requires additional highly specialized equipment to
be implemented and further increases demand for MR scanner time. Other early studies
have reported the use of contrast and markers to create clearer needle definition in MR
images, with promising results warranting further investigation.140,190,195 Automated or
semi-automated localization and segmentation approaches (Section 1.5.2) have also been
proposed to assist with needle delineation in MR images for gynaecological brachytherapy
and show potential to assist with applicator identification at facilities with access to
intraoperative MR imaging.192–194
Few studies have examined the extension of modern US techniques to guidance or
visualization of applicators intraoperatively in gynaecological brachytherapy applications.
One study by Petric et al.196 presented a novel transcervical technique using a rotating US
probe to widen the field-of-view at the levels of the cervix and uterus prior to insertion of
a hybrid applicator; however, this work has been limited to a single patient and requires
further investigation to assess its practical utility and value for intraoperative imaging. In
contrast, US techniques, such as 3D TRUS, have been broadly explored and successfully
implemented for interstitial prostate brachytherapy, often considered the standard-of-care
or gold standard in this context.133,179,180 Hrinivich et al.197 assessed needle segmentation
accuracy during HDR interstitial prostate brachytherapy using mechanically-acquired
side-fire 3D TRUS images and commercially available variants on this method exist
(e.g., the Twister image acquisition system from Varian Medical Systems Inc. (Palo
Alto, CA, USA)). Although the same imaging principles apply to TRUS imaging for
gynaecological brachytherapy, this application introduces other challenges, such as the
inclusion of large plastic components of intracavitary applicators and the vaginal cylinder
often used with interstitial perineal templates. The 3D TRUS acquisition methods
developed for prostate brachytherapy have not been extended, evaluated, or adapted
for gynaecological brachytherapy applications to assess the impact of these differences.
Bridging this discrepancy may allow for more comprehensive assessment of interstitial
implants intraoperatively during gynaecological brachytherapy, allowing the distribution
and relative geometry of needles to be immediately evaluated.
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Declining Brachytherapy Use and Limited Image Processing
Tools

Motivation
Despite its proven role as an essential component in disease management and recognized
survival benefits, trends in brachytherapy use rates for gynaecological malignancies have
shown a concerning decline, particularly for cervical and vaginal cancers.95,96,198–202 This
decline has been associated with the uptake of modern conformal techniques, such
as IMRT, as well as associated reimbursement policies in some healthcare systems,
regardless of consistent evidence that these alternative methods are associated with poorer
outcomes.95,128,198,199,203 In particular, an estimated 10% improvement in the overall cervical
cancer cure rate is possible in the United States if all appropriate patients were to
receive high-quality brachytherapy.199,202 The use of interstitial brachytherapy is limited,
given its more challenging and less systematic nature; however, with the advent of
hybrid applicators, there is a resurgence in need for the skills required for interstitial
insertions.102,123,157,204–206 In the case of interstitial brachytherapy, uncertainties in needle
positions, resulting from the lack of effective intraoperative imaging discussed in Section
1.5.1, have created concerns about potentially high toxicity rates and hampered adoption
of these techniques at many centres, despite proven benefits for bulky tumours.102,123,204
The development of improved intraoperative tools may increase clinician confidence
in applicator positions, making the procedure more systematic, improving the accuracy
of applicator placement, and mitigating the complexity of these techniques.102,123 One
aspect that contributes to the variability and difficulty of the procedure is the necessity
to segment structures, including the applicator components, target volumes, and OARs,
in images to assess the implant quality and perform treatment planning. In particular,
image segmentation refers to the process of partitioning the image by classifying pixels
or voxels as being part of a specific object or delineating the boundary of that object (also
known as contouring). This can be performed manually; however, it is often an intensive
and time-consuming process. Gynaecological brachytherapy procedures could benefit
from automated image segmentation techniques, especially to assist with the localization
and evaluation of applicator components for intraoperative assessment of the implant
quality. This may be particularly important for realizing the accessibility and intraoperative
advantages of US guidance systems, where intracavitary applicators and interstitial needles
may not be as easily differentiable from the background as in other modalities. A further
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impediment to gynaecological brachytherapy programmes is the procedure time, which
is exacerbated by the need to move the patient for post-insertion imaging.107,157,204 The
ability to quickly localize and reconstruct applicators at the time of insertion, especially
with the assistance of image processing, has the potential to streamline this workflow
and the availability of tools to facilitate intraoperative applicator segmentation may be an
important asset for interstitial implants, where assessment of the placement, distribution,
and parallelism of multiple needles is critical.189
As elucidated in Section 1.4, various imaging modalities offer different advantages and
may be used at different time-points throughout treatment. Because of these differences,
it is sometimes beneficial to combine the information from multiple images taken from
different time-points or with different modalities. This can be achieved through image
processing using image registration and fusion techniques. Image registration is the process
of spatially aligning images from different coordinate systems, as a result of different
acquisition modalities, time-points, or imaging plane locations. Image fusion describes
the process of merging information from two or more images into a single image and
is generally preceded by an image registration step. These processes can be performed
manually based on image features or assisted by automated techniques. The alignment
may be achieved by rigidly manipulating the images using translation and rotation
operations or may require more complex deformable approaches. The incorporation
of image registration and fusion methods to the intraoperative imaging toolbox during
gynaecological brachytherapy procedures could consolidate the information provided by
multiple imaging approaches, harnessing the advantages of each modality and potentially
reducing the need for subsequent imaging.207 Consequently, improving the tools available
to clinicians to evaluate implants has the potential to raise adoption rates for this procedure,
realizing these benefits for a broader patient population.

Previous Work
Automatic or semi-automatic segmentation has been investigated to assist with
post-insertion verification of gynaecological interstitial brachytherapy needles in CT or
MR imaging, accurately localizing the needles in these modalities. Recently, deep
learning-based segmentation techniques have gained popularity. These approaches use
image data (which may be previously annotated) as training information, allowing
optimization methods to select and assign the relative importance of various characteristics
in the data. Jung et al.208 used a deep learning-assisted approach to segment intracavitary
applicators in CT images, employing the concept of transfer learning (where models
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developed for a prior task are applied to a new context) to segment applicators not
included in the training images. Jung et al.209 and Zaffino et al.193 have investigated
deep learning segmentation of gynaecological interstitial brachytherapy needles in CT
and MR images, respectively, with promising outcomes, when these modalities are
accessible.
Other studies, including those by Deufel et al.210 and Hrinivich et
al.211 have successfully demonstrated automatic segmentation of tandem-and-ovoids and
tandem-and-ring applicators, respectively, using novel combinations of conventional
techniques, such as thresholding, clustering, and Hough transform methods. Dise et al.212
implemented a segmentation algorithm using a combination of region-growing and spline
model methods to automatically localize needles in CT images; however, this technique
was hindered by a large processing time and limited applicability to the intraoperative
setting. Similarly, techniques using Bezier model-based192 or combined Bezier/mechanical
model-based194 methods have also been investigated for needle segmentation in MR images
with promising localization accuracy and potential to ease clinical workflows but are more
feasible for post-insertion verification of positions rather than providing intraoperative
feedback.
Although US is more commonly available for intraoperative imaging, automated
segmentation approaches for US images have not been investigated in the context of
gynaecological brachytherapy. The appearance of interstitial needles in US images is
very different than in other modalities, owing to the enhanced appearance of the edge of
the needle closest to the US probe relative to the needle shaft. US imaging of needles
also introduces additional complexity as a result of artefacts, such as shadowing, air, and
reverberation, and automated segmentation methods must account for differing imaging
parameters, such as gain. Many algorithms have been developed to segment single line-like
features, such as needles, from US images in both 2D and 3D images. Some of the
commonly used methods include deep-learning,213–217 orthogonal projection,218–221 random
sample consensus (RANSAC) and filtering,222–227 and transform228–235 based methods.
Many of these methods have only been tested in phantoms or on ex vivo tissue samples
and their extension to clinical images requires investigation. Further, most of these
algorithms have been developed and refined for specific applications and suffer from a lack
of robustness beyond their intended use, prohibiting them from being readily transferred to
the problem of needle localization in gynaecological brachytherapy US images.
An additional challenge introduced by 3D US images from interstitial gynaecological
brachytherapy procedures is the presence of many needles within a single image.
Simultaneous segmentation of 14–20 needles in 3D TRUS images from prostate
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brachytherapy procedures has been achieved using a 3D Hough transform-based algorithm
developed by Hrinivich et al.236 with clinically useful accuracy; however, 3D US
images from gynaecological brachytherapy procedures introduce different challenges for
segmentation algorithms. In particular, this approach is not directly transferable to 3D
TVUS imaging as a result of the unique image characteristics described in detail in
Chapters 3 and 5. In addition, Pourtaherian et al.,213 Arif et al.,214 and Zhang et al.216
investigated deep-learning needle segmentation in 3D US images but none were evaluated
for gynaecological brachytherapy images and only the work by Zhang et al. included
multi-needle segmentation. Despite the differences between gynaecological and prostate
brachytherapy, the extension and evaluation of the algorithm proposed by Zhang et al.216
to 3D US images from interstitial gynaecological brachytherapy may be worthwhile in the
future.
Although image registration has been used for gynaecological brachytherapy to
propagate contours and dose volumes between MR and CT images, studies investigating
its feasibility with US images or intraoperative imaging are limited.169,173,207 St-Amant et
al.173 and Nesvacil et al.169 investigated 3D TAUS and TRUS images, respectively, for
target delineation, combined with CT images to optimize the dose to OARs, for improved
soft-tissue information in the absence of MR scanner access. These studies concluded
that fusion approaches were feasible and may produce plans comparable to those achieved
with MR-based planning; however, systematic applicability was restricted by difficulties in
comprehensively localizing the applicator, which was the basis for image fusion.169,173

1.5.3

Inequities in Access to Image-Based Planning

Motivation
The transition from classical 2D planning to advanced 3D image-based methods in
gynaecological brachytherapy has been supported by improved local control and reduced
associated toxicities; however, many regions with the highest burden of gynaecological
malignancies do not have access to the required imaging technologies or resources to
implement these techniques.119,128,130,131,156,157,237,238 Although the integration of interstitial
needles alone or in hybrid applicators can improve target coverage considerably, reducing
morbidity and mortality, their introduction increases procedure times for insertion
and planning, anaesthesia requirements, personnel training, and demand for advanced
imaging.107,237 Access to intracavitary brachytherapy alone is limited in lower-resourced
regions and these resource demands may be prohibitive in areas where gynaecological
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malignancies are endemic with typical HDR brachytherapy treatment demands of
10–12 patients per day.107,239 Cost-effective and streamlined workflows are critical to
providing access to these important techniques in high-volume settings with few resources
available.107,119,180,237
Even in regions with lower patient volumes and more resources, most centres
do not have routine access to MR scanners for brachytherapy procedures and
implementation of best-practice techniques, such as MR image-based treatment planning,
is limited.137,140,156,157,174 This inaccessibility extends to the Canadian healthcare system
where the implementation of an MR planning approach faces financial and logistical
barriers. The substantial upfront expenses of equipment and personnel training, in
addition to maintenance and operating costs, are obstacles, despite indications that its
implementation may ultimately reduce long-term costs as a result of the reduction in
complications and lower recurrence rates.146,147 The most prudent workflows to balance
the expenses in these systems should leverage the inherent and complementary strengths
of the imaging modalities available, for example, using the excellent soft-tissue contrast
in MR images to contour structures and perform treatment planning, when possible,
and harnessing the full potential of US for intraoperative guidance, which requires more
extensive investigation beyond the existing literature.140,169,180,240,241

Previous Work
In settings with very limited access to CT or MR imaging, implementation of
US image-based planning has the potential to establish a cost-effective method for
incorporating more robust image information than the present techniques and reduce the
demand for expensive 3D image-based approaches. In particular, US provides good
soft-tissue contrast and implementation in gynaecological brachytherapy can leverage
extensive clinical experience in its diagnostic use for other gynaecological and obstetrical
applications, in addition to its low cost, high temporal resolution, and portability.180
Promising results are reported from studies examining US use for target volume assessment
and treatment planning and verification in small patient cohorts, though these have
been limited to intracavitary applications, with the exception of one study motivated by
hybrid applicators.156,157,171 A series of studies led by researchers at the Peter MacCallum
Cancer Center168,176,241 have demonstrated effective image-based planning for intracavitary
treatments using a TAUS method with measurements on US images to inform 2D treatment
planning and combining 2D TAUS and 3D MR imaging workflows. Evidence suggests
that TAUS-based approaches may be limited to tumours without advanced parametrial
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disease, which may limit its practicality for regions with high disease burden where
patients typically present at advanced stages.180 The image fusion approaches proposed by
St-Amant et al.173 and Nesvacil et al.169 suggest that US image-based planning is feasible;
however, target volume assessment on TAUS images remains complex with difficulties
detecting parametrial invasion and considerable inter-observer variability.180,186 TRUS
imaging may be a feasible option to visualize parametrial disease and allows for excellent
delineation of the parametrial infiltration, potentially superior to contouring on MR images,
although the utility of TRUS images is diminished by their limited field-of-view and
improvements in applicator definition are essential.157,172,174,175 Further investigation is
necessary to see if these methods can be augmented and improved with more complete
volumetric information from 3D US or extended to more diverse patient cohorts.156,157

1.6

Thesis Objectives and Outline

The central objective of the research described in this thesis was to develop and evaluate
systems and methods for incorporating US guidance and implant location verification
intraoperatively for HDR brachytherapy treatment of gynaecological cancers. The focus
is on providing needle guidance for interstitial implants with the feasibility of 3D US
application to intracavitary procedures introduced in the final study. This objective is
motivated by the unmet clinical need to overcome the lack of a standard method for
assessing interstitial gynaecological implants intraoperatively during the needle insertion
procedure. Implementation of a clinically translatable image-guidance system is critical for
clinicians to be able to immediately refine needle placements, where precise positioning of
multiple needles is necessary to provide optimal dose distributions, with potentially fewer
needles, and avoid overexposure of nearby OARs.11 Correspondingly, we hypothesized
that the use of 3D US imaging for HDR interstitial gynaecological brachytherapy needle
insertion will allow for accurate intraoperative assessment of the interstitial implant by
providing a method for visualizing and localizing needles approaching OARs, allowing
for the implant quality and clinical acceptability to be evaluated. Further, we hypothesized
that extension of 3D US techniques to the assessment of intracavitary implants will improve
identification of the applicators on US images and allow for more comprehensive evaluation
of the applicator position relative to the patient anatomy, with the potential to be combined
with the benefits from the interstitial studies for hybrid applicators. We propose the systems
and tools in this thesis with the aim of providing both an accessible and versatile approach
to intraoperative imaging during the procedure with the ultimate goal of creating a clinically
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translatable method that may decrease the burden on women receiving radiotherapy for
gynaecological malignancies.
The specific objectives for the first four studies included in this research can
be classified into two broad themes: (1) Hardware Design and Validation and (2)
Software Tool Development and Assessment. The overarching aim of Theme 1 was
to design mechatronic-based 3D US hardware systems to visualize needles and OARs
intraoperatively during HDR interstitial brachytherapy needle insertion for gynaecological
cancers. The overarching aim of Theme 2 was to develop software tools that could
be integrated into the clinical workflow to aid the intraoperative assessment of needle
placement. The fifth study included in this thesis extends the knowledge gained from
the interstitial studies to the implementation of a 3D US approach for comprehensive
visualization of intracavitary/hybrid applicators. An overview of the specific objectives
and hypotheses of each study is provided in the following thesis outline.

1.6.1

Thesis Outline

Hardware Design and Validation
Chapter 2: Toward a three-dimensional transrectal ultrasound system for verification of
needle placement during high-dose-rate interstitial gynaecological brachytherapy
The specific objective of this study was to assess the use of 3D side-fire TRUS imaging for
needle location verification during HDR interstitial gynaecological brachytherapy needle
insertion. The aim of this study was to validate the 3D image reconstruction and provide an
evaluation of the utility of this system for intraoperatively visualizing needle paths and tips
during the insertion procedure. We hypothesized that this imaging approach would allow
us to visualize OARs, in particular the rectal wall and bladder, the implant vaginal cylinder,
and both needle tips and shafts, with sufficient accuracy to assess implant quality.
Chapter 3: Intraoperative 360◦ three-dimensional transvaginal ultrasound during needle
insertions for high-dose-rate transperineal interstitial gynaecological brachytherapy of
vaginal tumours
The specific objective of this work was to design, implement, and assess the use of a
360◦ 3D side-fire TVUS system for needle location verification during HDR interstitial
gynaecological brachytherapy needle insertion procedures. The aim of the work presented
in this chapter was to validate the geometric accuracy of the system and evaluate its utility
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for visualizing needle placement and relative positions intraoperatively. We hypothesized
that this method for intraoperative imaging would allow us to visualize the trajectories of
inserted needles relative to each other, as well as OARs, clearly enough to assess needle
alignment in the implant.

Software Tool Development and Assessment
Chapter 4: Deep learning segmentation of general interventional tools in two-dimensional
ultrasound images applied to intraoperative transvaginal ultrasound images of interstitial
gynaecological brachytherapy needles
The specific objective of this study was to develop a novel approach to automatically
identify and localize general interventional tools in near real-time from 2D US images
and assess its performance on intraoperative 2D side-fire TVUS images. The aim of
the work presented in this chapter was to develop a deep-learning approach to 2D
US needle segmentation and provide an evaluation of the accuracy of the method for
localizing interstitial needles in the images, enabling active guidance and adjustment of
needle positions during insertions for HDR interstitial gynaecological brachytherapy. We
hypothesized that this algorithm would accurately segment interstitial needles in near
real-time.
Chapter 5: A semi-automatic segmentation method for interstitial needles in intraoperative
three-dimensional transvaginal ultrasound images for high-dose-rate gynaecological
brachytherapy of vaginal tumours
The specific objective of this work was to assess a semi-automatic needle segmentation
algorithm for needle localization in intraoperative 3D TVUS images from HDR interstitial
gynaecological brachytherapy procedures. The aim of the presented work was to
implement an algorithmic needle localization approach on 3D TVUS images and evaluate
the quality of the semi-automatic segmentations against manual segmentations for
evaluating implant quality. Based on a previous application to prostate brachytherapy 3D
TRUS images, we hypothesized that the algorithm would produce segmentations that were
not clinically significantly different from the manually identified positions in a clinically
useful timeframe for the intraoperative environment.
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Extension to Intracavitary/Hybrid Applicator Visualization
Chapter 6: Toward comprehensive intraoperative visualization of gynaecological
brachytherapy intracavitary/hybrid applicators using fused three-dimensional
transabdominal and transrectal ultrasound images
The specific objective of this study was to assess the quality of intracavitary/hybrid
gynaecological brachytherapy applicator visualization using a combination of 3D US
images from different perspectives. The aim of this work was to establish proof-of-concept
information on the fusion of 3D TAUS images and 3D TRUS images to visualize the
applicator within its anatomical context, evaluating the feasibility in a custom-designed
multimodality pelvic phantom. We hypothesized that the fusion of these image types would
be possible based on the fixed applicator geometry and would overcome the field-of-view
and artefact limitations imposed on TAUS or TRUS images alone.
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133. P Petrič, R Pötter, E Van Limbergen, and C Haie-Meder. “Adaptive Contouring of
the Target Volume and Organs at Risk”. In: Gynecologic Radiation Therapy: Novel
Approaches to Image-Guidance and Management. AN Viswanathan, C Kirisits, BE
Erickson, and R Pötter, eds.: Springer-Verlag Berlin Heidelberg; 2011:99–118. doi:
10.1007/978-3-540-68958-4.
134. Ja Vargo and S Beriwal. “Image-based brachytherapy for cervical cancer”. World J.
Clin. Oncol. 2014; 5 (5):921. doi: 10.5306/wjco.v5.i5.921.
135. AM Owrangi, JI Prisciandaro, A Soliman, A Ravi, and WY Song. “Magnetic
resonance imaging-guided brachytherapy for cervical cancer: initiating a program”.
J. Contemp. Brachytherapy. 2015; 5 (5):417–422. doi: 10.5114/jcb.2015.55541.
136. T Kapur, J Egger, A Damato, EJ Schmidt, and AN Viswanathan. “3T MR-Guided
Brachytherapy for Gynecologic Malignancies”. Magn. Reson. Imaging. 2012;
30 (9):1279–1290. doi: 10.1016/j.mri.2012.06.003.3t.

Chapter 1.

59

137. S Pavamani, DP D’Souza, L Portelance, PS Craighead, AG Pearce, LL Traptow,
and CM Doll. “Image-guided brachytherapy for cervical cancer: a Canadian
Brachytherapy Group survey”. Brachytherapy. 2011; 10 (5):345–51. doi: 10.1016/j.
brachy.2010.12.004.
138. R Pötter, P Georg, JCa Dimopoulos, M Grimm, D Berger, N Nesvacil, D Georg,
MP Schmid, A Reinthaller, A Sturdza, and C Kirisits. “Clinical outcome of protocol
based image (MRI) guided adaptive brachytherapy combined with 3D conformal
radiotherapy with or without chemotherapy in patients with locally advanced
cervical cancer”. Radiother. Oncol. 2011; 100 (1):116–123. doi: 10.1016/j.radonc.
2011.07.012.
139. SC Kamran, MM Manuel, P Catalano, L Cho, AL Damato, LJ Lee, EJ
Schmidt, and AN Viswanathan. “MR- versus CT-based high-dose-rate interstitial
brachytherapy for vaginal recurrence of endometrial cancer”. Brachytherapy. 2017;
16 (6):1159–1168. doi: 10.1016/j.brachy.2017.07.007.
140. K Tanderup, AN Viswanathan, C Kirisits, and SJ Frank. “Magnetic Resonance
Image Guided Brachytherapy”. Semin. Radiat. Oncol. 2014; 24 (3):181–191. doi:
10.1016/j.semradonc.2014.02.007.
141. JC Dimopoulos, P Petrow, K Tanderup, P Petric, D Berger, C Kirisits, EM Pedersen,
E Van Limbergen, C Haie-Meder, and R Pötter. “Recommendations from
Gynaecological (GYN) GEC-ESTRO Working Group (IV): Basic principles and
parameters for MR imaging within the frame of image based adaptive cervix cancer
brachytherapy”. Radiother. Oncol. 2012; 103 (1):113–122. doi: 10.1016/j.radonc.
2011.12.024.
142. TP Hellebust, C Kirisits, D Berger, J Pérez-Calatayud, M De Brabandere, A De
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160. HD Weitmann, TH Knocke, C Waldhäusl, and R Pötter. “Ultrasound-Guided
Interstitial Brachytherapy in the Treatment of Advanced Vaginal Recurrences
from Cervical and Endometrial Carcinoma”. Strahlentherapie und Onkol. 2006;
182 (2):86–95. doi: 10.1007/s00066-006-1420-4.
161. S Mesko, U Swamy, SJ Park, L Borja, J Wang, DJ Demanes, and M Kamrava.
“Early clinical outcomes of ultrasound-guided CT-planned high-dose-rate interstitial
brachytherapy for primary locally advanced cervical cancer”. Brachytherapy. 2015;
14 (5):626–632. doi: 10.1016/j.brachy.2015.04.006.
162. NA Mayr, JF Montebello, JI Sorosky, JS Daugherty, DL Nguyen, G Mardirossian,
JZ Wang, SM Edwards, W Li, and WT Yuh. “Brachytherapy management of
the retroverted uterus using ultrasound-guided implant applicator placement”.
Brachytherapy. 2005; 4 (1):24–29. doi: 10.1016/j.brachy.2004.10.007.
163. CO Granai, F Doherty, P Allee, HG Ball, H Madoc-Jones, and SL Curry.
“Ultrasound for diagnosing and preventing malplacement of intrauterine tandems”.
Obstet. Gynecol. 1990; 75 (1):110–113.
164. W Small, Jr, JB Strauss, CS Hwang, L Cohen, and J Lurain. “Should uterine tandem
applicators ever be placed without ultrasound guidance? no a brief report and review
of the literature”. Int. J. Gynecol. Cancer. 2011; 21 (5):941–944. doi: 10.1097/igc.
0b013e31821bca53.
165. LG Sapienza, A Jhingran, MA Kollmeier, LL Lin, VF Calsavara, MJL Gomes, and G
Baiocchi. “Decrease in uterine perforations with ultrasound image-guided applicator
insertion in intracavitary brachytherapy for cervical cancer: A systematic review and
meta-analysis”. Gynecol. Oncol. 2018; 151 (3):573–578. doi: 10.1016/j.ygyno.2018.
10.011.
166. MT Davidson, J Yuen, DP D’Souza, JS Radwan, JA Hammond, and DL Batchelar.
“Optimization of high-dose-rate cervix brachytherapy applicator placement:
The benefits of intraoperative ultrasound guidance”. Brachytherapy. 2008;
7 (3):248–253. doi: 10.1016/j.brachy.2008.03.004.

Chapter 1.

63

167. BA Erickson, WD Foley, M Gillin, K Albano, and JF Wilson. “Ultrasound-Guided
Transperineal Interstitial Implantation of Gynecologic Malignancies: Description of
the Technique”. Endocurietherapy/Hyperthermia Oncol. 1995; 11 (2):107–113.
168. K Narayan, S van Dyk, D Bernshaw, P Khaw, L Mileshkin, and S
Kondalsamy-Chennakesavan. “Ultrasound guided conformal brachytherapy of
cervix cancer: Survival, patterns of failure, and late complications”. J. Gynecol.
Oncol. 2014; 25 (3):206–213. doi: 10.3802/jgo.2014.25.3.206.
169. N Nesvacil, MP Schmid, R Pötter, G Kronreif, and C Kirisits. “Combining
transrectal ultrasound and CT for image-guided adaptive brachytherapy of cervical
cancer: Proof of concept”. Brachytherapy. 2016; 15 (6):839–844. doi: 10.1016/j.
brachy.2016.08.009.
170. S Van Dyk, S Kondalsamy-Chennakesavan, M Schneider, D Bernshaw, and
K Narayan. “Comparison of measurements of the uterus and cervix obtained
by magnetic resonance and transabdominal ultrasound imaging to identify the
brachytherapy target in patients with cervix cancer”. Int. J. Radiat. Oncol. Biol.
Phys. 2014; 88 (4):860–865. doi: 10.1016/j.ijrobp.2013.12.004.
171. MP Schmid, R Pötter, P Brader, a Kratochwil, G Goldner, K Kirchheiner, a Sturdza,
and C Kirisits. “Feasibility of transrectal ultrasonography for assessment of cervical
cancer”. Strahlentherapie und Onkol. 2013; 189 (2):123–128. doi: 10.1007/s00066012-0258-1.
172. E Epstein, A Testa, A Gaurilcikas, A Di Legge, L Ameye, V Atstupenaite,
AL Valentini, B Gui, NO Wallengren, S Pudaric, A Cizauskas, A Måsbäck,
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223. M Uherčı́k, J Kybic, Y Zhao, C Cachard, and H Liebgott. “Line filtering for
surgical tool localization in 3D ultrasound images”. Comput. Biol. Med. 2013;
43 (12):2036–2045. doi: 10.1016/j.compbiomed.2013.09.020.
224. M Kaya and O Bebek. “Needle localization using Gabor filtering in 2D ultrasound
images”. In: 2014 IEEE Int. Conf. Robot. Autom. IEEE; 2014:4881–4886. doi: 10.
1109/icra.2014.6907574.
225. K Mathiassen, D Dall’Alba, R Muradore, P Fiorini, and OJ Elle. “Robust Real-Time
Needle Tracking in 2-D Ultrasound Images Using Statistical Filtering”. IEEE Trans.
Control Syst. Technol. 2017; 25 (3):966–978. doi: 10.1109/tcst.2016.2587733.
226. M Uherčı́k, J Kybic, H Liebgott, and C Cachard. “Model Fitting Using RANSAC for
Surgical Tool Localization in 3-D Ultrasound Images”. IEEE Trans. Biomed. Eng.
2010; 57 (8):1907–1916. doi: 10.1109/tbme.2010.2046416.

Chapter 1.

70

227. M Waine, C Rossa, R Sloboda, N Usmani, and M Tavakoli. “3D shape visualization
of curved needles in tissue from 2D ultrasound images using RANSAC”. In: 2015
IEEE Int. Conf. Robot. Autom. IEEE; 2015:4723–4728. doi: 10 . 1109 / icra . 2015 .
7139855.
228. HRS Neshat and RV Patel. “Real-time parametric curved needle segmentation in
3D ultrasound images”. In: 2008 2nd IEEE RAS EMBS Int. Conf. Biomed. Robot.
Biomechatronics: IEEE; 2008:670–675. doi: 10.1109/biorob.2008.4762877.
229. SH Okazawa, R Ebrahimi, J Chuang, RN Rohling, and SE Salcudean. “Methods
for segmenting curved needles in ultrasound images”. Med. Image Anal. 2006;
10 (3):330–342. doi: 10.1016/j.media.2006.01.002.
230. M Ding and A Fenster. “A real-time biopsy needle segmentation technique using
Hough Transform”. Med. Phys. 2003; 30 (8):2222–2233. doi: 10.1118/1.1591192.
231. PM Novotny, JA Stoll, NV Vasilyev, PJ del Nido, PE Dupont, TE Zickler, and
RD Howe. “GPU based real-time instrument tracking with three-dimensional
ultrasound”. Med. Image Anal. 2007; 11 (5):458–464. doi: 10.1016/j.media.2007.
06.009.
232. E Ayvali and JP Desai. “Optical Flow-Based Tracking of Needles and Needle-Tip
Localization Using Circular Hough Transform in Ultrasound Images”. Ann. Biomed.
Eng. 2015; 43 (8):1828–1840. doi: 10.1007/s10439-014-1208-0.
233. H Zhou, W Qiu, M Ding, and S Zhang. “Automatic needle segmentation in 3D
ultrasound images using 3D improved Hough transform”. In: Proc. SPIE Med.
Imaging 2008. MI Miga and KR Cleary, eds.: SPIE; 2008. Vol. 6918:691821. doi:
10.1117/12.770077.
234. W Qiu, M Yuchi, and M Ding. “Phase Grouping-Based Needle Segmentation in 3-D
Trans-rectal Ultrasound-Guided Prostate Trans-perineal Therapy”. Ultrasound Med.
Biol. 2014; 40 (4):804–816. doi: 10.1016/j.ultrasmedbio.2013.11.004.
235. W Qiu, M Ding, and M Yuchi. “Electrode Localization in 3D Ultrasound Images
Using 3D Phase Grouping and Randomized Hough Transform”. In: 2010 Fourth
Int. Conf. Genet. Evol. Comput. IEEE; 2010:202–205. doi: 10.1109/icgec.2010.57.
236. WT Hrinivich, DA Hoover, K Surry, C Edirisinghe, J Montreuil, D D’Souza, A
Fenster, and E Wong. “Simultaneous automatic segmentation of multiple needles
using 3D ultrasound for high-dose-rate prostate brachytherapy”. Med. Phys. 2017;
44 (4):1234–1245. doi: 10.1002/mp.12148.

Chapter 1.

71

237. DMF Palhares, DG Marconi, TL de Azevedo, CB Hess, JHTG Fregnani, RJ Affonso,
ACLC Veneziani, HP Canton, R Gadia, MD Spadim, RR Rossini, and M Kamrava.
“Predicting the necessity of adding catheters to intracavitary brachytherapy for
women undergoing definitive chemoradiation for locally advanced cervical cancer”.
Brachytherapy. 2018; 17 (6):935–943. doi: 10.1016/j.brachy.2018.07.003.
238. F Guedea, M Ventura, B Londres, L Pinillos, A Poitevin, R Ospino, A Cordova, R
Camacho, R Britton, G Sarria, P Sempere, RL Delgado, R Bulnes, NC Ventura, EV
Limbergen, C Haie-Meder, and G Kovacs. “Overview of brachytherapy resources in
Latin America: A patterns-of-care survey”. Brachytherapy. 2011; 10 (5):363–368.
doi: 10.1016/j.brachy.2010.12.003.
239. W Small, Jr, MA Bacon, A Bajaj, LT Chuang, BJ Fisher, MM Harkenrider,
A Jhingran, HC Kitchener, LR Mileshkin, AN Viswanathan, and DK Gaffney.
“Cervical cancer: A global health crisis”. Cancer. 2017; 123 (13):2404–2412. doi:
10.1002/cncr.30667.
240. JC Lindegaard, LU Fokdal, and K Tanderup. “Reply letter to “Real-time image
guidance for gynecologic brachytherapy” by Patel, Ragab and Kamrava”. Radiother.
Oncol. 2016; 120 (3):544–545. doi: 10.1016/j.radonc.2016.03.019.
241. S van Dyk, K Narayan, D Bernshaw, S Kondalsamy-Chennakesavan, P Khaw,
MY Lin, and M Schneider. “Clinical outcomes from an innovative protocol using
serial ultrasound imaging and a single MR image to guide brachytherapy for locally
advanced cervix cancer”. Brachytherapy. 2016; 15 (6):817–824. doi: 10 . 1016 / j .
brachy.2016.07.008.

CHAPTER 2

2

Toward a three-dimensional transrectal ultrasound
system for verification of needle placement during
high-dose-rate interstitial gynaecological
brachytherapy

Verification of needle positions for HDR interstitial gynaecological brachytherapy is a
critical step to ensure that the distribution of needles is appropriate for target coverage
without impinging on OARs. Although 2D TRUS images have been used to visualize
needles intraoperatively in this context, the technique has not been extended to leverage
3D US imaging. The purpose of Chapter 2 is to validate the geometric accuracy of a
mechanical 3D TRUS system, to compare the positions of interstitial needles localized on
3D TRUS and CT images, and to evaluate the feasibility of using this 3D TRUS system to
visualize needles using a phantom and proof-of-concept study of patients undergoing HDR
interstitial gynaecological brachytherapy.
The contents of this chapter have previously been published in Medical Physics:
JR Rodgers, K Surry, E Leung, D D’Souza, and A Fenster. Medical Physics. 2017;
44(5):1899-1911. doi:10.1002/mp.12221. Permission to reproduce this article was granted
by John Wiley and Sons and is provided in Appendix A.1.

2.1

Introduction

Gynaecological malignancies, including cervical, recurrent endometrial, and vaginal
cancers, are the fourth leading cause of female cancer mortality worldwide.1 These
cancers are commonly treated with external-beam radiation and brachytherapy as part of
standard-of-care treatment, in order to increase the radiation dose delivered to the tumour
in comparison to the surrounding normal tissues.2,3 A perineal interstitial approach to
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gynaecological brachytherapy may be indicated for cervical cancers or vaginal tumours,
including primary vaginal tumours or recurrent cancers in the vagina.3,4
In high-dose-rate (HDR) interstitial brachytherapy, hollow needles are inserted directly
into the tumour and surrounding tissues and a single high-activity radiation source is
temporarily placed at planned positions via these needles.3 During the needle insertion
procedure for HDR interstitial gynaecological brachytherapy, the patient is placed under
general or spinal anaesthesia and the patients’ legs are placed in the lithotomy position.3
A clinical examination is then performed and a Foley catheter is placed into the patient’s
bladder.3 For interstitial gynaecological brachytherapy, needles are often inserted through
a template on the perineum, which includes a central cylinder that is placed into the vagina
to separate the vaginal walls and provide stability.5 In cases where cervical cancer with
an intact uterus is being treated with a perineal interstitial brachytherapy approach, an
additional tandem is placed through the centre of the cylinder; however, all patients in
this study were diagnosed with vaginal tumours and thus, the tandem was not included in
the procedure. Due to the diverse clinical scenarios treated using interstitial brachytherapy,
the distribution, placement depth, and number of needles placed, and thereby the duration
of the procedure differs greatly. At our institution, an average of 12 needles are typically
placed6 and the duration of the insertion procedure is usually about an hour, including
induction of anaesthesia, examination, insertion, and recovery. Needle insertion is followed
by imaging to confirm needle positions and create a dose plan; most institutions acquire
these post-insertion images using x-ray computed tomography (CT), though magnetic
resonance (MR) imaging is used at some institutions. Typically, an iridium-192 (192 Ir) HDR
radiation source is used for treatment with a 5-mm step size between source dwell positions
and the dose is delivered in two to four fractions with a minimum of six hours in between.6
The standard dose prescribed to the gross disease is typically 70–90 Gy for vaginal cancers
and 60 Gy delivered to the vaginal surface,3 with 19.5 Gy typically delivered via HDR
brachytherapy in three fractions at our institution. Following the treatment, the template,
vaginal cylinder, and all needles are removed.
Precise placement of needles is critical during the procedure in order to optimize local
control while minimizing major side-effects, especially by avoiding nearby organs-at-risk
(OARs), including the bladder and rectum;2 however, this is assessed after the procedure
as there is currently no standard intraoperative image-guidance techniques for the adaptive
placement of needles during HDR interstitial gynaecological brachytherapy. This creates
a substantial reliance on the experience of the radiation oncologist and on preoperative
images. Precise needle placement to avoid the OARs is particularly important as stainless
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steel or titanium needles with a 0.5-mm solid tip are often used for this procedure
and therefore the needle tips extend beyond the target region to ensure dose coverage,
potentially impinging on the OAR positions. The lack of image guidance during this
procedure can lead to inaccurate needle placement, resulting in suboptimal treatment.7,8
Various methods of needle guidance during interstitial gynaecological brachytherapy
have been proposed, including fluoroscopy,9 laparotomy or laparoscopy,10–12 ultrasound
(US),13–17 CT,18 and MR guidance.19–22 Fluoroscopy is limited as soft tissue definition is
poor and needle misalignments cannot be visualized in both the coronal and sagittal planes
in a single image acquisition, therefore requiring alternating between these directions to
get a comprehensive view of needle placement.9,23 Open laparotomy is limited in its use
as it is a major surgical procedure, increasing risk of complications and typically requiring
a longer postoperative hospital stay.13 In addition to being more invasive procedures than
the other proposed imaging modalities, one of the main limitations of both laparotomy and
laparoscopy is that needle placement must be determined by visualization from above and
therefore does not usually allow for visualization of parts of the bladder, uterus, cervix,
and vagina.13 This is particularly an issue for vaginal tumours and upper vaginal disease,
as well as tumours in close proximity to the OARs, as a needle may not be visualized
passing through the bladder or rectum.13 Two-dimensional (2D) transabdominal US is
often used to visualize the most anterior needles and prevent penetration of the bladder,16
and 2D transrectal ultrasound (TRUS) has been investigated as it allows for imaging in
closer proximity to the region-of-interest.13–15 In particular, Stock et al.13 recommended
the use of side-fire TRUS in order to visualize the depth and placement of needles. As
conventional TRUS transducers provide a 2D planar image, the needles are sometimes
localized using the transverse plane of a biplane probe first and then switching to the
longitudinal, side-fire element to assess needle depth.13 This demonstrates one of the main
limitations of 2D US imaging, as the clinician must mentally collate the 2D image planes
to form a three-dimensional (3D) impression of the needle position and relevant structures,
such as the OARs, which is inefficient and time-consuming.24,25 Additionally, it is difficult
to find the same 2D US plane placement and orientation at a later time, limiting its use
for planning and monitoring therapy, and the patient’s position and anatomical restrictions
may prevent the optimal placement of the 2D image plane.24,25 Therefore, although 2D US
imaging can provide real-time visualization of needles, the use of 2D images is prone to
variability and inaccuracy when localizing needles and is highly operator dependent.
Three-dimensional image guidance can mitigate many of the issues associated with 2D
imaging, as the user is provided with a 3D image rather than mentally integrating the 2D
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image planes and can manipulate the image to view any cross-section without restriction,24
allowing for improved visualization of needle depth and trajectory, as well as avoidance
of the OARs.3 3D imaging is particularly beneficial in complex cases, including tumours
near the rectum, and may contribute to potentially fewer side-effects.3 Intraoperative
3D imaging also enables misdirected needles to be repositioned immediately, whereas
misplaced needles may not be usable for treatment if discovered during post-insertion
imaging, and intraoperative 3D visualization may allow for fewer needles to be inserted.2,3
Lee et al.18 proposed performing needle insertion under CT guidance, using an iterative
approach of inserting needles followed by verification of needle positions. Kapur et al.20
reported a similar approach under 3T MR guidance and Viswanathan et al.22 proposed
real-time 3D image guidance using a specialized interventional 0.5T MR system. While
these guidance techniques provide the benefits of 3D imaging, they are limited by increased
anaesthesia and treatment times and require specialized equipment and procedure suites,
restricting accessibility to a few institutions.3
We have developed a 3D TRUS system in order to provide intraoperative needle
visualization during HDR interstitial gynaecological brachytherapy. This system was
modified from a 3D TRUS system previously designed in our laboratory for prostate
imaging26 and the preliminary results of the use of this system for gynaecological
brachytherapy have been presented in Rodgers et al.17 The objective of this study was to
determine if this system will allow for intraoperative needle visualization and localization,
providing the advantages of 3D image guidance over the previously described 2D US
approaches. In this paper, we describe the 3D TRUS system and report on the system
validation using phantoms and results from a proof-of-concept patient study comparing
needle positions in 3D TRUS images to CT images for five patients.

2.2
2.2.1

Materials and Methods
Three-Dimensional Transrectal Ultrasound System

We developed a 3D TRUS system that is compatible with conventional 2D TRUS side-fire
transducers.17 In this study, a BK Falcon 2101 EXL US system with an 8658 endocavity
biplane US probe (BK Medical, Boston, MA, USA) was used to acquire phantom images
and a BK ProFocus 2202 diagnostic US system with an 8848 endocavity biplane US probe
(BK Medical, Boston, MA, USA) was used to acquire patient images. To obtain a 3D
US image, the clinical 2D transducer is secured in a cradle, which is rotated on its central
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axis through 170◦ by a motorized mover, following the tilt scanning approach described in
Fenster et al.24 The rotational mover is powered by a Faulhaber 2224u012SR DC motor
with an IE2-256 encoder (MicroMo Electronics, Clearwater, FL, USA) inside a motor
housing and connected to a MCDC 3006S controller (MicroMo Electronics, Clearwater,
FL, USA), which is linked to a desktop computer through a USB connection. The 3D
US scanner is shown in Figure 2.1. During operation, the 3D US scanner is positioned
at the centre of the region-of-interest and held securely by the user around the motor
housing. The cradle is first rotated to one angular extreme and an Epiphan VGA2USB
video frame grabber (Epiphan Systems Inc., Ottawa, ON, Canada) transmits 300 2D US
images from the clinical US machine’s video output to the desktop computer as the scan is
performed. The scan is controlled by reconstruction and visualization software developed
in our laboratory,24–29 which uses the 300 2D US images (at angular intervals of 0.57◦ )
and motor information to reconstruct the 2D frames into a 3D US image (488 × 500 ×
1010 voxels with voxel size of 0.144 × 0.145 × 0.145 mm3 ) in real-time as the frames are
collected during the 12 s scan time.

Figure 2.1: 3D TRUS scanner with key features indicated.

2.2.2

Geometric Phantom Validation

The linear measurements in each of the Cartesian image coordinate directions were
validated using a phantom composed of four layers, each made up of a 10-mm square
grid, in order to verify that the geometry of the reconstructed 3D US images is correctly
calibrated. The layers were offset to prevent shadowing with resulting diagonal distances
of 10.3 mm and 12.5 mm between corresponding strings in adjacent layers. This phantom
was placed in a solution of distilled water and 7% glycerol (Sigma Aldrich, Co., St. Louis,
MO, USA) by mass, in which the speed of sound was approximately 1540 m/s.30 The
visualization software developed in our laboratory24,25 was used to measure the distances
between the strings in each of the coordinate planes of the images.
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In order to further validate the geometric reconstruction, an agar phantom, shown in
Figure 2.2(a), was used to verify the volumetric accuracy of the 3D US image. The phantom
background was an agar mixture containing 35 g agar powder (Sigma Aldrich, Co., St.
Louis, MO, USA), 80 mL glycerol (Sigma Aldrich, Co., St. Louis, MO, USA), and 10 g
SigmaCell cellulose powder (Sigma Aldrich, Co., St. Louis, MO, USA) per 1 L distilled
water to mimic soft-tissue scatter in US images.30 A cervical tumour was segmented from
a patient MR image and used to 3D print a tumour mold with a volume of 46.57 cm3 . In
order to create contrast between the tumour and background, the concentration of cellulose
powder in the agar mixture used to fill the tumour mold was modified to 5.28 g cellulose
powder per 1 L distilled water. This cellulose concentration for the tumour was chosen
based on the relative intensity between tumour and background tissues typically seen in
US images. A typical uterus was also segmented from a patient image and formed from the
agar mixture to provide an additional landmark in the US images (6.72 g cellulose powder
per 1 L distilled water). Tungsten powder (Sigma Chemical, St. Louis, MO, USA) was
also added to both the tumour and uterus in differing concentrations (0.44% and 0.87%
by mass, respectively) to generate contrast in a phantom that is compatible with both US
and MR scans.31,32 Both the tumour and uterus were embedded into the background agar
and imaged using the 3D US scanner. Using our visualization software,24,25 points were
manually selected on the boundary of the tumour and a 3D mesh was fit through these
points. The procedure was repeated three times and the resulting tumour volumes were
calculated. The volumes of these segmentations were then used to further validate the
reconstruction.

2.2.3

Pelvic Phantom Study

The volumetric phantom described above was designed to include a canal to accommodate
the TRUS transducer, as well as a vaginal canal and needle template (including vaginal
cylinder) approximating typical patient geometries, and included four fiducial marking rods
as indicated in Figure 2.2(a). The rectal and vaginal canals were placed at a 15◦ angle
to one another, representing a typical patient geometry. Fourteen stainless steel needles
were inserted in a common symmetric configuration, shown in Figure 2.2(b), and imaged
using the 3D TRUS system in order to test the visualization of the needles under idealized
conditions. Following the 3D US scan, the needles were removed and the needle tracks
filled with water using a small syringe to improve visualization in MR imaging, which was
used as the geometric gold standard to compare against the 3D US images. The phantom
was then scanned with a 3.0T Discovery MR750 scanner (General Electric Healthcare,
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Milwaukee, WI, USA) using a sagittal T2 weighted sequence (TR 2500 ms, TE 106.83 ms,
echo train 100, scanning matrix 256 × 256, DFOV 30.0 × 30.0 cm, slice thickness 1.2 mm).
Using our visualization software,24,25 the 3D US and MR images were manually, rigidly
registered33 based on the template’s vaginal cylinder and the four fiducial rods included in
the phantom. For each image, the position of each needle tip and a second point along
each needle path was selected. The needle trajectory difference and 3D Euclidean distance
between the needle tips were calculated for each needle to compare the positions of the
corresponding needles between the two modalities. Denoting the needle tip positions in
Cartesian coordinates as tus = (xus , yus , zus ) and t mr = (xmr , ymr , zmr ) in 3D TRUS and
MR images, respectively, the 3D Euclidean distance,34 d(tus , t mr ), was calculated for each
needle as

d(tus , t mr ) =

p
(xus − xmr )2 + (yus − ymr )2 + (zus − zmr )2 .

(2.1)

For each needle, the trajectory is a vector from the second point on the needle path
directed toward the needle tip and is defined in 3D TRUS and MR images as nus and n mr ,
respectively. The angular difference,34 θ, between the trajectories was calculated as

θ = arccos

nus · n mr
.
knus kkn mr k

(2.2)

The relationship between the rectal and vaginal canals was used to transform the needle
tip positions into coordinates relative to the needle template, denoted (xt , yt , zt ), such
that xt represents the left/right direction on the template grid, yt represents the down/up
direction on the template grid, and zt represents the needle insertion direction through the
template holes, as shown in Figure 2.2(b). In the image coordinates, the 3D Euclidean
distance represents the magnitude of the difference vector between the needle tips in the
two modalities; however, in the template coordinate system, the difference vector between
the needle tip position in 3D TRUS and MR images was assessed in each of the coordinate
directions. As the 3D Euclidean distance between the needle tips in the two modalities is
preserved, each of the component values will be smaller than the total Euclidean distance
reported. In order to evaluate the magnitude of the errors in each of the template coordinate
directions, the absolute value of each component was taken prior to calculating the mean
and the mean absolute needle tip difference was reported for each direction.
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Figure 2.2: (a) Pelvic phantom box showing the positions of the model tumour and
uterus, the four fiducial rods, needle template, and vaginal and rectal canals.
(b) Needle template face of the phantom box with the template coordinate directions
shown, including the vaginal cylinder in place and the 14 template holes used during
the phantom study emphasized in black.

2.2.4

In Vivo Study

Five patients undergoing HDR interstitial gynaecological brachytherapy at the London
Health Sciences Centre provided written consent in accordance with the protocol approved
by the Research Ethics Board at The University of Western Ontario (London, ON, Canada),
as a proof-of-concept study. Three of the five patients were diagnosed with recurrent
endometrioid adenocarcinoma of the uterus and the two remaining patients were diagnosed
with squamous cell carcinoma of the vagina. All five patients were treated for vaginal
masses using interstitial implants. The procedures were performed using stainless steel
needles with a 0.5-mm solid tip and, for each patient, a 3D TRUS image was acquired
following the insertion of all needles. Each scan was obtained with the vaginal cylinder of
the perineal template approximately centred in the 3D image and all needle tips within the
3D image field-of-view, if possible. All US images were acquired with a depth setting of
6.4 cm. Following the 3D US scan, patients received the standard, clinical CT scan using
a Philips Brilliance CT Big Bore Scanner (Philips Healthcare, Andover, MA, USA). Using
our software, the 3D TRUS and CT images were manually, rigidly registered mainly based
on the vaginal cylinder of the template. An additional point was used in the registration to
orient the image around the cylinder, typically the location of a small hole at the end of the
cylinder or other anatomical landmark, depending on the visible structures for each patient.
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For both modalities, the tip of each needle was selected, if visible, as well as an
additional point on the needle path. In order to assess the error introduced by the variability
in locating a needle tip point, the fiducial localization error (FLE)33,35 was determined for
both modalities. This was performed using ten needles selected from the patient images to
represent various positions relative to the template cylinder. The needle tips were identified
in each modality five times with at least 24 h between selection sessions. The needle tip and
secondary point on the needle path was used to calculate the needle trajectory difference
and the 3D Euclidean distance between corresponding tips between the two modalities for
each visible needle. If the needle in the US image extended beyond the image field-of-view
or appeared to end at a much smaller depth than was clinically feasible, the needle tip
was deemed not visible. Additionally, needle tips were considered not visible if the needle
path was seen entering an artefact, such as a region of shadowing or air pocket, without
clearly exiting the region obscured by the artefact. If the needle tip was not visible, the
nearest distinguishable point on the needle path was selected for use in the needle trajectory
calculation. All statistical analyses were performed using GraphPad Prism 7 (GraphPad
Software, La Jolla, CA, USA).
The differences between visible corresponding needle tips in the 3D TRUS and CT
images were also transformed into coordinates, (xt , yt , zt ), relative to the needle insertion
template, as in the pelvic phantom study. In order to determine the rotation required for the
transformation, the angle of the vaginal cylinder relative to the TRUS probe was determined
using the registered CT image.
As the spatial resolution of the US transducer is not equivalent in every direction
(axial, lateral, elevation),25 the needle tip positions (for visible tips) were transformed into
radial (r), tangential (t), and probe insertion (z) directions, as shown in Figure 2.3(a),
to reflect the differing spatial resolution in the radial and tangential directions due to the
tilt acquisition method (see Figure 2.4). This transformation was performed, as described
by Hrinivich et al.,36 such that the 3D Euclidean distance between needle tips in the two
modalities is maintained. Thus, the x and y coordinates are transformed into the t and
r coordinates, respectively, as demonstrated in Figure 2.3(b), by rotating about the z
axis. Principal component analysis (PCA) was performed with 95% prediction interval
ellipses to determine the primary directions of tip error.37 The trajectory differences were
decomposed into the approximate Anterior/Posterior (A/P) and Left/Right (L/R) planes,
as shown in Figure 2.3(a). The Superior/Inferior (S/I) plane was omitted as needles are
inserted almost perpendicular to this plane and therefore appear point-like in this plane.
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Figure 2.3: (a) TRUS probe with r, t, and z directions and Anterior/Posterior (A/P)
and Left/Right (L/R) planes indicated. (b) (x, y) plane of 3D TRUS scan, showing the
relationship between x, y and r, t coordinates for example needle tips.

2.3
2.3.1

Results
Geometric Phantom Validation

Figure 2.4 shows the 3D US image of the grid phantom with the coordinate directions and
expected values indicated. Table 2.1 summarizes the measurements made in each of the
image planes. The mean error measurements in all directions in all planes ranged from
0.4% to 3.0% of the expected value.

Figure 2.4: 3D US image of the geometric grid phantom with coordinate planes and
expected measurements indicated. The strings appear smeared in the (x, y) plane
due to the differing spatial resolution in the radial and tangential directions.

Chapter 2.

82

Table 2.1: Summary of distance measurements made in each of the three coordinate
planes of the 3D US images.
(x, y) plane
x
y1
y2
Expected distance (mm)
Mean distance (mm)
Standard deviation (mm)
Error (%)
N

10.0
10.07
0.15
0.7
20

10.3
10.51
0.23
2.0
12

12.5
12.87
0.25
3.0
12

(x, z) plane
x
z
10.0
9.96
0.15
0.4
28

10.0
10.07
0.09
0.7
12

(y, z) plane
y1
y2
z
10.3
10.45
0.24
1.4
8

12.5
12.34
0.24
1.3
8

10.0
10.06
0.08
0.6
16

A 3D US image of the volumetric phantom is shown in Figure 2.5, showing the surface
rendering of one of the tumour segmentations. The mean measured volume ± one standard
deviation (SD) for the three segmentations of the tumour in the volumetric validation test
was 46.67 ± 0.17 cm3 , which was within 0.2% of the expected volume (46.57 cm3 ).

Figure 2.5: 3D US image of the volumetric phantom showing the surface of the
segmented tumour.
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Pelvic Phantom Study

Figure 2.6 shows the 3D US image and the registered MR image obtained from the pelvic
phantom, with key features, including a fiducial rod, vaginal cylinder, and rectal canal,
indicated and three needle paths visible. The mean angular needle trajectory difference
± SD between the two modalities was 0.94 ± 0.89◦ and the mean Euclidean distance ±
SD between needle tips was 1.54 ± 0.71 mm for the 14 needles. In the needle template
coordinate system, (xt , yt , zt ), where zt is the needle insertion direction, the mean absolute
needle tip differences ± SD between the 3D US and MR images were 0.92 ± 0.43 mm, 0.93
± 0.83 mm, and 0.42 ± 0.35 mm in the xt , yt , and zt directions, respectively.

Figure 2.6: (a) 3D TRUS phantom image with three needle tips, a fiducial rod, the
vaginal cylinder, and rectal canal indicated. (b) The corresponding, registered MR
phantom image, with key features indicated, including three needle tips, a fiducial
rod, the vaginal cylinder, and rectal canal.

2.3.3

In Vivo Study

An example of a patient 3D US image is shown in Figure 2.7 with landmark features
highlighted. For the ten needles used, the FLE was 0.34 mm in the patient CT images and
1.55 mm in the patient 3D US images. For the five patients in the study, each patient had
14 to 16 needles placed for a total of 73 needles inserted. Of these needles, 64 needles
(88%) were visible in the 3D TRUS images and 58 needle tips (79%) were identifiable.
Of the nine needles that were not visible in the 3D TRUS images, six were not visible
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due to shadowing created by the presence of the template vaginal cylinder, as illustrated
in Figure 2.8. The additional three needles that were not visible were likely not visualized
due to other artefacts, including artefacts due to remaining matter in the patients’ rectum
at the time of imaging. Of the additional six needle tips that were not identifiable, three
of these were due to the tips being outside of the field-of-view in the 3D TRUS images,
as demonstrated in Figure 2.9. The number of needles and needle tips visible, the mean
difference in the needle trajectory between modalities, and the mean Euclidean distance
between corresponding needle tips are summarized per patient in Table 2.2. The mean
trajectory difference ± SD between the two modalities was 3.04 ± 1.63◦ for visible needles
in the five patients and 76.6% of the 64 visible needles had differences less than 4◦ , as
shown in Figure 2.10(a). The mean Euclidean distance ± SD between tips in the two
modalities was 3.82 ± 1.86 mm for the 58 identifiable needle tips. The Euclidean distance
between needle tip positions in the two modalities was less than 3 mm for 32.8% of visible
needle tips and less than 5 mm for 70.7% of visible needle tips, as demonstrated in Figure
2.10(b).

Figure 2.7: Patient 3D US image with the position of the TRUS transducer, vaginal
cylinder of the perineal template, Foley catheter in the bladder, and two needle tips
indicated.
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Figure 2.8: (a) 3D TRUS patient image showing shadowing created on the anterior
side of the vaginal cylinder of the perineal template, with the bottom edge (posterior
side) of the vaginal cylinder indicated. (b) The corresponding, registered CT scan,
showing the vaginal cylinder and a needle not visible in the 3D TRUS scan due to the
shadowing artefact.

Figure 2.9: (a) 3D TRUS patient image showing the centremost needle extending
beyond the image field-of-view, making the needle tip unidentifiable. (b) The
corresponding, registered CT scan, showing the centremost needle tip extending
beyond the image field-of-view.
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Table 2.2: Mean needle trajectory differences and mean Euclidean difference in
needle tip position between the 3D TRUS image and registered CT image for each
patient. Of the total 73 needles placed, 88% were visible and 79% of needle tips were
visible.

Patient ID

Number of
needles placed

Number of
needles visible

Number of
needle tips
visible

Mean trajectory
difference ± SD
(◦ )

Mean tip position
difference ± SD
(mm)

A
B
C
D
E

14
14
15
16
14

14
13
11
14
12

14
13
10
10
11

2.15 ± 1.28
3.89 ± 1.86
3.53 ± 1.81
3.44 ± 1.20
2.26 ± 1.37

3.90 ± 2.08
4.28 ± 1.90
2.87 ± 1.64
4.38 ± 1.84
3.54 ± 1.67

Overall

73

64

58

3.04 ± 1.63

3.82 ± 1.86

Figure 2.10: (a) Histogram of patient needle trajectory differences between the 3D
TRUS and corresponding, registered CT for the 64 visible needles. (b) Histogram of
patient needle tip differences between the 3D TRUS and corresponding, registered
CT positions for the 58 visible needle tips.

Table 2.3 summarizes the mean absolute needle tip differences between the 3D TRUS
and corresponding, registered CT image for each patient in the needle template coordinate
system, where zt is the needle insertion direction. The mean absolute tip differences ± SD
for the visible needle tips in the xt , yt , and zt directions were 2.32 ± 1.78 mm, 1.80 ± 1.44
mm, and 1.49 ± 1.44 mm, respectively. Patient D had the largest mean absolute difference
in the insertion direction, zt , of 1.92 ± 2.03 mm.
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Table 2.3: Mean absolute needle tip differences between the 3D TRUS image and
registered CT image for each patient in the needle template coordinate system,
(xt , yt , zt ), such that zt is the insertion direction of the needles.

Patient ID

Difference in
xt ± SD (mm)

Difference in
yt ± SD (mm)

Difference in
zt ± SD (mm)

A
B
C
D
E

2.80 ± 2.18
2.50 ± 1.56
1.27 ± 0.88
2.15 ± 1.41
2.74 ± 2.04

1.59 ± 1.10
2.31 ± 1.86
1.35 ± 0.95
2.37 ± 1.43
1.22 ± 1.05

1.33 ± 1.33
1.52 ± 1.36
1.85 ± 1.42
1.92 ± 2.03
0.88 ± 0.74

Overall

2.32 ± 1.78

1.80 ± 1.44

1.49 ± 1.44

Figure 2.11(a) shows the 3D needle tip differences in the radial, tangential, and probe
insertion axis (r, t, z) coordinate system, the projections of the needle tip differences onto
the 2D planes, and the 95% prediction interval ellipses (containing 95% of the points)
derived from the PCA. The centroid of the distribution is at (r, t, z) = (1.14 mm, 0.57 mm,
–0.39 mm), indicating a small bias in the radial (r) component. This may have resulted
from needles shifting away from the TRUS probe surface due to the probe pressure on the
rectal wall, as illustrated in Figure 2.12, showing a patient 3D TRUS image with a shifted
needle and the corresponding CT image. The mean absolute tip differences ± SD for the
visible tips in the r, t, and z directions were 1.89 ± 1.74 mm, 2.46 ± 1.70 mm, and 1.53
± 1.39 mm, respectively, showing the largest differences in the tangential direction (t) due
to the reduced spatial resolution. To highlight the radial bias and the effect of the spatial
resolution, the tip difference projections and corresponding 95% prediction interval ellipse
is shown in the (r, t) plane in Figure 2.11(b). Figure 2.13 shows the trajectory differences
between the two modalities in the approximate A/P and L/R planes for each patient. The
mean trajectory difference ± SD for visible needles in all patients in the A/P plane was 0.89
± 2.52◦ and in the L/R plane was 0.04 ± 2.28◦ .
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Figure 2.11: (a) Needle tip differences between the 3D TRUS image and
corresponding CT scan in the radial (r), tangential (t), and probe insertion (z)
directions, showing the projections of the needle tip differences onto the 2D planes
and the 95% prediction interval ellipses. (b) (r, t) plane showing the projected 2D
needle tip position differences and corresponding 95% prediction interval ellipse,
highlighting a bias in the positive radial direction and the larger differences in the
tangential direction.

Figure 2.12: (a) 3D TRUS patient image with needle shifted anteriorly due to probe
pressure indicated. (b) Rigidly registered patient CT image showing the bottommost
needle in the unshifted position.

Chapter 2.

89

Figure 2.13: (a) Needle trajectory difference between the 3D TRUS and CT images in
the Anterior/Posterior (A/P) plane for each patient and overall. (b) Needle trajectory
difference between the 3D TRUS and CT images in the Left/Right (L/R) plane for
each patient and overall.

2.4

Discussion

This study evaluated a 3D side-fire TRUS system for intraoperative needle visualization
during HDR interstitial gynaecological brachytherapy. While the use of 2D side-fire TRUS
has been reported,13–15 to the authors’ knowledge, this is the first 3D TRUS system to be
investigated for use during HDR interstitial gynaecological brachytherapy, incorporating
the benefits associated with 3D image guidance. The system has observed geometric errors
of ≤ 0.3 mm in each of the three coordinate planes of the 3D US image and mean measured
volumetric error of 0.10 cm3 . We have shown that our 3D US system can accurately
measure the positions of needles within the field-of-view that are not obscured by artefacts
in both phantom and patient studies.
The phantom study using the female pelvic phantom produced a mean 3D Euclidean
distance between corresponding needle tips of 1.54 ± 0.71 mm for the 14 needles placed,
which is comparable to the mean tip error of 1.7 ± 0.5 mm for 15 needles reported for a
phantom study using an active MR tracking system by Wang et al.21 The mean tip position
difference in the pelvic phantom is comparable to the voxel dimensions of the MR image,
as these images were acquired with a voxel size of 1.17 × 1.17 × 1.20 mm3 (voxel size
of the 3D US images was 0.144 × 0.145 × 0.145 mm3 ), and may be partially attributed
to the uncertainty introduced by the image voxel size. The phantom study performed in
our investigation was limited by the use of MR images as the ground truth by which to
assess the needle positions identified in 3D TRUS, as MR is not commonly used to assess
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needle positions clinically. Additionally, stainless steel needles were used in the phantom
study in order to mimic the standard clinical practice at our institution and assess their
visibility under 3D US imaging. Consequently, the needles were removed prior to MR
imaging and therefore the US needle positions could only be compared to the needle tracks.
This possibly produced small deformations from the true needle position, particularly at
the needle tip. MR was chosen over comparison to CT, as needles generated artefacts in
the phantom CT images and needle tracks were not clearly visible in CT. The expected
needle positions were not used for comparison, as this would not account for any needle
deflections in the phantom. The MR images, however, clearly showed the needle paths and
fiducials and were sufficient for assessing the feasibility of using 3D TRUS for visualizing
the needles during this procedure.
For the patient study, the mean Euclidean distance ± SD between corresponding needle
tips in 3D TRUS and CT was 3.82 ± 1.86 mm with 32.8% of identifiable needles having
differences less than 3 mm and 70.7% of identifiable needles having differences less than 5
mm for the total of 58 identifiable needles used in five patients. This is comparable to values
reported by Hrinivich et al.,38 when comparing 2D and 3D TRUS for visualizing needles
during HDR prostate brachytherapy, reporting tip differences of less than 3 mm for 33%
of needles and less than 5 mm for 64% of needles in a study of 12 patients undergoing a
similar imaging procedure and evaluating 183 needles. In the needle template coordinates,
the direction with the lowest mean absolute difference was the needle insertion direction
with a maximum over all patients of 1.92 ± 2.03 mm (Patient D), but had the greatest
variability during treatment since the other two directions are physically constrained by the
template. Given this greater uncertainty associated with needle placement in the needle
insertion direction, it is clinically important to have accurate needle localization in this
direction. As the 3D TRUS system showed the lowest difference between modalities in
the insertion direction, it has the potential to reduce the uncertainty in needle positioning in
this direction, intraoperatively. Additionally, the needle positions, particularly in the xt and
yt directions, are potentially affected by differences in patient configuration between the
time of the 3D TRUS and CT image acquisition. Specifically, patient position, including
lowering the patients’ legs from the lithotomy position used for needle insertion, the
presence of the US probe in the rectum, changes in tissues, and the degree of bladder
filling39 may have contributed to the larger differences in the needle positions in the xt and
yt directions between the 3D TRUS and CT imaging, which is a limitation of this study.
A typical step size for radiation source dwell positions during this treatment is 5 mm6
using a 4.52-mm long encapsulated HDR 192 Ir source.40 The difference between modalities
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in the needle insertion direction will affect the placement of these dwell positions along
the needle path and error in the needle tip position can create uncertainty in coverage,
particularly the superior dose coverage. The dwell positions for the radioactive source
depend on both the needle tip position and the needle trajectory. The differences observed in
the needle positions in each of the coordinate directions could influence the dose coverage
and the impact of these differences should be investigated. The dosimetric impact of the
differences is also influenced by the uncertainty in the size and position of the target contour
and the relative positions of the OARs. Additionally, the errors associated with needles
must be evaluated in the context of their position on the template, as differences in central
needles tend to have less of an impact on the dose coverage in comparison to peripheral
needles. Due to the compounding and compensating effects resulting from the placement of
multiple needles, a comprehensive future simulation study, such as the study conducted for
low-dose-rate prostate brachytherapy by Lindsay et al.,41 will be carried out with a larger
sample size to determine the effect of the tip and trajectory differences on the treatment
plan. The dosimetric consequences resulting from these differences will be assessed in this
future study, including variations in target coverage and volumes receiving higher or lower
dose than in the CT-based plan.
Evaluating the needle tip differences seen in this study in the radial, tangential, and
probe insertion (r, t, z) coordinate system, showed a small bias in the positive radial
direction (away from the US probe). This was likely a result of the pressure exerted by the
US probe on the rectal wall creating a shift away from the probe, which is not present during
the CT image acquisition, resulting in a difference in needle tip position. These differences,
potentially due to probe pressure, are also observed in the trajectory differences, which
showed a slight bias in the anterior direction, approximately corresponding to the radial
direction for needles placed near the rectal wall. This type of needle shift was most apparent
in Patients B and C, as can be seen in Figure 2.13(a), and these cases also showed the largest
mean trajectory differences of 3.89 ± 1.86◦ and 3.53 ± 1.81◦ , respectively. Additionally,
evaluation of the needle tip differences in the (r, t, z) coordinate system showed the largest
needle tip differences in the tangential (t) direction due to the reduced spatial resolution
resulting from the tilt acquisition method.24,25 This is visually demonstrated in Figure
2.4, as it can be seen that the strings appear smeared in the tangential direction, creating
difficulty when identifying the strings and needles in both phantom and patient studies.
One limitation of this study is the registration step between the 3D TRUS and CT
images in order to assess the positions of the needles in the US images. Due to the
lack of anatomical features visible in US images, as well as the lack of fixed structures
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between the 3D TRUS and CT acquisitions, the two modalities were manually registered
mainly based on the position of the vaginal cylinder of the needle template, as it is the
most identifiable, rigid structure in both modalities. The registration between the two
modalities introduces some inherent error, particularly due to deformations with time and
patient position, contributing to the differences recorded in the needle positions between 3D
TRUS and CT images. An additional limitation of this investigation is that all procedures
were performed using stainless steel needles and therefore the results of this study may be
different if an alternate type of needle, such as plastic needles, was used, as is the practice
at some other institutions.
The main limitation of the 3D TRUS approach demonstrated in this study is a
shadowing artefact created by the vaginal cylinder of the needle template. Of the 73 needles
placed in the five patients, nine needles were not identifiable in the 3D TRUS images
and six of these were due to the vaginal cylinder artefact. This shadow obscures needles
placed on the anterior side of the vaginal cylinder. This may be mitigated in the future by
investigating an alternate material for the vaginal cylinder. Alternatively, the effect of this
artefact may be minimized by inserting the anterior needles first, acquiring an intermediate
scan, then inserting the vaginal cylinder and remaining needles prior to a post-insertion
3D US. In some cases, 2D transvaginal US (TVUS) is currently used to visualize anterior
needles prior to insertion of the vaginal cylinder,42 and thus a TVUS approach may be
suitable for an intermediate scan to visualize the anterior needles’ placement before the
cylinder is introduced. Three additional needle tips were not identified in the 3D US
image, as they were outside the US field-of-view; however, these needle tips may have
been visible with a deeper probe insertion, and this limitation may be overcome with
greater operator experience. In this study, the needles placed did not extend far beyond
the end of the vaginal cylinder and, therefore, it is not known if this technique would be
appropriate for visualizing needle tips within the field-of-view in cases requiring larger
insertion depths. The further three needles and additional three needle tips that were
not visible were likely due to other artefacts, including shadowing from other needles
and remaining matter in the rectum. Visualization may be improved by introducing a
preparation procedure to cleanse remaining matter from the rectum prior to US imaging.
This may also allow for adequate coupling to be achieved between the rectal wall and
the US probe with less pressure, reducing the resulting needle shifting. Nevertheless,
the 3D TRUS system provided intraoperative visualization of 88% of needles placed and
79% of needle tips during HDR interstitial gynaecological brachytherapy and provides the
benefits of 3D image guidance. The 3D TRUS system uses a conventional 2D TRUS probe,
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thereby reducing the need for specialized equipment compared to the typical requirements
for 3D imaging, and allowing for the system to be used with minimal set-up time. As the
3D TRUS system requires only 12 s to acquire an image, its use does not substantially
increase the time required for the needle insertion procedure. The increased certainty in
needle positioning intraoperatively, possibly enabling fewer needles to be inserted, may
also shorten the procedure time. Improved 3D guidance systems, including 3D TRUS,
provide the potential to reduce procedure times and allow for needle placement tailored to
a patient’s specific tumour with potentially fewer needles placed.

2.5

Conclusions

The 3D TRUS system provides a method for visualizing needles intraoperatively during
HDR interstitial brachytherapy of gynaecological cancers. In this proof-of-concept study,
the 3D TRUS system allowed for localization of needles not obscured by shadowing
artefacts, providing the advantages of 3D imaging and the potential for intraoperative 3D
image guidance.
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CHAPTER 3

3

Intraoperative 360◦ three-dimensional transvaginal
ultrasound during needle insertions for high-dose-rate
transperineal interstitial gynaecological brachytherapy
of vaginal tumours

Although 3D TRUS images provide good visualization of posterior interstitial needles
during HDR gynaecological brachytherapy and is advantageous in cases requiring an
intrauterine tandem, shadowing artefacts may obscure anterior needles and anatomy. The
purpose of Chapter 3 is to describe the implementation of a 360◦ 3D US geometry to
acquire images transvaginally, including the validation of the geometric accuracy of the
images and comparison of interstitial needle positions localized on 360◦ 3D TVUS and CT
images under idealized conditions in a pelvic phantom and in a patient feasibility study.
The contents of this chapter have previously been published in the Journal of
Medical Imaging: JR Rodgers, J Bax, K Surry, V Velker, E Leung, D D’Souza, and A
Fenster. Journal of Medical Imaging. 2019; 6(2):O25001. doi:10.1117/1.JMI.6.2.025001.
Permission to reproduce this article was granted by SPIE and is provided in Appendix A.2.

3.1

Introduction

Vaginal tumours represent a major surgical challenge and aggressive radiation is favoured
to prevent more morbid surgery. Standard-of-care treatment commonly includes external
beam radiation followed by brachytherapy, a method of radiotherapy that brings radiation
sources into or in close proximity to tumours, conformally irradiating the tumour and
the surrounding local tissues.1,2 This approach allows the dose delivered to the tumour
to be escalated in comparison to the nearby healthy tissues.2 Brachytherapy for vaginal
tumours may be delivered through a high-dose-rate (HDR) transperineal interstitial
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approach in which hollow needles are inserted directly into the tumour and surrounding
area. Subsequently, a single high-activity radiation source, typically iridium-192, is
temporarily placed at planned positions via these needles with planned dwell times at
each position to deliver the dose.2 HDR transperineal interstitial brachytherapy requires
precise needle placement to optimize dose distributions, achieve local control, and
avoid overexposure of nearby organs-at-risk (OARs), including bladder and rectum.1
Typically, an ideal implant has needles distributed in 10-mm increments throughout the
target region; however, due to the radiative effects from multiple needles, a clinically
acceptable implant may be achieved with 10 ± 5 mm spacing between adjacent needles.3–6
Despite the need for precise placement to optimize the implant, currently there is
no standard image-guidance approach for adaptive, intraoperative needle visualization
during interstitial gynaecological brachytherapy of vaginal tumours. Current proposed
methods of intraoperative visualization suffer from limitations, including restricted
fields-of-view, operator dependence associated with two-dimensional (2D) imaging, and
limited accessibility of three-dimensional (3D) systems. This lack of image guidance
causes clinicians to rely on clinical examination, experience, and preoperative images.1
The implementation of an image-guidance system may allow misdirected needles to
be identified and corrected immediately, whereas misplaced needles discovered in
post-insertion imaging may not be usable for treatment.1,2
During the procedure, the patient’s legs are raised in stirrups and a plastic plate
(template) with needle holes is sutured between their legs onto the perineum to secure
needles and aid needle distribution. Commonly, a Syed-Neblett4 or a Martinez Universal
Perineal Interstitial Template (MUPIT),5 shown in Figure 3.1(a), is used.6 These templates
consist of either concentric circles or a linear grid of needle holes surrounding a larger
central hole, which allows a cylinder to be inserted vaginally, providing stability and
separating the vaginal walls.7,8 During procedures at our centre, typically about 14 needles
are manually placed by the radiation oncologist using a MUPIT-style template (Varian
Medical Systems Inc., Palo Alto, CA, USA), such that the needles are approximately
parallel to the vaginal cylinder, to create the implant; however, due to the variability in
presentation and challenging anatomical locations of gynaecological malignancies, the
distribution, depth, and number of needles used varies greatly. Source positions beyond the
target region are necessary to achieve acceptable dose coverage. This may cause the needles
to impinge on OARs, potentially leading to major side-effects or undesired toxicities.2
Post-insertion imaging is typically performed using x-ray computed tomography (CT)
to verify needle positions prior to the radiation source being placed at planned positions
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using an afterloader,9 but the lack of intraoperative needle visualization can contribute to
inaccurate needle placement, leading to a suboptimal implant and treatment.10,11
Intraoperative guidance using laparoscopy or laparotomy,12–14 fluoroscopy,15 ultrasound
(US),16–20 electromagnetic (EM) tracking,21 CT,22 and magnetic resonance (MR)23–25
approaches have been previously proposed. Fluoroscopy, laparoscopy, and laparotomy
are not commonly used as they provide limited visibility of the structures of interest and
the surgical approaches are associated with an increased risk of complications.15,16,26 A
2D transabdominal US approach may be used to visualize anterior needles and facilitate
avoidance of the bladder19 but the pubic symphysis impedes the visualization of needles
near the vagina. Alternatively, the 2D nature of the transrectal ultrasound (TRUS) approach
proposed by Stock et al.16 causes clinicians to have to mentally collate images to create an
impression in 3D space, which can be an inefficient and difficult process.27 The use of 3D
image guidance may mitigate the operator dependence associated with 2D US. Further, a
more comprehensive view of needle, target, and OAR positions intraoperatively may allow
for fewer needles to be inserted to achieve dose coverage.1,2 One approach to 3D guidance
is the use of EM tracking; however, this approach may be susceptible to inaccuracies in
clinical environments28 and to date, this approach has been limited to phantom studies.21
Lee et al.22 and Kapur et al.24 have proposed 3D image guidance using an iterative approach
with CT and 3T MR imaging, respectively, to verify needle positions. Viswanathan et
al.23 have also proposed MR 3D image guidance for needle insertion using specialized
interventional 0.5T MR imaging. These techniques are limited by the additional length
of the procedure under anaesthesia and the necessity for specialized equipment and costly
intervention suites, which restricts accessibility to only a few institutions worldwide.2
Transvaginal ultrasound (TVUS) is occasionally used during interstitial gynaecological
brachytherapy to visualize anterior needles prior to the insertion of the vaginal cylinder.29
A 360◦ 3D image is necessary to visualize all needles transvaginally in one acquisition. A
method for 360◦ 3D US imaging has been investigated for pelvic floor examination and for
anorectal ultrasonography, using a specialized transducer.30–32 Petric et al.33 proposed the
use of a rotating transcervical US transducer prior to cervical brachytherapy, generating
a 2D 360◦ image to visualize the tumour and assist in implant guidance and investigated
its use in a single patient feasibility study. Although this technique shows the potential to
assist in gynaecological brachytherapy procedures, further investigation would be required
to determine its potential role in interstitial implants and this method has not been used to
visualize interstitial needles. We have previously proposed the use of a 3D TRUS system
for intraoperative verification of needle placement.20 Although this system may be suitable
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for some patient cases, six of the 74 needles imaged were not visible due to a shadowing
artefact caused by the vaginal cylinder.20 The use of TVUS would eliminate this shadowing
artefact, bring the US probe in closer proximity to needles, and allow needles to be imaged
parallel to the US probe, potentially improving the clarity of visualization.
We have developed a 360◦ 3D side-fire TVUS system and propose its use for
intraoperative needle guidance during HDR transperineal interstitial gynaecological
brachytherapy of vaginal tumours. The preliminary development and validation of this
system have been presented by Rodgers et al.34 and initial results from a mock phantom
procedure, preliminary qualitative findings from the first patient scan, and initial needle
localization results from three patients are described by Rodgers et al.35 The objective
of this study was to extend the preliminary work with a more detailed description of
the 360◦ 3D side-fire TVUS acquisition system, more extensive validation of the system
and technique, and evaluation of its potential use for intraoperative visualization and
localization of interstitial needles by increasing the number of patients from the previous
preliminary report. In this paper, we describe the details of the mechanism and validation of
the geometric accuracy of the 3D image, present the results of the mock phantom procedure
in further detail, and report on needle localization accuracy during a patient study, involving
six patients imaged intraoperatively using the system.

3.2
3.2.1

Materials and Methods
Three-Dimensional Transvaginal Ultrasound System

The 3D TVUS system uses a conventional 2D side-fire endocavity US probe, which
is placed into a cradle and rotated through 360◦ . The acquired 2D US images are
reconstructed into a 3D US image following the tilt scanning approach described by Fenster
et al.,27 modified for 360◦ rotation. To support the scanning mechanism and allow clinicians
to easily position the US probe, we have developed a counterbalancing stabilizer36 and a
rotational/translational stepper, shown in Figure 3.1(b). The stabilizer clamps securely to
the patient bed and is used for the gross motions, allowing the clinician to position the
US probe appropriately and lock it in place with a trigger-activated locking mechanism
to minimize motion during scanning. The unique stabilizer design is simpler and more
compact than any other available counterbalancing systems37–39 and is easily adaptable to
many linkage systems. The stepper is used to rotate the US probe cradle to create the 3D
TVUS image and for fine adjustments (Figure 3.1).

Chapter 3.

103

Stepper and Probe Cradle
The motorized stepper (Figure 3.1(a)) allows precise rotation and 7-cm translation of the
cradle along the longitudinal probe axis, using two Faulhaber 1717T012SR DC motors
(MicroMo Electronics, Clearwater, FL, USA) mounted to the base of the stepper and
mechanically linked to the cradle via a gear train that decouples the linear and rotational
movements. Mechanically decoupling the movements simplifies the closed loop motor
control system, as the computer does not have to coordinate both motors simultaneously
to create a 3D image. The translational motion allows the clinician to fine-tune the probe
insertion depth to ensure features of interest are visualized, while the rotational motion is
used to generate the 3D US image and align the probe to the trajectory associated with the
desired template hole for real-time monitoring of needle insertion.

Figure 3.1: (a) Drawing of the stepper with placement of perineal needle template,
vaginal cylinder, and example needles shown and (b) broader view of the system
design, including stabilizer, stepper, and US probe relative to the end of the patient
bed.
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The cradle (Figure 3.1(a)) was designed to hold the clinical US probe securely and
provide a mechanical link to the stepper. As the body of the probe is not concentric with
the axis of rotation, needles in close proximity to the probe have the potential to interfere
with the cradle. A bearing mounted on the front end of the cradle provides a frictionless
support for needles during probe rotation, mitigating any potential interference between the
probe motion and the needles.

Three-Dimensional Ultrasound Image Acquisition
To accommodate the US probe transvaginally, a custom sonolucent vaginal cylinder with a
hollow core and closed end was created to temporarily replace the clinical vaginal cylinder,
providing the same geometry for needle insertion. The hollow sonolucent cylinder was
designed with the same outer dimensions as the solid clinical cylinder, making it fully
compatible with the central vaginal cylinder hole in the current perineal template (Figure
3.1(a)), with a 1.3-mm thick wall of sonolucent TPX™ polymethylpentene plastic (Mitsui
Chemicals America, Inc., Rye Brook, NY, USA) to create a hollow centre to accommodate
the US probe. The probe is not fixed within the sonolucent cylinder and the sonolucent
cylinder is not coupled to the template, allowing for free rotation. The biocompatibility of
the material was verified by Geneva Laboratories (Elkhorn, WI, USA).
For phantom imaging, a BK Falcon 2101 EXL US system with an 8658 endocavity
biplane US probe (BK Medical, Boston, MA, USA) at 7.5 MHz was used and for patient
imaging, a BK ProFocus 2202 diagnostic US system with an 8848 endocavity biplane
US probe (BK Medical, Boston, MA, USA) at 9 MHz was used, with image intensities
digitized to 0 to 255. This system was selected as it is currently used in the procedure
room at our institution; however, the probe cradle for the system can be simply adapted
to accommodate other clinical US probes. During image acquisition, the US probe inside
the sonolucent cylinder is rotated through 360◦ and 420 2D US frames at angular intervals
of 0.86◦ are obtained via an Epiphan digital VGA2USB video frame grabber (Epiphan
Systems, Inc., Ottawa, ON, Canada), which connects the video output of the clinical
US machine to a desktop computer. These 2D frames are reconstructed using software
developed in our laboratory27,40–43 to generate a 3D 360◦ ring-shaped image (Figure 3.2(a))
with 488 × 1034 × 1034 voxels and a voxel size of 0.126 × 0.126 × 0.126 mm3 . The
acquired 2D US frames are placed into their proper location in the 3D TVUS image as
they are acquired with the final 3D image available immediately after the 360◦ sweep
is completed. The original 2D frames are also stored, allowing clinicians to view these
alongside the patient’s 3D TVUS image, with the position of the 2D frame indicated
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(Figure 3.2), facilitating assessment of the needle positions relative to each other and
the OARs. The needles appear distinctly in both the 2D and 3D images, as they are
imaged approximately parallel to the US probe, easing interpretation of the images by the
clinicians. A complete scan takes 20 s to acquire; however, the system includes an option
for the operator to pause and resume the scan, as desired. This can also be used to image
an angular sub-volume of the 360◦ ring to examine or update particular needles or features.

Figure 3.2: (a) 3D TVUS patient image, showing a reconstructed axial view, and
needles indicated by outlined black arrows with the position of a 2D US frame
indicated and (b) the corresponding, original frame used in 3D US generation.

3.2.2

Geometric Reconstruction Validation

The calibration of the 3D TVUS image reconstruction was verified by making linear
measurements in each of the image coordinate directions using a 3D grid phantom,
described by Rodgers et al.,20 with a hole in the centre added to accommodate the US
probe. This grid phantom was embedded in a solidified mixture of 35 g agar powder
(Sigma Aldrich, Co., St. Louis, MO, USA) and 80 mL glycerol (Sigma Aldrich, Co., St.
Louis, MO, USA) per 1 L distilled water to approximate the speed of sound in soft-tissue
(1540 m/s).44 The phantom was scanned using the 3D TVUS system without and with the
sonolucent cylinder surrounding the probe to assess if the introduction of the sonolucent
cylinder affected the geometric measurements in the resulting image. Linear measurements
(nominal values indicated in Figure 3.3(a)) were obtained using software developed in our
laboratory for visualization of 3D US images.27 A total of 64 measurements were made
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in each of the x and y directions and 32 measurements were made in each of the two z
directions for each image.
The geometric reconstruction was further validated using a phantom with an embedded
sphere to evaluate the volumetric accuracy of the reconstructed 3D TVUS image. The
sphere had a nominal volume of 22.45 cm3 and was made from the previously described
agar mixture. The background agar had 10 g SigmaCell cellulose powder (Sigma Aldrich,
Co., St. Louis, MO, USA) added per 1 L distilled water to create contrast relative to
the sphere. Four images of the phantom were acquired using the system: (1) without the
sonolucent cylinder, (2) without the sonolucent cylinder with a 90◦ rotation in initial probe
orientation, (3) with the sonolucent cylinder, and (4) with the sonolucent cylinder with a
90◦ rotation in initial probe orientation. The sphere was manually segmented three times
in each image by picking points on the boundary and fitting a 3D mesh to the points.
The volume measurements from the segmentations were compared to the nominal volume
and surface area to volume ratios (SA/V) were calculated to assess the sphericity of the
segmentation.

Figure 3.3: Sections of 360◦ 3D US images of a geometric string phantom acquired
(a) without the sonolucent cylinder (with nominal values indicated) and (b) with the
sonolucent cylinder.

3.2.3

Pelvic Phantom Study

The female pelvic phantom, as previously described by Rodgers et al.,20 was used to
evaluate the visualization of needles in the 3D TVUS images under idealized conditions.
Twelve stainless steel needles were inserted through the template, representing a common
clinical pattern. Rubber stoppers were placed on the needles at predefined depths such
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that each needle was inserted a known depth into the phantom, ensuring that all needle
tips were visible within the field-of-view of the 3D TVUS image. An image was acquired
using the 3D TVUS system with the sonolucent cylinder in place after all needles had been
positioned. The sonolucent cylinder was then removed and replaced with a replica of the
clinical vaginal cylinder. Mimicking the clinical procedure, a post-insertion CT scan was
performed using a Revolution CT (GE Healthcare, Milwaukee, WI, USA) with a helical
acquisition (325 mA, 120 kVp, 0.625 mm slice thickness).
The 3D TVUS and CT images were manually, rigidly registered based on the position of
the replica clinical vaginal cylinder, rectal canal, and phantom box walls. In each image, the
tip and the point on the needle path where the needle entered the image field-of-view were
identified for each needle and a vector representing the needle trajectory was calculated
using the two points selected. The angular difference between the vectors and the 3D
Euclidean distance separating needle tips were calculated for the needles in 3D TVUS
and compared to the expected positions based on the known insertion depth and template
geometry and the positions determined in the CT image. As the second point along the
needle path may not correspond between the 3D TVUS and CT images, a corresponding
point was established by projecting the point chosen in the US image onto the line generated
by the two points selected in CT, as shown in Figure 3.4.

Figure 3.4: Illustration indicating how corresponding entrance (most inferior (I))
and exit (most superior (S)) points are established by projecting the needle points in
US onto the axis line created by the points in CT, used to calculate the point
differences between the modalities. The needle insertion direction is oriented
superiorly.
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Patient Study

Six patients receiving HDR transperineal interstitial brachytherapy for vaginal tumours
at the London Health Sciences Centre supplied informed, written consent in accordance
with protocols established by The University of Western Ontario (London, ON, Canada)
Research Ethics Board. Patients requiring intrauterine tandem insertion were excluded
from this study. Prior to insertion, US coupling gel was applied inside the sonolucent
cylinder and the probe inserted slowly to remove as many air bubbles as possible, with a
visual inspection performed to ensure there were no large air pockets. During the implant
procedure, the sonolucent cylinder and US probe were inserted together into the vagina
following template positioning, with the sonolucent cylinder inserted to the largest depth
the vaginal canal would reasonably allow, when possible. Stainless steel needles (1.65-mm
diameter (Varian Medical Systems Inc., Palo Alto, CA, USA)) were then inserted and once
most of the needles had been placed, a 3D TVUS image was acquired while the patient
remained in the lithotomy position. The needle internal mandrins were removed prior to
image acquisition, when possible, to avoid interference of the large mandrin head with
the cradle and allow needles to relax into their treatment shape. The 3D TVUS images
were obtained by a single radiation oncologist with an US depth setting of 5.6 cm for
four patients and 6.4 cm for two patients. Following acquisition, the probe and custom
sonolucent cylinder were removed together and were replaced by the conventional clinical
cylinder for the remainder of the procedure, inserted to approximately the same depth as
the sonolucent cylinder. Any remaining needles, including four needles that can be placed
via the clinical cylinder, were then positioned.
Following the insertion of all needles and with the clinical cylinder in place, the patient
underwent the standard, clinical post-insertion CT scan acquired with a helical acquisition
(325 mA, 120 kVp, 3.0 mm slice thickness) using a Philips Brilliance CT Big Bore Scanner
(Philips Healthcare, Andover, MA, USA). This scan was acquired with the patient in the
supine position, potentially introducing some positional differences from the time of US
acquisition but reflecting the current clinical practice. The geometry of the US probe and
sonolucent cylinder were used to rigidly register the 3D TVUS and CT images under the
initial assumption that the sonolucent and clinical cylinders were inserted to the same depth.
Another point, including the Foley balloon catheter in the urethra/bladder, pubis, and pubic
symphysis, was identified in the images from the two modalities to rotationally orient the
registration about the cylinders and refine the depth.
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For each inserted needle, the entrance point was defined to be the most inferior (I)
visible point along the path in each modality and the exit point was defined to be the most
superior (S) point. As the edge of the needle closest to the probe is most prominent in US,
points were selected with an offset corresponding to the radius of the needle to represent the
centre of the needle shaft for comparison. Over the 6-cm width of the US image there was
assumed to be minimal needle deflection and thus needles were assumed to be linear within
the images. Corresponding points between the modalities were established as described in
Section 3.2.3 for the phantom, such that the point identified in 3D TVUS was projected
onto the needle path established in CT (Figure 3.4).
The angular differences between needle paths identified in each modality were
calculated using the vectors formed between the calculated, corresponding entrance
and exit points. These angular differences were decomposed into image planes,
which approximately correspond to the Anterior/Posterior (A/P), Left/Right (L/R), and
Superior/Inferior (S/I) planes. The S/I plane was excluded from analyses as the needles
were inserted approximately perpendicular to this plane, appearing point-like. A positive
angular difference indicates that the path identified in 3D US is angled anteriorly and to the
left relative to the path in CT, in the A/P and L/R planes, respectively.
The 3D Euclidean distances between corresponding entrance points and corresponding
exit points were calculated to assess point differences between the modalities. Based
on the assumption of linearity within the images, either the entrance point pair or exit
point pair with the greater difference was selected and used to calculate a maximum point
difference between the needles in the two modalities. Given the differing spatial resolution
of the US transducer in each direction, the corresponding points were transformed20,45 into
radial (r), tangential (t), and insertion (z) coordinates to assess the impact of the spatial
resolution differences. Principal component analysis (PCA) was performed to generate
a 95% prediction interval ellipse in the (r, t) plane to evaluate the primary direction of
point differences; however, the process of establishing corresponding points results in small
differences in the insertion (z) direction, as shown in Figure 3.4, thus, differences in the z
direction were excluded from the analysis.

3.2.5

Statistical Analysis

Analyses were performed using GraphPad Prism 7 (GraphPad Software, La Jolla,
CA, USA), with the exception of PCA, which was performed in MATLAB R2017a
(MathWorks, Natick, MA, USA). The normality of distributions was assessed using the
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Shapiro-Wilk test with a significance level of p < 0.05. Volumetric measurements and
SA/V measurements were compared across the four images using an analysis of variance
(ANOVA).

3.3
3.3.1

Results
Geometric Reconstruction Validation

A 360◦ 3D US image of the grid phantom acquired without the sonolucent cylinder in
place is shown in Figure 3.3(a) with the expected measurements and coordinate directions
indicated. The measurements in each of the coordinate directions had a mean difference
ranging from 1.4% to 2.0% of the nominal values, with mean differences [lower 95%
confidence interval (CI) limit, upper 95% CI limit] of 0.20 [0.14, 0.26] mm, 0.14 [0.10,
0.19] mm, 0.16 [0.10, 0.23] mm, and 0.23 [0.16, 0.31] mm in the x, y, z1 , and z2
directions, respectively. Figure 3.3(b) shows a 3D US image of the grid phantom acquired
with the sonolucent cylinder in the same initial orientation as the no-cylinder scan. The
mean differences in each of the coordinate directions ranged from –0.3% to 3.2% of the
nominal values, with mean differences [95% CI limits] of 0.16 [0.09, 0.22] mm, 0.17
[0.11, 0.22] mm, 0.32 [0.25, 0.40] mm, and –0.04 [–0.13, 0.05] mm in the x, y, z1 , and
z2 directions, respectively. Figure 3.5 summarizes the differences in the measurements
from their nominal values without and with the sonolucent vaginal cylinder.
For the spherical volumetric phantom, the mean volume [95% CI limits] was 22.21
[21.91, 22.51] cm3 without the presence of the sonolucent cylinder and 22.18 [21.48,
22.89] cm3 with the sonolucent cylinder, corresponding to mean errors of 1.2% and 2.7%,
respectively (expected volume: 22.45 cm3 ). The mean difference in SA/V ratios for the
segmented volume relative to a perfect sphere was 0.57% and 0.99%, without and with
the sonolucent cylinder, respectively. ANOVA failed to show a statistically significant
difference between the volumes obtained from each of the four images (p = 0.082) or
the SA/V ratios (p = 0.106), where the four volumes corresponded to images acquired
without and with the sonolucent cylinder and following a 90◦ rotation from the initial probe
orientation for each case.
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Figure 3.5: Mean differences with 95% CI from the nominal distance values for the
linear measurements taken in each of the coordinate directions of a geometric grid
phantom, without and with the sonolucent cylinder in place.

3.3.2

Pelvic Phantom Study

The 360◦ 3D TVUS image acquired from the pelvic phantom after 12 needles were inserted
is shown in Figure 3.6(a) and (b) with the rigidly registered CT image shown in Figure
3.6(c). Table 3.1 summarizes the angular differences and point positional differences
between the needles localized in 3D US and CT, as well as relative to their expected
positions based on the phantom geometry. The maximum point differences failed to pass
the normality test (p = 0.04). The median [first quartile (Q1), third quartile (Q3)] angular
difference between the 3D US and CT for the 12 inserted needles was 1.60 [1.18, 2.11]◦
and the median [Q1, Q3] maximum point difference was 0.84 [0.68, 1.33] mm.

Figure 3.6: (a) Axial and (b) oblique views of the 3D US image of the pelvic phantom
following insertion of 12 needles and (c) the corresponding view in the registered CT
image.

Chapter 3.

112

Table 3.1: Median [Q1, Q3] angular and point positional differences between needles
localized in a 3D TVUS image, CT image, and the expected position within the
phantom.
Median [Q1, Q3]
Difference

3D TVUS vs.
Expected

CT vs. Expected

3D TVUS vs. CT

Angular (◦ )
Entrance Point (mm)
Tip (Exit Point) (mm)
Maximum Point (mm)

1.44 [0.87, 1.89]
0.35 [0.25, 0.52]
-

0.73 [0.58, 0.89]
0.53 [0.24, 0.77]
-

1.60 [1.18, 2.11]
0.76 [0.42, 1.33]
0.52 [0.36, 0.66]
0.84 [0.68, 1.33]

3.3.3

Patient Study

Figure 3.7 shows an example of a patient 3D TVUS image, with key features indicated.
Needle cross-sections were clearly distinguishable in the axial views of the images (Figure
3.7(a)) and the needle paths were clearly visualized in both the sagittal (Figure 3.7(b)) and
coronal (Figure 3.7(c)) views of all patient images. Other features were clearly visible,
including the Foley catheter in the urethra, the rectum, pubis, and pubic symphysis in all
images, bladder in four images, and vaginal wall in three images. Examples of entrance
and exit points identified in both modalities are shown in Figure 3.8, also demonstrating
the alignment between the registered images.

Figure 3.7: Patient 360◦ 3D TVUS image with eight needles inserted (indicated with
outlined black arrows), showing the US probe and hollow sonolucent vaginal
cylinder, needles, bladder (shown with dotted outline), Foley balloon/catheter, and
rectum (shown with dotted outline) in (a) axial, (b) sagittal, and (c) coronal views.
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Figure 3.8: Entrance and exit points with the rectum visible, indicated in oblique
views of Patient E, with outlier needles indicated, in (a) a 3D TVUS image with
hollow sonolucent vaginal cylinder, (b) the corresponding, registered CT image with
clinical vaginal cylinder, and (c) an image with 3D TVUS and CT aligned and
overlaid.

All patient data distributions passed normality testing using the Shapiro-Wilk test
(significance level p < 0.05) with the exception of the overall L/R angular difference
(p = 0.0354), entrance point difference (p < 0.0001), and maximum point difference (p
= 0.0284) data. Table 3.2 summarizes the angular differences between corresponding
needles identified in the 3D TVUS and CT images and the median angular differences
in the approximate A/P and L/R planes. Two needles localized for Patient E were identified
as outliers (Figure 3.8) based on the angular differences and were excluded from angular
comparisons and all further analyses. Examination of these needles showed additional
migration in needle positions between the time of 3D TVUS and CT image acquisition
(2 h), likely due to changes in patient position and the needles’ remote insertion position
relative to the vaginal cylinder. For consistency, an additional two needles were excluded
from Patient E as they were placed in the template holes on the other side of the template
corresponding to the outliers. These needles had angular errors ranging between 2.60◦ and
8.63◦ . For the total of 54 needles included, the median [Q1, Q3] angular difference was
1.87 [1.50, 2.48]◦ and 92.6% of needles had angular differences of less than 3◦ , as shown
in Figure 3.9(a). In the approximate A/P plane, the median [Q1, Q3] angular difference
was –0.12 [–1.07, 1.06]◦ , where a negative value indicates that the 3D US needle path is
angled posteriorly relative to the needle path localized in the CT image. The median [Q1,
Q3] angular difference was 0.10 [–1.15, 1.66]◦ in the approximate L/R plane, where the
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positive difference is associated with an angular shift left in 3D US relative to CT. The
angular differences in the needle paths in the approximate A/P and L/R planes are shown
in Figure 3.10.

Figure 3.9: Histograms showing the distribution of (a) angular and (b) maximum
point differences between the needles localized in 3D TVUS images and
corresponding CT images.

Table 3.2: Median [Q1, Q3] angular differences in needles identified in 3D TVUS and
CT in 3D space and the approximate Anterior/Posterior (A/P) and Left/Right (L/R)
planes, such that an anterior and leftward shift in US relative to CT is indicated by a
positive value in the approximate A/P and L/R planes, respectively.
Number of
Needles

Median [Q1, Q3]
Angular Difference (◦ )

Median [Q1, Q3] Angular
Difference in the A/P Plane (◦ )

Median [Q1, Q3] Angular
Difference in the L/R Plane (◦ )

Patient A
Patient B
Patient C
Patient D
Patient E
Patient F

8
10
10
10
8
8

1.72 [1.28, 2.05]
1.65 [1.21, 2.28]
1.58 [0.94, 2.07]
2.00 [1.74, 2.72]
2.19 [1.88, 2.50]
2.30 [1.81, 2.84]

-1.32 [–1.97, –0.40]
0.56 [–0.41, 1.45]
0.61 [–0.43, 1.05]
–1.05 [–1.40, –0.22]
1.32 [–0.53, 1.84]
0.21 [–0.88, 2.30]

–0.31 [–0.64, 0.64]
0.00 [–1.21, 0.93]
0.69 [–0.20, 1.84]
0.68 [–1.32, 2.60]
–1.08 [–1.46, 1.91]
–1.07 [–1.54, 2.14]

Overall

54

1.87 [1.50, 2.48]

–0.12 [–1.07, 1.06]

0.10 [–1.15, 1.66]
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Figure 3.10: Angular differences in needles identified in 3D TVUS images relative to
the corresponding needle in registered CT images in the approximate
(a) Anterior/Posterior (A/P) and (b) Left/Right (L/R) planes.

The median [Q1, Q3] entrance point difference between the 3D TVUS and CT
images was 1.40 [0.92, 2.17] mm and the median [Q1, Q3] exit point difference was
2.05 [1.34, 2.84] mm for the 54 needles included, with the point differences for each
patient summarized in Table 3.3. The median [Q1, Q3] maximum difference between
corresponding needles was 2.12 [1.65, 2.84] mm with 77.8% of needles having a maximum
difference of less than 3 mm and 98.1% with a difference of less than 5 mm, as shown in
Figure 3.9(b). In the radial and tangential directions the centroid of the distribution was at
(r, t) = (–0.14 mm, –0.65 mm), shown in Figure 3.11 with 95% prediction ellipse.

Table 3.3: Median [Q1, Q3] point positional differences between the entrance and
exit points determined in 3D TVUS and CT. The maximum difference was taken to
be the maximum of the entrance or exit difference for each needle.
Number of
Needles

Median [Q1, Q3] Entrance
Point Difference (mm)

Median [Q1, Q3] Exit
Point Difference (mm)

Median [Q1, Q3]
Maximum Difference (mm)

Patient A
Patient B
Patient C
Patient D
Patient E
Patient F

8
10
10
10
8
8

1.67 [0.56, 1.67]
3.12 [1.52, 4.27]
1.25 [0.97, 1.74]
1.28 [0.57, 2.17]
1.16 [0.58, 1.67]
1.05 [0.79, 1.83]

1.41 [0.97, 2.05]
2.95 [1.61, 3.82]
1.26 [0.98, 1.81]
2.17 [1.82, 3.13]
2.02 [0.89, 2.64]
2.49 [2.03, 3.36]

1.91 [1.62, 2.10]
3.58 [2.07, 4.39]
1.50 [1.14, 2.26]
2.17 [1.82, 3.13]
2.26 [1.33, 2.65]
2.49 [2.03, 3.36]

Overall

54

1.40 [0.92, 2.17]

2.05 [1.34, 2.84]

2.12 [1.65, 2.84]
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Figure 3.11: Point positional differences between corresponding points determined in
3D TVUS patient images and the corresponding, registered CT images in the radial
(r) and tangential (t) plane and 95% prediction ellipse determined using PCA.

3.4

Discussion

This study investigated the use of a 360◦ 3D side-fire TVUS system through the evaluation
of both phantom and patient images to localize needles and visualize nearby anatomy
intraoperatively during HDR transperineal interstitial gynaecological brachytherapy of
vaginal tumours. To the authors’ knowledge this is the first study evaluating 360◦ 3D
TVUS for brachytherapy of vaginal malignancies and visualization of interstitial needles.
In the six-patient study, the images allowed for clear visualization of key features, including
a portion of the bladder for four patients and the rectum in all images, which is important
for avoiding overexposure of OARs, though a further study with a larger patient cohort
would be necessary to examine the impact of image guidance on OAR avoidance and
dose optimization. In cases where the bladder was not visible, this was due to the probe
not being inserted deeply enough to capture this within the field-of-view. This may be
rectified in the future by examination of a pre-insertion image prior to the insertion of
the needles; however, the Foley catheter in the patient’s urethra was clearly visualized in
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all patient images. Although all needles were clearly visualized in the images, in some
patient images, small air gaps appeared when using the sonolucent cylinder at either the
US probe-cylinder interface or the cylinder-vaginal wall interface, resulting in air artefacts
in the images. These were typically at the inferior edge of the image due to the insertion
depth of the vaginal cylinder and were never large enough to fully obscure any needle paths
or other key features.
Registration of 3D TVUS to clinical CT images as a reference standard may contribute
to the differences observed in needle positions, as this introduces the potential for
differences in bladder or rectal filling, as well as swelling or edema due to the needle
insertions, which could lead to needle shifts.46–48 Further, 3D TVUS images were acquired
with the patient’s legs raised in stirrups while the CT images were acquired with their legs
lowered in supine position, which could introduce errors due to the different pelvic tilt.
These potential effects are illustrated in the angular biases shown in Figure 3.10, where
needles in 3D TVUS were tilted in the posterior direction relative to the needles in CT for
Patients A and C. Patients D and F showed needles split into two distinct groups (Figure
3.10(b)), such that needles on the patient right were angled left in 3D US relative to CT
and, similarly, on the patient left were angled right. This indicates that the needles appear
angled outwards, away from the vaginal cylinder, in the CT image relative to the 3D TVUS
image, potentially due to patient position or edema. Patient B had the largest maximum
point difference and in the (r, t) directions there was a much larger error in the tangential
(t) direction with a 95% prediction interval of ± 6.42 mm relative to the radial (r) direction
with a 95% prediction interval of ± 2.72 mm, and also relative to all other patients in the
study. This indicates that one other possible cause of the point differences observed is
a rotational misalignment during the registration process, which is supported by the low
angular error observed for this patient. The overall median maximum difference was less
than 2.5 mm, which may be sufficient for implant assessment, as a clinically acceptable
implant may allow for a tolerance of ± 5 mm spacing between adjacent needles.3–6 A
broader patient study aimed at dosimetric evaluation of the differences between observed
needle locations in 3D TVUS and CT planning images is required to refine the target
accuracy for needle localization, accounting for the effects of a multi-needle implant.
Overall point differences in the (r, t) coordinate system (Figure 3.11), demonstrated a
slightly larger difference in the tangential (t) direction (95% prediction interval of ± 4.68)
than radial (r) direction (95% prediction interval of ± 3.40) but with no notable bias in the
position of the centroid. This may be due to the lower spatial resolution in the tangential (t)
direction and tilt acquisition method, creating a smearing effect on points, as demonstrated
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in the (x, y) plane of Figure 3.3, consequentially, making it more difficult to identify the
point.
Although the effects of patient posture, movement of the patient, and time delays
between insertion and CT acquisition on implant geometry requires further investigation
for gynaecological brachytherapy, the effect of pelvic tilt, patient relocations, time, and
potential for edema have been reported for HDR transperineal prostate brachytherapy.49–55
These studies have reported needle shifts greater than 2 mm in the first few hours following
implantation with Mullokandov and Gejerman50 emphasizing the time-dependent nature of
the displacements. Similar shifts may occur during transperineal interstitial gynaecological
brachytherapy, as evidenced by studies of interfraction motion, where Mikami et al.47 and
Rey et al.56 reported caudal displacements between the first two fractions, which may
contribute to some of the differences observed in the interstitial gynaecological implants in
this study. This is further supported by Shukla et al.48 who reported needle displacements
of 1.7 mm, 2.1 mm, 1.7 mm, and 0.6 mm in the anterior, posterior, right and left directions,
respectively, over the course of treatment with the majority of migration occurring during
the early fractions. They attributed this to the development of post-procedural edema during
the first 24 h. Although changes from needle insertion to planning CT have not been
documented in the literature, it is possible that these changes contribute to needle shifts
between the 3D TVUS and CT images. In particular, given their remote location relative to
the vaginal cylinder and closer proximity to the patient hips, the outlier points observed in
Patient E may have been affected by these factors. These needles passed through a greater
amount of fatty tissue relative to those closer to the centre, which may have led to differing
needle migration, as evidenced by the large angles of these needles relative to the other
needles in the CT image, which were not present at the time of 3D TVUS imaging.
The current system has limited applicability for disease sites superior to the mid-vagina,
such as cervical and upper vaginal tumours, as needle tips extend beyond the field-of-view
of the 3D TVUS images for these cases. To overcome this limitation, we are currently
investigating combining the 3D side-fire TVUS images with a 3D end-fire TVUS image
using the same system and acquired through the same sonolucent vaginal cylinder,
capturing the tip information, as well as the trajectory provided by the side-fire image. This
provides the potential for the system to be extended to a broader range of gynaecological
malignancies treated with transperineal interstitial brachytherapy. In this study a single 3D
TVUS image was acquired once the majority of needles had been placed, but clinically,
the system may be used periodically throughout the insertion procedure. Ideally, once the
probe and sonolucent cylinder have been positioned, a pre-insertion 360◦ 3D TVUS image
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can be acquired and clinicians can use the system to align the probe to the needle trajectory
corresponding to a particular needle template hole for real-time insertion monitoring. A
final 360◦ 3D TVUS image can be acquired to visualize all of the needles in context and
relative to the OARs prior to the replacement of the US probe and sonolucent cylinder
with the clinical cylinder, allowing four additional needles to be placed and treatment to
proceed. Future studies will include investigating the radiation dose distribution changes
caused by the hollow sonolucent cylinder to determine if this cylinder could remain in place
for the duration of treatment rather than be replaced by the clinical cylinder. A broader
multi-centre patient trial is also required to refine the clinical workflow using this system
prior to routine clinical use. The current study provided basis for this, with the use of
3D TVUS allowing accurate needle localization and OARs to be clearly visualized during
interstitial needle insertion for HDR transperineal gynaecological brachytherapy of vaginal
tumours, allowing for intraoperative assessment of the implant.

3.5

Conclusions

The use of 360◦ 3D TVUS through a sonolucent vaginal cylinder provides a technique for
visualizing and localizing needles, as well as visualizing OARs, intraoperatively during
HDR transperineal interstitial gynaecological brachytherapy of vaginal tumours. This
enables interstitial implants to be intraoperatively assessed during the needle insertion
procedure and adjustments to be made, providing the potential for increased confidence
in needle positions and improved implant quality.

3.6
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4

A deep learning needle segmentation approach applied
to intraoperative two-dimensional ultrasound images
of high-dose-rate interstitial gynaecological
brachytherapy implants

Automatic identification and localization of interventional tools in real-time 2D US
images provides the opportunity for clinicians to monitor the tool position and make
immediate refinements to the tool trajectory. In the context of interstitial gynaecological
brachytherapy, the endocavity probe can be placed transvaginally and rotated to visualize
the interstitial needles intraoperatively as they are inserted, avoiding OARs and facilitating
optimal needle placement. The 3D US system designed for this application provides the
ability to register the image coordinate system to the perineal needle template, enabling
the US probe to be rotated to a designated template position for a live 2D view of the
needle insertion with projected needle trajectory. Fast segmentation of the needle can be
achieved using deep learning methods; however, these approaches require large datasets
for training and testing. The purpose of Chapter 4 is to describe a deep learning method
for segmenting interventional tools and needles in 2D US images. To overcome the limited
availability of 2D TVUS images containing interstitial needles, the dataset was augmented
with 2D US images from phantoms and three additional anatomical regions to train and
test the algorithm. This chapter includes a comparison to a current state-of-the-art method,
assessment of the generalizability of the algorithm, evaluation of the algorithm performance
on all image types, and an assessment of user variability.
The contents of this chapter have previously been published in Medical Physics:
DJ Gillies and JR Rodgers, I Gyacskov, P Roy, N Kakani, DW Cool, and A Fenster.
“Deep learning segmentation of general interventional tools in two-dimensional ultrasound
images.” Medical Physics. 2020; 47(10):4956–4970. doi:10.1002/mp.14427. Permission to
reproduce this article was granted by John Wiley and Sons and is provided in Appendix A.3.
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Introduction

Ultrasound (US) imaging is often used during interventional procedures to provide
portable, accessible, and real-time imaging of anatomy and instruments. This is particularly
advantageous for guidance during minimally invasive percutaneous interventional
techniques, which offer reduced recovery times and complications relative to open surgery.
Although three-dimensional (3D) US and real-time 3D US imaging methods have emerged,
adoption of these technologies for minimally invasive interventions has been limited
and real-time two-dimensional (2D) US remains the predominant modality for guidance
of needles and therapy applicators into the body.1,2 Despite the benefits of minimally
invasive percutaneous approaches, one factor that has limited the guidance accuracy
of these techniques is the ability to localize needle-like interventional tools, such as
needles and therapy applicators, quickly and accurately in the standard 2D US images
while in the intraoperative environment.3,4 Diagnostic and therapeutic cancer procedures
where accurate localization is essential include brachytherapy, solid organ ablation, and
biopsy. High-dose-rate (HDR) interstitial brachytherapy of prostate or gynaecological
malignancies delivers internal radiation via multiple needles (typically about 5–24)5,6
that are inserted into the tumour and surrounding area, thereby requiring correct needle
placement to deliver optimal treatment and reduce risks to nearby structures. In ablation
procedures, commonly used in liver and kidney cancers, one to four applicators, such as
radiofrequency electrodes or microwave antennae, are inserted into tumours to heat the
tissue and destroy malignant cells. Applicators must be accurately placed within the tumour
to achieve adequate therapy and minimize local recurrence risk.7 Similarly, during biopsy
procedures, accurate insertion of the biopsy needle into a suspicious mass is essential to
ensure proper tissue sampling for histopathological assessment. In this paper, we use
the term “tools” to refer generically to needle-like interventional instruments, including
electrodes, antennae, applicators, and needles. Identifying these tools in 2D US images
can be challenging, with their precise position difficult to distinguish once placed inside
the tissue. Visualization requires the tool to be coplanar with the US probe and localization
is often operator-dependent, associated with subjective 2D US guidance.3 Additionally,
anatomical features, such as the body habitus of the patient, fat, and blood vessels in the
liver, or artefacts, such as air gaps or needle reverberation in some brachytherapy images,
can affect the appearance of the tool and obscure portions of the tool path or confound
identification of the tool’s tip position. Implementation of a real-time or near real-time
method to automatically identify and segment interventional tools on intraoperative live
US images might improve clinicians’ ability to guide, adjust, and verify tool positions,
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allowing these positions to be refined and misalignments to be corrected without disrupting
clinical workflow or extending procedure time.
Image-based approaches for tool guidance, avoiding the requirement for additional
equipment, signal processing, and set-up, have been proposed for general tool
segmentation in US images, leveraging techniques based on image properties, including
projections,8–11 random sample consensus (RANSAC),12–14 filtering,13,15–17 and Hough
or Radon transforms,18–22 or physical properties, such as analyses of motion,22–26 beam
steering,27 and circular wave generation.28 Many of these algorithms were developed for 3D
US images;8–15,20,21,23 however, real-time 2D US is the clinical standard for guiding tools
during image-guided minimally invasive interventions at most institutions1,2 and therefore
is the focus of our work presented in this study. Many of the published approaches were
tested only on phantom or ex vivo tissue images,8–24,26–28 in vivo on an anaesthetized
porcine model,20,25 or, in some cases, US images from one clinical application, such
as breast biopsy10,12,18 or nerve block imaging.27 Therefore, the generalizability of the
algorithms to multiple applications, particularly given the idealized nature of phantom
conditions, requires further investigation.
Image-based approaches may suffer from a lack of robustness and longer processing
times when used on more complex clinical images.29 To address these limitations, many
recent studies have employed convolutional neural networks (CNNs) for tool detection,
localization, and segmentation in medical images.29–38 Additionally, approaches leveraging
the principles of transfer learning (applying models developed for a prior task to a new
context) have been investigated in the broader context of image segmentation, including a
recent study in x-ray computed tomography (CT) images by Jung et al.39 In this paper,
Jung et al.39 investigated the generalizability of a CNN-based method developed on a
tandem-and-ovoids intracavitary brachytherapy device to segment other devices used for
this type of procedure, substantiating the feasibility of a generalized tool segmentation
method. Some existing works have specifically investigated CNN-based approaches to
tool segmentation in US images,29–31,34,37,38 recognizing that the appearance of tools in this
imaging modality introduces unique challenges. Recent developments by Pourtaherian
et al.,31 Arif et al.,29 and Zhang et al.38 focused on needle detection in 3D US images.
The method presented by Pourtaherian et al.31 used patch classification and semantic
segmentation techniques with CNN architectures, testing their approach on chicken breast
and porcine leg ex vivo datasets with data augmentation. This method achieved tip
localization errors of < 0.7 mm. Arif et al.29 also proposed a CNN-based method using
a V-Net model to localize needles in 3D US phantom and liver images, demonstrating a
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mean tip error of 1 mm and angular error of 2◦ . Zhang et al.38 used an adapted U-Net
architecture with the integration of attention gates and consideration of spatial continuity
to segment prostate HDR needles from 3D transrectal US patient images, resulting in a
mean tip localization error of < 0.5 mm. All three methods demonstrated the potential of
CNNs to accurately localize needles in US images; however, none were assessed on 2D US
images and investigation of their applicability on a range of clinical images has not been
performed.
In recent work, Lee et al.37 proposed segmentation of kidney biopsy needles in 2D US
images using a deep learning approach based on a LinkNet architecture with the addition
of a concurrent spatial and channel “Squeeze and Excitation” method to independently
weight spatial and feature map characteristics. This method used images acquired at
three frames per second from eight patient US videos to create a dataset for training and
testing, achieving a Dice similarity coefficient (DSC) of 56.65%, root-mean-square (RMS)
distance error of 9.5 pixels, and RMS angular error of 13.3◦ .37 Although this approach is
susceptible to information leakage since many images were acquired per patient, this study
demonstrates many of the challenges associated with localizing needles in kidney images
and the extension of this method to applications other than kidney biopsy has not been
explored. Mwikirize et al.30 investigated an algorithm using a fully convolutional network
with a fast region-based CNN for interventional applications requiring quick localization of
mid-to-steeply inserted needles (40–75◦ ) and deep insertions (up to 9 cm) in 2D US images.
This study demonstrated accurate localization with recall and precision rates > 99%, a
mean tip error of 0.23 mm, and a mean angular error of 0.82◦ with a processing time of
0.58 s.30 Further investigation of this approach is necessary to assess its generalizability, as
the initial study was limited by only using in-plane (or slightly out-of-plane) insertions of a
single tool type (17-gauge epidural needle) in ex vivo bovine/porcine tissues and phantoms
with recall and precision only assessed on images acquired from a single US system and
probe, matching the system used for training.
In this study, we have developed and evaluated a deep learning method using a CNN
with a modified U-Net architecture to segment general needle-like interventional tools from
2D US images, from multiple anatomical regions and various interventional procedures, in
near real-time. The proposed algorithm was trained and tested on augmented datasets using
2D US images and manual segmentations from phantom experiments and five different
clinical cancer procedures: prostate brachytherapy, gynaecological brachytherapy, liver
ablation, and kidney ablation and biopsy. The originality of this work is that, to our
knowledge, this is the first study undertaking general interventional tool segmentation
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in clinical 2D US images with a deep learning approach and is strengthened by the
heterogeneity of the unique dataset, incorporating images acquired under diverse imaging
conditions. Further, this study contributes to a more complete understanding of the effects
of intra- and inter-user variability in establishing US gold standards for training and
assessment by including an analysis of the repeatability and reproducibility of manual
segmentations.

4.2
4.2.1

Materials and Methods
Convolutional Neural Network Model

The proposed CNN in the U-Net architecture was adapted from Ronneberger et al.40 and
is shown in Figure 4.1. Accommodation of all anticipated image sizes was performed
by resizing all images to 256 × 256 pixels (Figure 4.3). Convolution kernels were 3
× 3 pixels with a rectified linear unit (ReLU) activation function and optimization of
network weights was performed using an Adam optimizer. A DSC loss function was
chosen as the cost function to optimize because the tool often appears small relative to
the background and recent work has shown promising results when using the DSC metric
or a variant thereof.29,33 Regularization was a key consideration to prevent overfitting of the
CNN, especially in a small dataset application, so 50% dropouts were used in the decoder
section of the network, as has been previously shown to maximize regularization.41 In
addition, transpose convolutions were alternatively used instead of upsampling followed
by convolution, which was conventionally employed in the original U-Net.40 Final output
masks were produced with a 1 × 1 convolution kernel and a sigmoid function. All images
were used to compute the mean and standard deviation (SD) of intensities for data centring
and normalization. Improvements in the network accuracy were investigated by carrying
out experiments to compare the performance against the state-of-the-art original U-Net on
the training dataset (Section 4.2.2) following optimization of the learning rate and epoch
hyper-parameters. Learning rates ranged between 10−3 and 10−5 with epochs tested from
50 to 200. Training and validation DSCs of approximately 85% resulted in the selection of
a 10−4 learning rate with 100 epochs.
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Figure 4.1: A schematic of our CNN in the U-Net architecture with arrows denoting
the different operations. The numbers above the rectangles correspond to the output
filters in the convolution (i.e., multi-channel feature map) and the numbers along the
side correspond to the XY image size in pixels.

4.2.2

Datasets

Images and manual segmentations used for training, validation, and testing of the proposed
CNN were acquired from phantoms and five different clinical interventional procedures,
including prostate and interstitial gynaecological brachytherapy, liver ablation, and kidney
ablation and biopsy, with the assumption that only a single tool was present in each
2D image. A single trained observer generated gold standard manual segmentations by
selecting the tool tip and a second point on the tool shaft. Regardless of whether tools
were entirely in-plane with the 2D image, the deepest visible point relative to the edge
of the image where the tool enters the field-of-view was considered the tool tip. The
point in the mask that was closest to the insertion edge of the image is referred to as
the tail and may be at the image edge if the tool was fully in-plane or more central if
the tool and image planes were not coplanar. An assumption of a 2.1-mm tool diameter
with a conical tip was used to create linear, needle-shaped masks (Figure 4.2) along the
user-defined axes. In the gynaecological brachytherapy images, the needle tip was not
always visible within the image field-of-view and therefore the deepest visible point along
the needle path was selected as the tip in these cases and the conical tip assumption was
removed from mask generation. This dataset, totalling 1,242 images and segmentations,
was split into a 74% training set and a 26% unseen testing dataset (Table 4.1). As multiple
tools were occasionally visualized per patient, all images for an individual were assigned
to either the training or testing dataset to avoid potential redundancies in the anatomical
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background. This ensured that the testing dataset contained solely unseen data to improve
the approximation of future clinical use and robustness. The training dataset was further
split into 80% training and 20% validation datasets to train and optimize the network
weights.

Figure 4.2: Input 2D US images illustrating background and tool appearances (top
row), tool masks generated from manual segmentation (middle row), and tool masks
predicted by the CNN algorithm prior to post-processing (bottom row) for each of
the applications tested, showing examples of various segmentation performance
quality.
Table 4.1: Training and testing dataset distributions of 2D US images containing
needle-like tools from interventional applications, with the number of unique
patients provided for clinical applications and the number of independent tool
insertion experiments for the phantom.
Image
Background

Images in Training Set
(Number of Patients)

Images in Testing Set
(Number of Patients)

Phantom
Prostate
Gynaecological
Liver
Kidney

23 (7)
18 (4)
34 (4)
540 (18)
302 (9)

9 (3)
8 (1)
18 (2)
256 (8)
34 (3)

Overall

917

325
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Data augmentation was investigated to increase the number of images used for training
and further reduce overfitting to improve the generalization of the tool segmentation CNN.
Combined strategies used to augment our data included horizontal flips, horizontal and
vertical shifts up to 20% of the image size, 20◦ maximum rotations, and a 20% zoom range.
Augmentation was performed at the time of training in batches of 10, which doubled the
dataset for each epoch, but with different augmentations on subsequent epochs. Training
and testing of the CNN were performed using a Python implementation of Keras on
Windows 10 (Microsoft, Redmond, WA, USA). This was run on a personal computer with
two Xeon E5645 central processing units (CPUs) at 2.40 GHz (Intel Corporation, Santa
Clara, CA, USA), 24.0 GB of memory, and a GeForce GTX TITAN (NVIDIA Corporation,
CA, Santa Clara, USA) graphics processing unit (GPU). This hardware allowed for training
to be performed in approximately 3.5 h.
To ensure the generalizability of the algorithm, images from clinical applications with
varying tool properties and appearances were used, with examples shown in Figure 4.2.
Phantom procedures were performed in a tissue-mimicking agar mixture and microwave
ablation applicators with 2.1-mm outer diameters were inserted (depth range: 55.5–81.1
mm) with oblique insertion angles relative to the probe (range: 17.4–65.9◦ ). Phantom
images had a pixel size of 0.2 × 0.2 mm2 and were acquired with a Philips iU22 US system
using a C5-1 curvilinear probe (Philips Healthcare, Amsterdam, the Netherlands). Prostate
brachytherapy procedures used 2-mm diameter plastic needles, whereas gynaecological
brachytherapy procedures used 1.65-mm diameter stainless steel needles. Both prostate
and gynaecological brachytherapy images were acquired using a BK ProFocus 2202 US
system with an 8848 endocavity probe (BK Medical, Boston, MA, USA). Pixel sizes
for the brachytherapy images ranged between 0.126 × 0.126 mm2 and 0.212 × 0.212
mm2 . Both brachytherapy procedures had needles inserted nearly parallel to the linear US
imaging face, often resulting in reverberation artefacts. Other artefacts also impacted the
appearance of these needles, as more anterior needles often appeared partially obstructed
due to shadowing in prostate images and air artefacts occasionally created discontinuities
in gynaecological images. Ablation and biopsy images with pixel sizes between 0.151
× 0.151 mm2 and 0.428 × 0.386 mm2 were acquired with a Philips iU22 US system
using a C5-1 curvilinear probe (Philips Healthcare, Amsterdam, the Netherlands). For
ablation procedures and kidney biopsy, 1.3-mm and 2.1-mm outer diameter applicators
were inserted with widely varying depths and angles (depth range: 30.4–99.0 mm; insertion
angle range: 23.3–77.2◦ ) resulting from the free-hand nature of applicator insertion. These
angles relative to the curvilinear US probe can create discontinuities in the intensity of the
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applicator with anatomical features creating a large amount of image clutter and making
applicator visualization difficult.
Generality was investigated using this dataset by assessing the need for including all
image backgrounds in the training set and evaluating whether training on tools in some
regions of the body and applications can be used to predict tools from a different procedure
type, found in other anatomical areas. Because more liver and kidney images were
available, our proposed U-Net was trained using the liver, kidney, and phantom images
and all prostate and gynaecological brachytherapy images were removed from the training
set and used solely for testing. The predictions on the prostate and gynaecological images
were evaluated against results from the data split in Table 4.1.

4.2.3

Post-Processing and Evaluation

Smaller disconnected regions were sometimes present in the predicted segmentations.
As we assumed that only a single tool was present in our images, we employed
two post-processing methods to filter the predicted masks and fit a single trajectory
corresponding to the needle-like tool. As with the gold standard manual segmentations, the
tip was identified for both approaches as the deepest segmented pixel relative to the image
edge where the tool enters the 2D field-of-view. Both methods were implemented offline
in MATLAB R2019a (MathWorks, Natick, MA, USA) using a Windows 10 (Microsoft,
Redmond, WA, USA) personal computer with an i7-5820K CPU at 3.3 GHz (Intel
Corporation, Santa Clara, CA, USA) following the prediction using the CNN. Neither
approach was optimized for speed or for use with a GPU. Processing times reported
included only the time for filtering and fitting, excluding the time to read or write the
predictions and results, as it was assumed that this would be incorporated into the pipeline
(Figure 4.3) when implemented as a routine part of the algorithm.
The simpler approach to tool fitting was implemented using a largest island
post-processing technique to save only the largest connected region of predicted pixels,
as has been previously studied.37 A linear least-squares fit on this map was then used to
predict the tool’s tip and trajectory. In an attempt to establish the tool axis more robustly in
the presence of disconnected outlier regions, a RANSAC model-fitting approach12 was also
evaluated. The RANSAC method used a linear model with a 14-pixel diameter, as nominal
tool widths were between 5 and 14 pixels, depending on the application. The RANSAC fit
was initially performed twice with a 90◦ rotation of the predicted mask between the two
fits and the direction that maximized the number of inliers was then selected. To produce
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a more consistent result and reduce the likelihood of a poor fit resulting from the random
nature of the RANSAC fit, the fit was run two more times in the chosen direction. From the
three fits in the selected direction, the fit with the largest number of inliers was chosen. Any
pixels that were classified as part of the tool prediction but were not considered inliers were
removed from the mask to generate the filtered mask. The full workflow for an input image
is shown in Figure 4.3, including the selection of an optional post-processing method using
either of the two approaches investigated in this study.

Figure 4.3: A block diagram of the full workflow for the proposed CNN-based tool
segmentation approach with optional post-processing using one of two methods. A
test kidney image and segmentation is shown in this example.

Evaluation of the predicted tool segmentations was performed using a combination
of traditional metrics for pixel map comparisons and tool segmentation-specific error
metrics. As the number of pixels within the predicted tool region-of-interest was expected
to be small relative to the total number of pixels within the image, only pixel map
comparison metrics that excluded true negative predictions were considered. These criteria
included the DSC, recall (i.e., sensitivity), and precision classification statistics. Pixel
map comparisons were performed prior to post-processing and following both filtering
approaches. Tool segmentation-specific errors included the tip and angular errors of the
predicted segmentations and the Hausdorff distance (HD) between the manual tool path
and the fits determined from the predictions. Tip errors were computed by determining
the Euclidean distance between the manual gold standard tip location and the automated
segmentation tip location determined by linear fits for both post-processing approaches.
Since two points were used to create the gold standard manual segmentations, vectors for
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the manual segmentations (*
vman ) and the computed vectors from the algorithm (*
vCNN ) were
used to assess angular errors by:

∆T = cos

−1

*
v

!
·*
vman
[◦ ].
k*
vCNN k · k*
vman k
CNN

(4.1)

Although the agreement of the segmentations at the tip is most critical for the
applications included in this study, the HD was used to assess the agreement of the tool
axes from the manual and predicted masks along the entire segmented tool length and
provides a broader understanding of the quality of the predictions. As tools were assumed
to be linear for both the gold standard manual segmentations and the post-processing fits
on the predictions, the HD quantifies the maximum Euclidean distance of either the tip or
the tail errors between the vectors representing the segmented tool shaft. This maximum
disagreement was calculated using the definition from Huttenlocher et al.42 as:
!
HD = max max min km − pk, max min kp − mk [mm]
m∈M p∈P

p∈P m∈M

(4.2)

where M and P are the finite sets of points (including the tips) taken in one-pixel increments
vman (manual) and *
vCNN (prediction), respectively. As many of
along the entire lengths of *
the images in this dataset contained tools that were fully or nearly in-plane with the US
imaging plane, clinicians could reasonably consider predictions to extend to the insertion
edge of the image, even if the tail end of the predicted mask was truncated early. Thus,
to assess how the agreement may be impacted by this assumption, an extended HD was
also calculated. Without modifying the tip, the extended set of points was created by
lengthening *
vCNN to the tool insertion edge of the image using the endpoint computation
method with orthogonal projection outlined by Uherčik et al.,12,15 thereby minimizing tail
errors attributable to early truncation of the shaft.

4.2.4

User Variation

While a single trained user, now denoted U1, generated the gold standard masks used
for training and testing, two additional trained users also generated manual segmentations
to obtain an insight into the potential variability in the gold standard masks. All users
generated two masks per tool on over 200 images with a minimum of 24 h between
segmentations to allow for quantification of the intra-rater repeatability of the masks.
Users also generated segmentations on a dataset of 211 images to compare the inter-rater
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segmentation performance. The intra-rater repeatability was assessed by calculating a tip
localization error analogously to a fiducial localization error,43 the SD of the corresponding
angles, and the HD between the two segmentations per tool, as well as the DSC, recall, and
precision. Agreement metrics for the inter-rater comparison were tip localization error, the
SD of corresponding angles, the SD of the pairwise HD (extended to account for differences
in the selection of the second shaft point), and a three-user DSC,44 as well as a Fleiss’
kappa,45 which determines the agreement between users while correcting for chance.

4.2.5

Statistical Analysis

Statistical calculations were performed in GraphPad Prism 7.00 (GraphPad Software, Inc.,
La Jolla, CA, USA). The normality of distributions was evaluated using the Shapiro-Wilk
test and led to the use of nonparametric statistical tests when the normality assumption was
violated. The corresponding nonparametric alternative tests are presented in parentheses
for the remainder of the section. For nonparametric distributions, descriptive statistics
were reported using medians with interquartile ranges. The significance level for statistical
analysis was chosen such that the probability of making a type I error was less than 5% (p
< 0.05). The overall DSC, recall, and precision of the original U-Net were compared with
the overall metrics of our proposed modified network using t-tests (Mann-Whitney tests).
The tip and angular errors of tools with short visible lengths were compared to the tip
and angular errors of tools with longer visible lengths using t-tests (Mann-Whitney tests).
Intra-rater metrics were compared using a one-way analysis of variance (Kruskal-Wallis)
test with multiple comparisons performed using a Tukey (Dunn’s) test. The three-user
DSC and Fleiss’ kappa were implemented in MATLAB R2019a (MathWorks, Natick, MA,
USA).

4.3
4.3.1

Results
Unfiltered Predictions

The CNN algorithm generated predicted segmentations in approximately 50 ms per image.
Examples of the predicted masks generated by our modified algorithm for each application
prior to post-processing are shown in Figure 4.2, including the corresponding background
images and manual masks used as the gold standard. The small island in the predicted mask
of the gynaecological brachytherapy example is a result of a reverberation artefact in the
image and was eliminated by both post-processing methods. The pixel map comparison
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error metrics prior to post-processing for each application, including comparison of our
modified U-Net to the original architecture, are summarized in Table 4.2. Comparing
the number of images containing predictions (i.e., prediction rate), our modified network
identified tool regions in more images (96.9%) than the original U-Net (92.0%) in the
unseen testing set with three of the ten modified architecture failures in the kidney images
and the remaining seven in the liver images. The overall pixel map metric values did not
pass normality tests. Mann-Whitney tests only detected a statistically significant difference
between the original and modified U-Nets on the recall metric, with the modified approach
demonstrating improved recall and precision. Due to the increased regularization, increased
prediction rate, and recall significance, our proposed modifications were kept for all future
experiments. It should be noted that due to the large number of liver images available, the
overall values reported throughout this section are strongly influenced by the liver results.
The kidney segmentations demonstrated much lower DSC and recall medians relative to
the other anatomical backgrounds for our modified approach, reflecting the difficulties in
distinguishing needles in kidney US images;37 however, better performance was observed
for the unmodified U-Net for these kidney images compared with our modified method.
Table 4.2: Comparison between the original U-Net and our proposed modified
network (mU-Net). Resulting medians [first quartile (Q1), third quartile (Q3)] for
DSC, recall, and precision metrics on each image background and overall for the
unseen testing dataset prior to post-processing. Bolded values indicate the median
associated with better performance when comparing the original U-Net with our
modified U-Net (mU-Net).
Network

Image
Background [N]

DSC (%)

Recall (%)

Precision (%)

Prediction
Rate (%)

U-Net

Phantom [8]
Prostate [8]
Gynaecological [18]
Liver [236]
Kidney [29]
Overall [299]

74.6 [56.2, 79.0]
86.6 [72.3, 91.2]
77.6 [69.3, 84.8]
72.6 [50.8, 82.8]
75.1 [63.0, 79.7]
74.2 [55.0, 82.3]

71.0 [41.7, 85.0]
84.0 [65.3, 91.6]
73.1 [59.8, 86.2]
73.8 [38.8, 84.5]
69.2 [56.6, 80.4]
72.0 [44.4, 84.4]

81.3 [77.5, 86.8]
88.7 [83.6, 90.2]
82.8 [80.2, 86.9]
80.6 [71.4, 90.7]
81.4 [73.9, 96.0]
81.4 [72.5, 90.8]

92.0

mU-Net

Phantom [9]
Prostate [8]
Gynaecological [18]
Liver [249]
Kidney [31]
Overall [315]

85.6 [82.1, 89.9]
76.2 [71.0, 84.0]
88.7 [85.8, 92.0]
71.8 [58.0, 86.2]
58.0 [44.7, 70.1]
71.9 [58.0, 86.3]

94.3 [91.0, 99.0]
79.3 [62.8, 88.8]
91.0 [85.7, 95.2]
72.1 [53.1, 88.5]
49.2 [38.6, 59.0]
72.3 [52.4, 89.3]

78.0 [73.0, 84.1]
76.3 [71.1, 82.1]
88.6 [80.8, 91.6]
83.2 [69.4, 89.5]
83.1 [67.2, 98.9]
83.2 [70.9, 89.8]

96.9
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Generality experimental results are shown in Table 4.3 for all of the prostate and
gynaecological images investigated. As more prostate and gynaecological data were
available for testing when these backgrounds were excluded from the training set,
performance on only the test images that were available to both training approaches is
shown in Figure 4.4 for a more direct comparison. When images were excluded from the
training set and evaluated on all data (Table 4.3), the prediction rate decreased from 100%
to 92.3% (24/26) and 15.4% (8/52) for prostate and gynaecological images, respectively.
Many prostate images contained predictions but resulted in areas that were small and under
predicted the tool pixels. This resulted in lower DSC and recall values, but a larger precision
relative to the case where some prostate images were included in training because fewer
pixels were ever predicted outside the tool area. More drastically, gynaecological images
resulted in many fewer predictions and the median metric values show approximately no
predicted tool pixels. When comparing matched test datasets (Figure 4.4), predictions
were observed in all eight prostate images and only one of the 18 (5.6%) gynaecological
images for the case where these image types were excluded from training, with pixel map
metrics reflecting the trends observed in the larger testing dataset. These results showed
that including images in the training set from every anatomical background was necessary
for adequate generalizable performance.
Table 4.3: Median [Q1, Q3] pixel map metrics and associated prediction rates on
prostate and gynaecological images, when these anatomical backgrounds were
excluded from the training set.
Image
Background [N]

DSC (%)

Recall (%)

Precision (%)

Prediction Rate (%)

Prostate [24]
Gynaecological [8]

45.0 [13.4, 78.5]
0.0 [0.0, 0.2]

38.0 [7.5, 76.5]
0.0 [0.0, 0.1]

87.5 [32.4, 90.6]
0.0 [0.0, 6.7]

92.3
15.4
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Figure 4.4: Comparison of generality experimental results on the matched test data
when prostate and gynaecological images were excluded or included in the training
set. Bars represent the median metric values for DSC, recall, and precision and the
whiskers denote the interquartile range. Note that when brachytherapy images were
excluded from the training dataset, the algorithm only generated a prediction on one
gynaecological image in this set of test data and failed on all others, therefore, the
data presented for that case represents the results from a single image.

4.3.2

Post-Processed Predictions

The largest island filtering and linear fit were performed with a 2 ms processing time per
tool. The median tip, angle, HD, and pixel map metrics resulting from this approach are
summarized in Table 4.4. Similarly, the error and pixel map metrics using the RANSAC
method of fitting and filtering are summarized in Table 4.5 and performed with a processing
time of 23 ms per tool. Overall, the RANSAC method produced lower tip and angular
errors than the largest island approach with median [first quartile (Q1), third quartile (Q3)]
tip errors of 3.5 [1.3, 13.5] mm and 4.4 [1.5, 17.8] mm, respectively, and median [Q1,
Q3] angular errors of 0.8 [0.3, 1.7]◦ and 1.4 [0.4, 2.5]◦ , respectively. Post-processing
with RANSAC also resulted in closer agreement along the entire segmented tool length
compared to the largest island method, illustrated by the median [Q1, Q3] HD of 4.8 [1.8,
19.0] mm with RANSAC versus 5.4 [2.1, 20.9] mm with largest island processing, though
both methods demonstrated large variability. As the tools for the phantom, prostate, and
gynaecological applications were primarily in-plane in the 2D US images, the extended HD
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may represent the maximum disagreement in a more practical manner for clinical use in
these contexts. Using the largest island-derived trajectories, the median [Q1, Q3] extended
HDs for the phantom, prostate, and gynaecological tools were 2.0 [0.7, 3.6] mm, 1.4 [0.9,
8.1] mm, and 0.3 [0.3, 0.5] mm, respectively, with a median [Q1, Q3] extended HD for the
overall dataset of 4.4 [1.6, 17.9] mm. For the RANSAC-derived trajectories, the median
[Q1, Q3] extended HDs were 1.2 [0.7, 3.1] mm, 1.5 [0.9, 8.3] mm, and 0.4 [0.3, 0.6] mm
for the phantom, prostate, and gynaecological tools, respectively, with an overall median
[Q1, Q3] extended HD of 3.5 [1.5, 13.4] mm.
Table 4.4: After largest island filtering and linear fit, resulting medians [Q1, Q3] for
tip and angular errors, HD, and DSC, recall, and precision metrics on the unseen
testing dataset.
Image
Background [N]

Tip Error (mm)

Angular Error (◦ )

HD (mm)

DSC (%)

Recall (%)

Precision (%)

Phantom [9]
Prostate [8]
Gynaecological [18]
Liver [249]
Kidney [31]

2.0 [0.6, 3.6]
1.4 [0.9, 8.2]
0.3 [0.2, 0.4]
5.0 [1.7, 18.1]
10.9 [4.4, 33.4]

0.8 [0.2, 1.9]
0.7 [0.2, 1.3]
0.3 [0.2, 0.6]
1.4 [0.5, 2.4]
3.2 [1.6, 6.0]

3.4 [2.6, 4.9]
6.4 [1.2, 19.3]
0.5 [0.4, 1.6]
6.5 [2.1, 22.5]
10.9 [4.5, 33.4]

85.6 [82.1, 89.9]
76.3 [72.6, 84.8]
89.8 [86.7, 92.9]
71.8 [58.9, 86.4]
58.4 [46.2, 70.5]

94.3 [91.0, 99.0]
79.3 [62.7, 88.8]
89.9 [85.7, 95.2]
72.1 [52.7, 88.5]
44.8 [30.0, 59.0]

78.0 [73.0, 84.1]
81.6 [75.5, 93.4]
89.9 [85.7, 91.7]
83.9 [72.1, 89.8]
87.5 [73.9, 100.0]

Overall [315]

4.4 [1.5, 17.8]

1.4 [0.4, 2.5]

5.4 [2.1, 20.9]

72.2 [59.1, 86.6]

72.3 [51.5, 89.2]

84.1 [73.6, 90.4]

Table 4.5: After RANSAC fitting and filtering, resulting medians [Q1, Q3] for tip and
angular errors, HD, and DSC, recall, and precision metrics on the unseen testing
dataset.
Image
Background [N]

Tip Error (mm)

Angular Error (◦ )

HD (mm)

DSC (%)

Recall (%)

Precision (%)

Phantom [9]
Prostate [8]
Gynaecological [18]
Liver [249]
Kidney [31]

1.0 [0.6, 3.1]
1.5 [0.9, 8.3]
0.3 [0.2, 0.4]
3.8 [1.6, 14.3]
10.1 [3.5, 33.8]

0.5 [0.2, 1.9]
0.4 [0.3, 0.7]
0.4 [0.2, 0.7]
0.8 [0.3, 1.6]
2.9 [1.3, 7.5]

2.4 [1.0, 3.6]
6.8 [1.3, 17.6]
0.5 [0.4, 0.9]
5.2 [1.9, 19.1]
10.7 [4.4, 35.6]

87.3 [83.5, 90.3]
78.9 [73.8, 84.7]
88.7 [84.6, 93.5]
72.4 [57.0, 81.4]
55.8 [36.6, 67.9]

94.2 [89.5, 98.7]
73.2 [62.4, 81.9]
85.2 [80.9, 91.1]
67.6 [50.2, 75.5]
42.2 [33.2, 56.6]

80.8 [78.9, 84.5]
87.9 [84.8, 95.8]
93.2 [89.6, 97.0]
87.0 [74.0, 95.0]
86.1 [65.7, 98.9]

Overall [315]

3.5 [1.3, 13.5]

0.8 [0.3, 1.7]

4.8 [1.8, 19.0]

73.3 [56.2, 82.3]

67.4 [48.8, 77.6]

87.5 [76.2, 95.1]

In addition to having more accurate tool segmentation-specific metrics, the RANSAC
method also had a slightly higher DSC than the largest island method, as well as improved
the precision to a median [Q1, Q3] of 87.5 [76.2, 95.1]% from 84.1 [73.6, 90.4]% obtained
with the largest island. Both methods improved the DSC and precision relative to the
unfiltered predicted masks. The largest island method yielded a higher recall value with a
median [Q1, Q3] of 72.3 [51.5, 89.3]% compared to RANSAC with a median [Q1, Q3] of
67.4 [48.8, 77.6]%, which is also lower than the unfiltered mask recall.

Chapter 4.

142

Examples of cases from Figure 4.2, showing the performance of the fitting and filtering
approaches are shown in Figure 4.5. The gynaecological case demonstrates the feasibility
of both approaches to remove the smaller second island generated by the reverberation
artefact. The liver example shows similar performance between the two techniques but
with the largest island and linear fit approach producing a more accurate tip position than
RANSAC. In the kidney case, the predicted tool appeared fragmented leading to a poor
result using the largest island and a much more accurate result using RANSAC. Kidney
predictions demonstrated much higher tip errors than the other anatomical backgrounds.
Particularly using the largest island approach, removing the kidney from the overall
calculations improves the tip error from 4.4 [1.5, 17.8] mm to 3.5 [1.3, 16.6] mm and
also improves the overall tip error from 3.5 [1.3, 13.5] mm to 3.1 [1.2, 12.7] mm with
RANSAC post-processing. Excluding the kidney results also leads to slight improvements
in the overall angular error, HD, extended HD, DSC, and recall with both post-processing
methods.

Figure 4.5: Cropped predicted masks of example cases from in Figure 4.2 (top row)
and the result after filtering with the largest island approach (middle row) and
RANSAC approach (bottom row) with the corresponding fits shown in red. Both
methods performed similarly for the gynaecological and liver examples, but the
RANSAC approach performed much better than the largest island in the scenario
provided by the kidney image.
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The visible length of the tool within the image appeared to influence the variability of
the tip errors, as shown in Figure 4.6(a), and there also appeared to be a trend, illustrated
in Figure 4.6(b), when examining the angular errors. This encompassed cases when the
tool was captured in an US image where the tool and imaging plane was not coplanar.
Based on the angular errors, an empirical threshold was established where tools with <
35 mm visible within the image demonstrated larger predicted angular errors compared
to those tools with ≥ 35 mm visible. Since only liver and kidney images contained tools
with short visible lengths (i.e., < 35 mm), only those applications were included in this
analysis. The tip and angular errors after RANSAC post-processing for tools on either
side of this threshold are shown in Table 4.6. As these errors did not pass a normality
test, Mann-Whitney tests were used to evaluate the statistical significance between the two
groups of tools. Although the tests failed to show a significant difference in the tip errors,
the liver and kidney tools both showed significant differences between the angular errors
for the longer and shorter tools; however, there were only a small number of tools meeting
the criteria for short visible length (7 in kidney images and 26 in liver images) in this study.
Additionally, tip error variability increased for long tools when observing liver and kidney
images combined, but this trend was only demonstrated for liver images when investigated
independently, as the third quartile for kidney (Table 4.6) decreased for long tools.

Figure 4.6: Influence of the visible length of the tools in the liver and kidney US
images on (a) tip error and (b) angular error after RANSAC fitting and filtering.
There was a statistically significant difference in the angular error between tools with
visible lengths longer and shorter than 35 mm, but no significant difference was
observed in the tip error. The trajectory difference was only observed in kidney and
liver applications as all other applications had all visible lengths longer than 35 mm.
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Table 4.6: Median [Q1, Q3] tip and angular errors using RANSAC fitting for kidney
and liver tools with < 35 mm visible (short) within the 2D image compared with
those ≥ 35 mm (long) with significance from Mann-Whitney tests shown.
Number of Tools
Image
Background

Short

Long

Liver

26

223

Kidney

7

24

Overall

33

247

4.3.3

Angular Error (◦ )

Tip Error (mm)
Short

Long

p-value

4.6
3.7
[1.4, 9.2] [1.6, 17.5]
10.7
10.0
[2.6, 71.1] [3.7, 31.6]
4.9
4.4
[1.8, 10.4] [1.7, 18.5]

0.4505
0.5320
0.8021

Short

Long

1.4
0.8
[0.8, 3.0] [0.3, 1.5]
12.6
2.0
[2.9, 27.5] [0.6, 4.1]
2.1
[1.0, 6.8]

0.8
[0.3, 1.7]

p-value
0.0007
0.0223
< 0.0001

User Variation

A subset of images was used to assess intra-rater repeatability (Table 4.7) for the three
trained users that produced manual segmentations. Though the actual differences in
user performance were small with all median pixel map metrics differing by < 4%, a
Kruskal-Wallis test found significant intra-rater performance differences (p < 0.01) for
the DSC and recall metrics. Using Dunn’s tests, significant differences (p < 0.05) were
found between the intra-rater pixel map performance metrics of U1 and U2 and between
U2 and U3, but not U1 and U3. This indicated that U2 was significantly more repeatable
and sensitive than the other users. U1 and U2 had equivalent tip localization errors of 3.4
mm and median angular SDs of 0.3◦ with median HD values < 2 mm, whereas U3 had
slightly poorer consistency with a tip localization error of 4.3 mm and median angular SD
of 0.5◦ , emphasized by a larger median HD between pairs of masks of 2.2 mm.

Table 4.7: Intra-rater repeatability for three trained users producing manual
segmentations. Tip localization error and median [Q1, Q3] angular SD, HD, DSC,
recall, and precision metrics were determined on a repeated image subset (N) with
more than 24 h between segmentations.

User [N]

Tip
Localization
Error (mm)

Angular SD (◦ )

HD (mm)

DSC (%)

Recall (%)

Precision (%)

U1 [215]
U2 [251]
U3 [275]

3.4
3.4
4.3

0.3 [0.2, 0.7]
0.3 [0.1, 0.6]
0.5 [0.2, 0.9]

1.6 [0.9, 2.9]
1.1 [0.5, 3.0]
2.2 [1.1, 4.3]

89.7 [84.0, 93.5]
91.9 [83.8, 95.7]
89.5 [82.1, 94.0]

88.9 [82.9, 93.0]
92.2 [85.8, 95.8]
88.5 [82.3, 93.4]

91.3 [86.2, 95.1]
92.7 [84.7, 96.3]
91.3 [85.7, 95.2]
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An identical set of 211 images was used to assess the inter-rater reproducibility (Table
4.8) with the multi-user DSC and Fleiss’ kappa both showing very strong agreement
between users. The median SD of the pairwise extended HDs of 0.7 mm indicates that there
was low variability in the HDs calculated between corresponding segmentations from pairs
of users, demonstrating good consistency. The tip localization error, angular SD, and DSC
had values for the inter-rater agreement on the same order as the intra-rater repeatability.
Table 4.8: Inter-rater reproducibility of the manual segmentations produced by
three trained users. Tip localization error and the median [Q1, Q3] values of angular
SD, pairwise extended HD SD, DSC, and Fleiss’ kappa metrics are reported for a
repeated image subset of 211 images.
Tip Localization
Error (mm)

Angular SD (◦ )

Pairwise Extended
HD SD (mm)

DSC (%)

Fleiss’ Kappa (%)

2.8

0.6 [0.3, 1.1]

0.7 [0.3, 1.6]

90.6 [86.5, 93.8]

87.3 [82.6, 91.7]

4.4

Discussion

In this study, we designed and evaluated a CNN-based method for segmenting needle-like
tools in 2D US images in near real-time (approximately 50 ms per tool), demonstrated
on unseen data from phantoms and five different interventional applications from four
anatomical sites. The widespread use of real-time 2D US imaging1,2 makes the algorithm
clinically relevant for a large variety of minimally invasive percutaneous interventions that
require accurate placement of tools to achieve desired diagnostic and therapeutic results.
The near real-time segmentation of the algorithm provides the potential for live localization
and better visualization of tools during insertion for interventional procedures. This
could enable clinicians to immediately evaluate the tool position and trajectory and adjust
accordingly, compensating for misalignments without disrupting the clinical workflow or
adding additional segmentation time to the procedure. Future work will involve integrating
this segmentation into the live video stream from the US machine to provide intraoperative
guidance, which could potentially improve the accuracy of tool placement and clinician
confidence in the treatment (e.g., ablation) and sampling (e.g., biopsy) of lesions. One key
advantage of our approach over existing general tool segmentation algorithms developed
for US is the availability of both phantom and patient images from five different clinical
applications and different US machines for development. These images were acquired from
different facilities with different operators and had a variety of characteristics, including
variable image and pixel sizes, acquisition with different US systems and probe geometries,
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and different tool types and diameters. Images from the five clinical interventions, as well
as phantom images, were used for training and evaluation, whereas most current techniques
have only been tested in phantom or ex vivo environments, occasionally with one clinical
application included. Our proposed modifications resulted in a higher prediction rate and
statistically significant increase in recall when compared with the original state-of-the-art
U-Net architecture on our overall test dataset. The broad testing environment that our study
leveraged for assessment of our proposed general algorithm provides evidence that our
technique may work across many interventional applications. For additional applications,
experimental results on generality showed that some US images from the new procedure
are likely needed in the training set when applying the method for tool segmentation in
other anatomical regions, although the number of application-specific training images may
represent a small proportion of the dataset.
Overall pixel map comparisons showed good overlap and agreement between the
manual and predicted segmentations, as described by the DSC (71.9 [58.0, 86.3]%), true
positive rate (recall) of 72.3 [52.4, 89.3]%, and a positive predictive value (precision)
of 83.2 [70.9, 89.8]% prior to post-processing. Following post-processing, there was a
minor improvement in the overall DSC, as well as a higher precision. These pixel map
comparisons showed DSCs and recall rates with both post-processing methods > 85%
for phantom and gynaecological images. Using the RANSAC approach, all applications
had a precision > 80% and had higher precision for every image background compared
to the largest island approach; however, filtering with the RANSAC approach had the
opposite effect on recall, which decreased for every background. Since the largest island
approach does not modify the predicted pixels and only keeps the largest connected region,
these changes in the pixel map metrics indicate that the CNN had a higher chance to
over-predict pixel regions relative to the manual mask resulting from lower false-negatives
and higher false-positives. Since the RANSAC method only keeps inlier pixels based on the
maximum nominal tool diameters, spurious regions, such as the bump on the left side of the
gynaecological example shown in Figure 4.5, are removed. As a result, over-predictions
or predictions wider than this threshold diameter become slimmer, reducing the number
of false positive pixels or increasing the false negative pixels, respectively. Aside from
the kidney, a higher DSC also resulted when using a RANSAC approach and produced
predictions more representative of the tool’s true shape. With the exception of the largest
island with linear fit for prostate images, the experimental results for tip error did follow
changes in the DSC metric for both post-processing methods and supports the use of a DSC
metric for deep learning optimization on images with small foreground objects.
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The predicted regions were sufficient to estimate the tool’s tip and trajectory using
both post-processing methods. Overall, the RANSAC approach produced a more accurate
tip and trajectory identification for the tools than the largest island method but performed
slower than the largest island approach. While neither approach has been optimized for
speed, the chosen method for post-processing could change depending on the application
and choice to prioritize speed or accuracy, as summarized in Figure 4.3. Although
currently slower, there is the potential to implement parallelization of the RANSAC
method to improve processing time as the approach executes the fitting step multiple times.
Limitations of both approaches are the assumptions that tools are linear and that there is
only one tool present in the images. Bending is minimal for the radiofrequency electrodes
and microwave ablation applicators used in this study and typically is not considered
clinically during insertion for those applications. The assumption of linearity is supported
for liver ablation specifically in the work by de Jong et al.,46 which demonstrated a mean
deflection of 1.3 mm in clinical CT images of 365 ablation applicators over a mean insertion
depth of 95 mm (range: 32–182 mm), where 93% of the applicators studied had observed
deflections < 3 mm. The magnitude of deflection for most applicators in that study was less
than the applicator diameters and indicates that assuming minimal deflection within the US
field-of-view is likely reasonable for the estimation of the applicator tip and trajectory
during this application. Although needle bending may be more commonly observed in
brachytherapy applications, the curvature of needles within the limited field-of-view of
2D US images was not noticeable. The lack of tool bending in our dataset may be
attributable to the use of only tools with conical tips, rather than bevelled, representing
another limitation. In the future, the type of fit selected could be modified to include other
variations to account for applications where more substantial tool bending is observed in
US images; however, this adaptation will need to be investigated further. Although having
more than a single tool visible in the video stream of 2D US images is rare for microwave
or radiofrequency ablation, multiple tools are possible in other interventional applications,
particularly interstitial brachytherapy, which may require a large number of needles to
be in place at one time. Given that the aim of this algorithm is for live visualization
during tool insertion, it is likely that the assumption of a single tool will still allow for
accurate predictions as only one tool would be monitored during insertion in real-time
in the 2D US field-of-view. Within this field-of-view, it is unlikely that more than one
tool would be coplanar with the 2D US plane and the filtering process selects the most
prominently visualized tool. Additionally, step-wise predictions with subsequent image
filtering, excluding previously segmented tools as valid candidates for predictions, could
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provide a more comprehensive method for multi-tool segmentation, particularly in the case
of prostate brachytherapy, but will need to be investigated further in the future.
Tool segmentation was not consistent across all images investigated and varied widely
by anatomical location. Gynaecological images demonstrated the most accurate tool
segmentation-specific metrics when compared to manual masks (median tip error: 0.3 mm;
median angular error: 0.4◦ ; median HD: 0.5 mm). This was likely due to the distinct needle
appearance attributable to being nearly parallel to the linear US imaging face. However, the
tip error in these images may not be a reflection of the true accuracy as they did not always
contain the needle tip within the image field-of-view. In some cases, the tip point was
selected to be at the edge of the image, which may be easier for the algorithm to detect as it
removes the insertion direction component of error. Further investigation into the tip error
for this application is necessary, but likely would be similar to that observed in the prostate
brachytherapy images. The prostate images also demonstrated low tip and angular errors,
though, unlike the gynaecological images, the tools in the prostate images demonstrated
a large median HD of 6.8 mm, which was reduced to 1.5 mm when considering the
extended HD instead. This indicates that the disagreement occurred primarily due to
the tail points being identified farther from the tool insertion edge of the image in the
prediction than in the manual segmentation, potentially a result of shadowing artefacts from
other needles. Despite this larger disparity at the tail, the accuracy of the tip and angle,
which are the most critical components for guidance, are likely sufficient to determine
the tool path clinically and the overall performance of the algorithm on brachytherapy
images demonstrates robustness to large artefacts, such as the reverberation and shadowing
observed in these images. With both post-processing methods, extending the trajectory
vector reduced the HD relative to the HD calculations on the direct predictions, as well
as reducing the third quartile, indicating that early truncation at the tail end of the shaft in
the prediction had a notable influence on the direct HD reported. The extended HD was
nearly equivalent to the tip error for all applications, indicating that the tip difference was
preferentially selected as the point of maximum disagreement, which reflects the difficulty
in selecting the tip for both the algorithm and the users in this study.
Following RANSAC post-processing, phantom, prostate, and gynaecological images
all produced median tip errors ≤ 1.5 mm and tools in these images, as well as the liver
images, demonstrated median angular errors < 1◦ . The angular errors associated with
kidney and liver ablation tools were shown to improve significantly for tools with more
than 35 mm visible in the image field-of-view, but the spread of the tool tip error was also
observed to increase proportionally with the tool length. Figure 4.6(a) shows that some
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liver predictions had very large tip errors, which is also reflected in the high variability
in tip errors reported in Tables 4.4 and 4.5. These large errors were typically associated
with deeply inserted tools and, due to the free-hand nature of the procedure, are likely the
result of partially visualized tools not entirely in-plane with the US image. In the reported
analysis, we did not implement a success/failure threshold; however, in a clinical setting,
physicians would be able to keep in mind the insertion depths of tools to interpret the
reasonability of the provided segmentation and, in most cases, these large errors likely
appear only for a few frames in a video sequence. Therefore, future work will involve
investigating a method for segmenting very short visible tool lengths and improving deep
tool tip identifications, which may be integrated into the algorithm to improve performance.
Although 2D US remains the clinical standard for guiding tools into the body during these
types of procedures,1,2 it does suffer from the disadvantage that partially out-of-plane tools
are possible during tool insertion. This algorithm has the potential to be extended in the
future to incorporate a visible length threshold, external information, and/or a parameter
representing the distance of the segmented tool tail from the insertion edge of the image,
which could indicate to the user the need for re-alignment of the 2D plane with the tool,
further improving guidance. Despite the variability in performance across anatomical
location, the performance on the liver images had a relatively high impact on the overall
metrics reported in this study. The negative impact of the poorer performance on kidney
predictions also influenced the overall values reported, but this would cause reported values
to be more conservative compared to the true performance in other anatomical locations and
the relatively larger number of liver images minimizes this influence.
Although the overall median tip error was slightly higher than those reported for
other deep learning-based US tool segmentation methods,29–31,33,37,38 the accuracy achieved
is likely sufficient for most clinical applications. As the other US-specific methods
were developed only in ex vivo/phantom models30,31,34 or specifically for prostate HDR
brachytherapy,38 liver,29 or kidney37 procedures, they may not reflect the complexity of
clinical scenarios, limiting the generalizability of the approaches and diversity of the
datasets. Although not a generalized approach, Zhang et al.38 reported a lower tip
localization error (mean: 0.4 mm) compared to the median prostate tip error of 1.5 mm
observed with the RANSAC fit in our study. It is possible that the use of 3D US in that
study provided additional context and information for identification compared with the 2D
US images assessed in our study, contributing to the more accurate tip localization, and
extension of their approach to 2D images may be an area of future research for prostate
HDR brachytherapy needle segmentation. We demonstrated a median angular error for the
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liver tools of 0.8◦ , showing an improvement over the mean error of 2◦ reported by Arif et
al.29 Since the tool angle of incidence in liver images is steeper relative to the US probe
than in other applications, visibility of the tool is reduced47 and tip identification is more
challenging, leading to the observed median tip error of 3.8 mm.
Our algorithm demonstrated much poorer performance in kidney images than the other
applications in this study; however, the DSC of 58.0% prior to post-processing is similar to
the value of 56.65% reported by Lee et al.37 Additionally, our median angular error of 2.9◦
for the kidney ablation tools may offer a substantial improvement over the angular error of
13.3◦ reported by Lee et al.,37 though a direct comparison is not possible given the use of
RMS error in that study. Assuming a similar pixel size, our tip error appears larger than the
distance error from the Lee et al.37 study; however, their value does not represent the tip
error, which is often much higher since the largest segmentation challenge is typically the
early truncation of the tool path in the insertion direction. The high errors reported by both
studies on the localization of tools in kidney images shows the US visibility challenges
associated with steep tool insertion angles and increased number of anatomical interfaces
with similar echogenicity, emphasizing the need for further research in this area.
Our precision (83.2 [70.9, 89.8]%) was much higher than that observed by Mwikirize
et al.30 prior to pre-processing, with a similar recall rate; however, Mwikirize et al.
emphasized the importance of pre-processing US images to reduce high-intensity artefacts
in the image, providing a vast improvement in the recall and precision rates of their
algorithm. Although pre-processing was avoided in our study to more closely reflect
the intraoperative clinical realities, this may be an area of future investigation to further
improve the accuracy of our results.
The three users in our study produced high pixel map scores on repeated segmentations
of the same tools, all having DSCs > 89% and recall and precision rates > 88%,
indicating high intra-rater repeatability in these metrics with U2 demonstrating the highest
rate of repeatability and sensitivity. Although the median angular SDs were all ≤ 0.5◦
and the median HDs demonstrated good agreement along the tool shafts, variability in
tip localizations were high with median differences ranging from 3.4 mm to 4.3 mm,
demonstrating the difficulty of the task. This variability is also comparable with the tip
errors produced by our method, suggesting that a large proportion of our reported algorithm
errors are due to manual variability in tip localization. Thus, an alternative to manual
segmentation is required to improve ground truth segmentations for further improvement
in performance. The inter-rater comparison was consistent with intra-rater metrics and
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showed that using a single user for earlier comparisons was likely sufficient for assessing
our method. The users also showed strong agreement with minimal effects of chance,
demonstrated with the median Fleiss’ kappa of 89.3%.

4.5

Conclusions

Table 4.9 provides a summary of the analyses performed in this study and the key
contributions from this work. We have presented a near real-time approach using deep
learning techniques for fast and accurate segmentation of general needle-like tools in a
variety of clinical cancer applications, demonstrating the potential to improve and ease
tool localization in intraoperative environments during minimally invasive percutaneous
interventions.
Table 4.9: Summary of analyses and comparisons presented in this study and key
contributions.
Topic/Analysis

Summary

Novelty/
Significance

• To our knowledge, we presented the first general deep learning-based segmentation
of needles and needle-like tools in 2D US images from multiple organs and clinical
procedures
• Evaluated on a unique and diverse clinical dataset (five cancer applications and four
anatomical regions)
• Evaluation of intra- and inter-user variability in creating the 2D US gold standard
segmentations for training and testing
• Near real-time (∼50 ms) predictions for clinical image guidance using 2D US

In Vivo Dataset

• Clinical 2D US images from prostate and gynaecological brachytherapy, liver ablation, and
kidney ablation and biopsy
• Large range of tool orientations relative to the US beam

Comparison with
State-of-the-Art
Generality
Post-processing
Methods

• Increased prediction rate and statistically significant recall increase
• Exclusion of anatomy-specific training data limits generalization to new applications, but
can be mitigated even with small datasets included in training
• Largest island: faster with lower accuracy
• RANSAC: slower with higher accuracy

Pixel Map Metrics
(RANSAC)
Tool-segmentation
Specific Metrics
(RANSAC)

• Overall medians—DSC: 73.3%; recall: 67.4%; precision: 87.5%

Short Visible Tool
Lengths

• Tools in kidney and liver images with < 35 mm visible had significantly larger angular
errors than longer tools

User Variation

• Intra-rater repeatability: highly repeatable trajectory identification but tip localization is
challenging (comparable accuracy to automatic segmentations)
• Inter-rater reproducibility: strong agreement between users

• Overall medians—tip error: 3.5 mm; angular error: 0.8◦
• Best performance: gynaecological images; worst: kidney images
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CHAPTER 5

5

A semi-automatic segmentation method for interstitial
needles in intraoperative three-dimensional
transvaginal ultrasound images for high-dose-rate
gynaecological brachytherapy of vaginal tumours

Assessment of interstitial gynaecological brachytherapy implants requires the distribution
and parallelism of the needles relative to each other to be evaluated, as well as their
positions in the broader anatomical context relative to OARs. Therefore, in addition to
being able to make immediate needle corrections on 2D US images, it is important to
also identify and assess the needles in 3D imaging. As demonstrated in Chapters 2 and
3, needles can be visualized intraoperatively using 3D US. The purpose of Chapter 5 is
to describe the application of a semi-automatic needle segmentation algorithm leveraging
the 3D Hough transform to 3D TVUS images from patients undergoing HDR interstitial
gynaecological brachytherapy treatment and to provide an evaluation of the quality of the
algorithmic needle localization relative to manual identification.
The contents of this chapter have previously been published in Brachytherapy: JR
Rodgers, WT Hrinivich, K Surry, V Velker, D D’Souza, and A Fenster. Brachytherapy.
2020; 19(5):659-668. doi:10.1016/j.brachy.2020.05.006. Permission to reproduce this
article for the purpose of inclusion in this thesis is retained under the Elsevier copyright
agreement.

5.1

Introduction

Intraoperative image guidance during needle insertion procedures for high-dose-rate
(HDR) gynaecological interstitial brachytherapy has the potential to improve implant
quality and increase confidence in needle positions, allowing misdirected needles
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to be identified and repositioned immediately while patients remain anaesthetized.1,2
Despite this advantage, there is currently no standard imaging method to assess
interstitial gynaecological brachytherapy implants intraoperatively before post-insertion
x-ray computed tomography (CT) or magnetic resonance (MR) imaging, at which time
needle adjustments are typically not possible or require intensive processes. We have
previously designed and proposed the use of a 360◦ three-dimensional (3D) transvaginal
ultrasound (TVUS) guidance system and demonstrated accurate needle localization in
clinical intraoperative images from six patients receiving HDR interstitial gynaecological
brachytherapy for vaginal tumours.3 The intraoperative clinical translation of this approach
is limited by difficulty in rapidly localizing needles manually. This challenge is likely
due to the unfamiliarity of clinicians with visualizing interstitial brachytherapy needles in
gynaecological ultrasound (US) images, the large amount of information provided by 3D
images, and the presence of imaging artefacts partially obstructing needles.3 While nearby
organs-at-risk (OARs), such as bladder and rectum, are clearly visualized,3 the ability to
quickly localize needles is critical for intraoperatively assessing implant quality, including
placement, distribution, and parallelism of the needles. Therefore, an automated needle
segmentation algorithm has the potential to improve the clinical utility of an US-based
image-guidance system for interstitial gynaecological brachytherapy needle insertions.
Automatic needle segmentation has been investigated in the current clinically standard
approaches to post-implant verification using CT or MR imaging. Jung et al.4 proposed
a deep-learning method to assist needle digitization in CT images, reporting a mean
Hausdorff distance (HD) of 0.71 ± 0.40 mm between algorithmically and manually
segmented needles (processing time: ∼5 min). Dise et al.5 investigated a combination
of region-growing and spline model methods in CT images, reporting a mean HD of 0.4
± 0.2 mm and average processing time of 37 min. MR approaches have been developed
using deep-learning (mean distance error: 2.0 ± 3.4 mm, mean processing time: 9 min),6
Bezier model-based (92% of distance errors < 2 mm, mean processing time: 0.3 s/needle),7
and combined Bezier/mechanical model-based (HD: 1.49 ± 2.04 mm, mean processing
time: 3 s/needle)8 methods. Although these approaches have the potential to improve
clinical workflow, access to CT and MR guidance intraoperatively is limited to only a few
institutions,2 particularly in healthcare cost-constrained countries, whereas US is widely
accessible and commonly available in brachytherapy suites.
Needle appearance in 3D US images differs greatly from other modalities, particularly
as the needle edge proximal to the US probe appears enhanced relative to the needle
body. In addition, needle segmentation approaches for gynaecological 3D TVUS images
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must be robust to potential confounding factors, such as shadowing, air, and reverberation
artefacts, as well as imaging parameters, such as gain and focus depth. Methods for
digitizing needle-like tools in US images have been developed for many applications
using a variety of techniques to detect single line-like features, including deep-learning,9–11
orthogonal projection,12–15 RANSAC and filtering,16–21 and transform22–29 based methods.
These methods, however, do not address the unique appearance of interstitial brachytherapy
needles in gynaecological images, in particular the presence of many needles (typically
∼14 at our institution) in a single image. Hrinivich et al.30 leveraged a modified version
of the 3D Hough transform methods developed by Qiu et al.31 to enable the simultaneous
segmentation of 14–20 needles in 3D transrectal ultrasound (TRUS) images from HDR
interstitial prostate brachytherapy procedures. The 360◦ 3D TVUS images pose alternate
challenges when compared with 3D TRUS prostate brachytherapy images, including the
presence of a hollow vaginal cylinder.3 The cylinder walls introduce a second rigid, linear
structure, which may confound line-detection approaches, particularly as needles are often
placed in very close proximity to the cylinder. In addition, air artefacts generated by
poor coupling between the probe/cylinder or cylinder/vaginal wall interfaces may introduce
further challenges.3 Some images have large air artefacts on the image side proximal to the
template, created by either a short vaginal length or insufficient US probe insertion depth.3
These artefacts are problematic for initialization of segmentation algorithms, as needles
tend to be closer to their ideal template coordinates at the inferior edge of the US image,
because needle deflection has less of an effect on position at this depth. The objective of
this study was to adapt the 3D Hough transform-based simultaneous needle segmentation
approach developed by Hrinivich et al.30 for intraoperative use with 360◦ 3D TVUS
images acquired during HDR interstitial gynaecological brachytherapy needle insertions
for vaginal tumours, improving the clinical utility of this image-guidance approach for
implant assessment. In this article, we briefly describe the algorithm and modifications
made and evaluate the algorithmic segmentations relative to manual segmentations in 3D
TVUS images. We also report on the distances between corresponding calculated dwell
positions using algorithmic and manual trajectories.
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Materials and Methods

5.2.1

Patient Images

Seven patients undergoing HDR interstitial gynaecological brachytherapy procedures for
vaginal tumours at the London Health Sciences Centre, Victoria Hospital, supplied written
consent in accordance with the protocol approved by the Research Ethics Board at The
University of Western Ontario and no implant modifications or clinical treatment planning
was performed based on study images. Images were acquired once most needles had been
placed using an 8848 endocavity biplane US probe at 9 MHz with a BK ProFocus 2202 US
system (BK Medical, Boston, MA, USA). The patients’ characteristics are summarised in
Table 5.1 with the number of needles inserted before 360◦ 3D TVUS imaging and the US
image depth. Stainless steel needles with 1.65-mm diameter (Varian Medical Systems Inc.,
Palo Alto, CA, USA) were used for all cases. All patients had a prescribed dose of 650
cGy, with the exception of Patient D, who had a prescribed dose of 700 cGy, and all were
treated using an iridium-192 radiation source with a 3.5-mm active length32 and 5-mm step
size between dwell positions. The mechanical 3D TVUS system described by Rodgers et
al.3 was used to acquire 3D images through a sonolucent cylinder as described in that study.
Resulting 3D images had an image size of 488 × 1034 × 1034 voxels, with exception of
Patient C which had an image size of 488 × 990 × 991 voxels, with a voxel size of either
0.144 × 0.145 × 0.145 mm3 or 0.126 × 0.126 × 0.126 mm3 , depending on image depth.
Table 5.1: Characteristics of study patients, number of needles placed, and US depth.

ID

Age

Diagnosis
(Histology)

Primary (P) or
Recurrent (R)?

Patient A

82

Endometrial
(serous)

R

Patient B

70

Patient C

89

Patient D

63

Patient E

70

Endometrial
(endometrioid)

R

Patient F

67

Endometrial
(serous)

R

Patient G

75

Cervical
(squamous cell)

R

Ovarian
(clear cell)
Endometrial
(serous)
Vaginal
(squamous cell)

R
R
P

Disease Location
Entire vagina from apex to introitus
along anterior wall
Periurethral and lower anterior
vaginal wall
Upper vagina, circumferential and
extending inferiorly 4 cm
Plaque-like mass in left upper
vagina extending inferiorly 4 cm
Upper vagina; multifocal—left side,
left apex and possibly right side
with lower 4 cm of vagina clear
Upper vagina with some disease
extending above the apex;
estimated size 4 cm
Left lateral vaginal; submucosal—
straddling upper/middle third

# of
Needles
Placed

US
depth
(cm)

8

6.4

10

5.6

10

5.6

10

5.6

12

5.6

8

6.4

10

5.6
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Patients A and B, representing a total of 18 needles, were selected for refining and
validating the modified algorithm. The image from Patient A had the highest qualitative
image quality in the dataset with minimal artefacts and therefore represented an ideal
image, whereas the image from Patient B introduced more challenging elements, including
a large air artefact and two needles in very close proximity to the vaginal cylinder, as shown
in Figure 5.1. The remaining five images, containing a total of 50 needles, were reserved
as unseen images for testing.

Figure 5.1: 360◦ 3D TVUS patient image including a (a) reconstructed axial and (b)
sagittal view with key features labelled, including an air artefact, with needles
indicated by outlined arrows.

5.2.2

Segmentation

The algorithm was implemented on a personal computer running a 64-bit Windows 10
operating system (Microsoft, Redmond, WA, USA) with an i7-5820K CPU processor at
3.3 GHz (Intel Corporation, Santa Clara, CA, USA), 64 GB of RAM, and GeForce GTX
660 Ti graphics card (NVIDIA Corporation, Santa Clara, CA, USA) with 2 GB of memory.
The implementation was performed using MATLAB R2018a (MathWorks, Natick, MA,
USA). The algorithm is described in detail in the study by Hrinivich et al.30 and the major
components and modifications are summarized here. An overview of the algorithm is
provided in Figure 5.2.
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Figure 5.2: Flowchart summarizing the needle segmentation process.

The algorithm was modified to take 360◦ 3D TVUS images as input with different
image and voxel sizes. In addition, a single input point along the axis of each needle is
necessary to establish the validity of identified trajectories as representing a true needle. A
template label may be optionally included in the inputs for needle labelling.
To enhance edges that match the cross-sectional width of the needle, a filter was
applied using two 3D convolution kernels.33 Due to the presence of hyperechoic features
in 3D TVUS images, in particular the pubis boundary, the size of the filtered region was
adapted to encompass the maximum absolute value from the input axis points in the x and
y image directions with an added 3-mm margin, where the x-y plane corresponds to the
axial plane (Figure 5.1(a)). Images were transformed into a cylindrical (r, t, z) coordinate
system, where the radial (r) direction is oriented normal to the US probe face with a second
tangential (t) component in the axial plane and the z component representing the probe
insertion direction.30,34 The two kernels were applied based on the second partial derivatives
of two-dimensional (2D) Gaussian distributions for both the r and t directions with a
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uniform distribution in the z-direction. The standard deviations (SDs) of the distributions
corresponded to the dimensions of the needle cross-section in the r (0.4 mm) and t (1.1 mm)
directions. The slice thickness and spacing was modified such that kernels had dimensions
of 2.4 × 4.8 × 7.0 mm3 and were applied in 1-mm steps in the z-direction.
Following filtering, the centres of the intensity peaks were identified as feature points
where a separation of 5 mm in the axial plane was enforced. This separation reflects the
typical spacing of 10 mm or more between adjacent needles while allowing for needle
deflection. As shadowing from other needles is not as impactful in gynaecological TVUS
images compared with prostate TRUS (owing to the central probe position) and the
presence of additional hyperechoic features in the background, the intensity peak threshold
was increased to the 99.5 percentile of filtered intensity values. This modified threshold
was selected to be the highest percentile value in 0.1% increments that did not eliminate
any peaks associated with needles in the validation dataset. Peaks in the full circumference
of the 360◦ 3D image were considered but were restricted to being in a radius > 12.5 mm
from the image centre in the axial plane to exclude the wall of the vaginal cylinder (25-mm
diameter)3 and a radius < 35 mm, reflecting the template size with a margin for needle
deflection.
To generate candidate trajectories, the algorithm leveraged the randomized 3D Hough
transform method31 extended by Hrinivich et al.30 for multiple needles, by indexing an
accumulator with the parameters of lines generated by taking random pairs of feature
points. For the gynaecological images, 106 iterations were used for each patient and a
threshold of 0.02% was applied to select local accumulator peaks and generate candidates.
Based on the original values from Hrinivich et al.,30 the number of iterations and peak
threshold were varied with final values selected empirically using the validation images,
taking the smallest exponential number of iterations while maintaining performance and
the highest threshold that did not eliminate true needle peaks. A minimum distance of 10
mm in the z-direction was enforced between point pairs to ensure realistic trajectories and
only trajectories within a 7◦ angle from the z-axis were considered valid, based on empirical
observation. In addition, x and y limits of ± 35 mm from the image centre were imposed
based on the range of template holes used for all patients in the study. The orientations of
the candidate trajectories were refined30,35 by minimizing the sum of the squared residuals
of feature points within 2 mm of the trajectory and only retaining candidates with the
greatest number of associated feature points up to a maximum number of trajectories of 1.5
times the true number of needles for that patient.
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The distance between each candidate trajectory and input needle axis point was
calculated to associate each candidate with the nearest inserted needle, where only one
candidate trajectory could be assigned to a given needle. On the first pass, only candidate
trajectories within 3 mm of the input axis were assigned, following which any remaining
input points with candidate trajectories within 5 mm were assigned. If the needle axis point
had no candidate trajectories within 5 mm, this was considered a segmentation failure and
no candidate trajectory was assigned. As needle tips were not guaranteed to be present
in this TVUS dataset, the endpoints, i.e. most inferior (entrance) and most superior (exit)
points along the needle trajectory visible in the image,3 were output.

5.2.3

Geometric Evaluation

To evaluate the geometric localization accuracy of the algorithmic segmentations, the
trajectory outputs were compared with manual segmentations performed by an experienced
observer (JR). Corresponding endpoints within the image field-of-view were established for
each needle, as described in the study by Rodgers et al.,3 where corresponding points were
calculated by projecting the endpoints determined by the algorithm onto the needle axis
line created by the manually established endpoints. This process reduces differences in the
insertion direction, which are not meaningful without tip information in the images. The
maximum difference was calculated using the maximum of either the entrance or exit point
3D Euclidean distance for each needle. Due to the anisotropic spatial resolution associated
with 2D US probes, algorithmic and manual segmentations were also compared in the
(r, t, z) coordinate system with principal component analysis (PCA) and 95% prediction
ellipses in the (r, t) plane generated to investigate and visualize the primary directions of
trajectory differences.3

5.2.4

Dwell Position Evaluation

To assess potential clinical implications and provide a more contextual interpretation
of the geometric differences observed, we evaluated the distances between calculated
dwell position pairs along the algorithmic and manual trajectories. Because not all tips
were visible within the images, tips were generated using the insertion depths from the
corresponding needles in the clinical post-insertion CT image. As the position of the 3D
TVUS image relative to the end of the vaginal cylinder is known,3 this information could
be used in conjunction with the insertion depth (inner template face to tip on CT) to project
along each rigid needle trajectory and establish a tip. Mimicking the clinical practice at our
institution, the centre of the first potential dwell position was generated by truncating the
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tip position for each needle by 8.5 mm to account for the solid tip and source length. Using
the standard step size, calculated dwell positions were generated in 5-mm increments from
this initial position for the entire inserted length of the needle, representing a wide range of
potential clinical scenarios and target locations. The 3D Euclidean distance was calculated
between each corresponding pair of dwell positions from the algorithmically and manually
obtained trajectories. In addition to assessing all of these dwell positions, the pairs with
the maximum differences from each needle were evaluated to provide an indication of
worst-case performance.

5.2.5

Statistical Analysis

The angular, endpoint, and dwell position differences, as well as PCA and prediction
ellipses, were calculated using MATLAB R2018a (MathWorks, Natick, MA, USA) and all
statistical analyses were performed using R Version 3.6.2.36 Where quartiles are reported,
a type 6 method was used.37 The normality of the distributions was evaluated with a
significance level of p < 0.05 using the Shapiro-Wilk test.

5.3
5.3.1

Results
Validation

The angular and distance results from the validation set (two patients, 18 needles) are
shown in Figure 5.3. Although Patient A represented a high quality image and Patient
B represented a more challenging image with artefacts and a needle with a short visible
length, similar results were observed in both cases. No systematic trend was observed in
the direction of differences, which is supported by the lack of bias in the PCA with the
centroid of the distribution at (r, t) = (–0.05 mm, 0.14 mm), illustrated in Figure 5.4. The
dwell position distances did not pass normality testing. The median [first quartile (Q1),
third quartile (Q3)] dwell position difference was 0.75 [0.54, 1.11] mm (Figure 5.5(a)),
where insertion depths ranged between 10.4 and 14.7 cm, resulting in 443 dwell position
pairs. The maximum dwell position differences were all < 3 mm (Figure 5.5(b)) with a
median maximum difference of 1.38 [0.88, 2.15] mm.
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Figure 5.3: (a) Angular and (b) maximum point differences between algorithmically
and manually segmented needles (n = 18) in the validation dataset with boxes
showing the median with first and third quartiles. One short needle (< 35 mm visible
length) is indicated by an open circle marker.

Figure 5.4: (a) Models of manually (white) and algorithmically (black with pattern)
segmented trajectories for Patient A overlaid on a cropped axial plane in the
corresponding TVUS image, illustrating no systematic bias. (b) Endpoint differences
between algorithmically and manually segmented needles (n = 18) in the validation
dataset in the radial (r) and tangential (t) plane with the corresponding 95%
prediction ellipse.
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Figure 5.5: (a) Distances between corresponding dwell position pairs (n = 443) from
algorithmically and manually obtained needle trajectories in the validation dataset
with boxes showing the median with first and third quartiles. (b) Histogram of the
maximum differences between corresponding dwell positions from each needle in the
validation dataset (n = 18) with the dashed vertical line indicating the median
maximum difference.

5.3.2

Test Patients

The mean ± one SD algorithm processing time for all seven patients (validation and testing)
was 28.9 ± 0.8 s/patient with a mean ± SD segmentation time per needle of 3.0 ± 0.4 s.
All 50 needles from the five test images were successfully segmented algorithmically with
angular differences < 4.5◦ (96% of needles < 3◦ ) and maximum point differences < 2.1
mm compared to manual segmentations (Figure 5.6). The overall angular difference and
distance data did not pass normality testing. The overall median angular difference was
0.78 [0.43, 1.49]◦ . The median maximum distance for the 50 needles was 0.90 [0.69,
1.24] mm. Patient F (eight needles) demonstrated the best segmentation accuracy and
lowest segmentation variability with median angular and maximum differences of 0.39
[0.16, 0.63]◦ and 0.75 [0.62, 0.85] mm, respectively. Conversely, Patient E (12 needles) had
the worst segmentation accuracy and highest variability with median angular and maximum
differences of 1.53 [1.22, 2.92]◦ and 1.30 [0.90, 1.58] mm, respectively.
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Figure 5.6: (a) Angular and (b) maximum point differences between algorithmically
and manually segmented needles (n = 50) in the unseen test patient dataset with
boxes showing the median with first and third quartiles. Needles with short visible
lengths are denoted by an open circle marker.
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No systematic bias was observed in the direction of the differences with the centroid
of the distribution at (r, t) = (–0.03 mm, 0.11 mm), as shown in Figure 5.7. The PCA
produced a larger uncertainty in the t-direction than the r-direction, as illustrated by the
elongated prediction ellipse in Figure 5.7, with 95% prediction intervals of ± 2.19 mm and
± 1.69 mm in the t- and r-directions, respectively.
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Figure 5.7: Endpoint differences between algorithmically and manually segmented
needles (n = 50) in the unseen test patient dataset in the radial (r) and tangential (t)
plane with the corresponding 95% prediction ellipse.

The needle insertion depths ranged between 11.5 and 16.1 cm, resulting in a total of
1,326 corresponding dwell position pairs (mean: 26.5 positions/needle), and the distance
data did not pass normality testing. The median distance between corresponding dwell
positions was 0.77 [0.55, 1.13] mm, as shown in Figure 5.8(a), and 96% of the differences
were < 3 mm. A histogram of the maximum differences from each needle is shown in
Figure 5.8(b). The median maximum dwell position difference was 1.42 [0.96, 2.25] mm
and 43/50 needles (86%) had maximum differences < 3 mm.
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Figure 5.8: (a) Distances between corresponding dwell positions from algorithmically
and manually obtained needle trajectories in the test dataset with boxes showing the
median with first and third quartiles. (b) Histogram of the maximum differences
between corresponding dwell positions from each needle in the test dataset (n = 50)
with the dashed vertical line indicating the median maximum difference.

5.4

Discussion

This study illustrated a simultaneous multiple needle segmentation algorithm for the
complex application of localizing HDR interstitial gynaecological brachytherapy needles
in 360◦ 3D TVUS images. The algorithm successfully segmented all needles in an
unseen test set of five patient images. To the authors’ knowledge, automatic or
semi-automatic interstitial brachytherapy needle segmentation has never been investigated
in gynaecological US images with existing literature focusing on segmentation approaches
in CT or MR. These CT or MR-based algorithms reported mean distance errors in the
range of 0.4–2.0 mm;4–8 our algorithm had comparable performance with the median
in the bottom third of this range and maximum distance of 2.10 mm within the image
field-of-view. This also compares favourably to the original algorithm performance on
prostate 3D TRUS images, which successfully identified 94% of needles of which 91%
had distance errors ≤ 3 mm.30 In addition, 83% of the needles identified in prostate images
had angular errors ≤ 3◦ ,30 whereas 96% of needles in this study were below that threshold.
Based on the accuracy of existing algorithms, the current performance of our algorithm
may be within a clinically useful range.
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Our algorithm was robust to differing US depths and image sizes, as well as the
presence of multiple confounding factors, including air and reverberation artefacts and
a walled vaginal cylinder, which all generate additional hyperechoic linear features and
may partially obstruct needles. In particular, all cases where needles had large angular
errors were associated with a short visible needle length (Figure 5.6(a)), resulting from an
air artefact, which the algorithm included as a continuation of the needle trajectory. The
susceptibility of this algorithm to hyperechoic features is a limitation of this approach;
however, this was not observed to have a large impact in this study despite some needles
being placed in close proximity to the vaginal cylinder, as well as the pubis, which appears
with a very bright boundary in TVUS images. The higher uncertainty observed in the
tangential component is likely a consequence of the differing spatial resolution of the US
probe. The lower elevational resolution of 2D US probes has the highest impact on the
tangential component, which results in a “smearing” effect on the needles in this direction,
making it more challenging to identify the central needle axis.3 Only one needle type was
evaluated and may represent an additional limitation, as well as the assumption of linearity,
as needles may bend during insertion; however, typically within the field-of-view of the 3D
TVUS images the needles had no noticeable curvature.
The distances between corresponding dwell positions demonstrates the combined effect
of the distance and angular errors observed within the TVUS field-of-view, propagating
these differences along the entire inserted needle length. In these extended needles, there
was strong agreement between the algorithmically and manually obtained trajectories
with most dwell positions demonstrating very good alignment, even when evaluating
the worst-case pair from each needle (Figure 5.8(b)). A few needles contained dwell
positions with large differences, which may indicate a need for manual quality assurance
for intraoperative use. Given the large number of calculated dwell positions in each
needle in this analysis, these large differences can be attributed to a small number of
needles; only seven needles in this study contained dwell position differences > 3 mm.
Patients E and G demonstrated the largest differences, reflecting the patients with the worst
performance within the TVUS field-of-view. In particular, all of the dwell positions with
large differences from Patient E came from the same two needles with large angular errors
and short visible needle lengths in Figure 5.6(a). Despite this small number of needles
with larger errors, the maximum difference was < 3 mm for 86% of needles, with 96%
of the overall 1,326 calculated dwell position pairs demonstrating differences < 3 mm and
most of the dwell position differences observed are unlikely to have a clinically relevant
impact. Although this analysis gives an indication of agreement, it is limited by a number
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of uncertainties. Primarily, the TVUS image position relative to the template was calculated
assuming that the US probe was fully inserted into the hollow cylinder and that the clinical
cylinder was inserted to the same depth. The insertion depths were also derived from the CT
images, which have differences due to patient position and timing, and the TVUS images
have limited tip information; therefore, the actual dwell positions used during treatment
and corresponding dosimetry were disregarded in this study.
The mean processing time of < 30 s/patient makes it feasible to implement this
approach in the intraoperative environment during needle insertion procedures for HDR
interstitial gynaecological brachytherapy of vaginal tumours without adding a significant
burden to the workflow; however, a limitation of the algorithm remains the necessity for
a needle axis point to be selected as input, which would add more time to the process.
This additional time is not expected to be substantial as typically a single axial slice from
the 3D TVUS image can be used to select all axis points and, as they are not used in the
segmentation (only to match the segmentations with a true needle), precise point selection
is not required. The ability to quickly localize all needles simultaneously while in the
operating room, in combination with the 3D TVUS image, which enables OARs to be
visualized, provides the potential for the interstitial implant to be immediately assessed
while the patient remains anaesthetized. This allows clinicians to reposition or refine
the placement of inserted needles, as well as potentially inform decisions to add more
needles. This is particularly advantageous as there is currently no standard approach to the
intraoperative assessment of the quality of these implants. In addition, this may provide
the potential for the first treatment to be delivered at this time-point, although this work
represents a preliminary step towards intraoperative planning and further investigation
with a broader patient cohort and comprehensive dosimetric analysis is required. In the
future, dose metrics could be integrated with automatically localized needles to provide
an intraoperative estimation of target coverage and other indicators of implant quality,
including the distribution and parallelism of the needles, using 3D TVUS. The elimination
of the need for manual needle segmentation has the potential to improve the clinical
translation of 3D US for intraoperative visualization of both interstitial brachytherapy
needles and OARs.

5.5

Conclusions

We demonstrated the use of a segmentation algorithm to semi-automatically localize
multiple needles simultaneously in intraoperative 3D TVUS images from HDR interstitial

Chapter 5.

173

gynaecological brachytherapy patients with vaginal tumours. This approach provided
accurate segmentations, with performance appearing to be robust to artefacts and other
procedural and anatomical features. Segmentation was performed within a clinically useful
timeframe and provides the potential for use as a clinical tool for intraoperative interstitial
implant assessment.

5.6
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CHAPTER 6

6

Toward comprehensive intraoperative visualization of
gynaecological brachytherapy intracavitary/hybrid
applicators using fused three-dimensional
transabdominal and transrectal ultrasound images

Intracavitary applicators are often a critical component of standard-of-care brachytherapy
treatment of gynaecological cancers worldwide and hybrid applicators are gaining
popularity at many centres, incorporating some of the flexibility offered by interstitial
implants.
Although US is commonly available in most brachytherapy suites,
comprehensive visualization of the applicators and relevant anatomy is often inhibited
by limited fields-of-view and artefacts. The purpose of Chapter 6 is to present a
proof-of-concept study evaluating the feasibility of registering 3D TAUS and TRUS images
based on the geometry of intracavitary/hybrid applicators in a female pelvic phantom,
validating the resulting fused 3D US images using MR or CT imaging.

6.1

Introduction

Recent trends in gynaecological brachytherapy, particularly in the treatment of cervical
cancers, have shown a shift towards image-guided adaptive brachytherapy (IGABT)
approaches with strong evidence supporting the use of three-dimensional (3D) imaging
for assessment of applicators, organs-at-risk (OARs), target volumes, and performing
treatment planning. In particular, magnetic resonance (MR) imaging has been widely
promoted for target delineation in image-based treatment planning due to its excellent
soft-tissue contrast and is considered the gold standard.1–8 This transition from traditional
two-dimensional (2D) to volumetric 3D imaging offers the potential for more conformal
dose distributions, improving target coverage and facilitating avoidance of OARs and
normal tissue sparing, demonstrating superior outcomes.4,9–11 Although the use of MR
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imaging provides many advantages, it is resource- and time-intensive, increasing demand
for MR scanner time, and it often requires specialized procedure suites and equipment,
limiting access to only a proportion of practising institutions.2,12–16 Despite analyses
demonstrating the cost-effectiveness of transitioning to 3D image-based practices, the
upfront costs of establishing a programme with this technology are often prohibitive to
many healthcare systems and the substantially increased procedure time is restrictive
for centres with high patient volumes.17–20 Many centres have implemented image-based
gynaecological brachytherapy procedures using x-ray computed tomography (CT) images
to provide 3D volume information with good visualization of applicators and these are often
integrated with preoperative MR images to reduce demand on MR scanners intraoperatively
while improving visualization of soft-tissue structures.21
Ultrasound (US) imaging for IGABT has been widely adopted in prostate
brachytherapy and it offers many similar potential benefits for gynaecological
brachytherapy. These benefits include real-time imaging, accessibility, and low cost with
an established history of use for visualizing soft-tissue structures in the female pelvis for
diagnostic purposes. In addition, US images provide superior soft-tissue contrast compared
to CT imaging and US systems are readily available in most brachytherapy suites.
Both 2D and 3D US have been explored in intracavitary brachytherapy and interstitial
brachytherapy treatments of gynaecological malignancies. Transabdominal ultrasound
(TAUS) is routinely used to verify intrauterine tandem placements in patients with an
intact uterus22 and has been investigated for image-based treatment planning in a series of
studies, demonstrating its efficacy for this purpose.23–26 In these TAUS-based approaches,
visualization of the parametrial disease extent may be limited by the field-of-view, which
may restrict its utility in regions with heavy disease burdens where patients often present at
advanced stages.27 St-Amant et al.26 proposed a combination of 3D TAUS images with CT
images to leverage the advantages of each modality and overcome this limitation, finding
superior treatment plans with an intracavitary brachytherapy tandem-and-ovoids applicator
over those created with CT alone and generating plans more similar to those established
with MR imaging for the five patients in the study. Transrectal ultrasound (TRUS) has also
been explored for both guidance of applicator placement28–32 and delineation of targets and
OARs, including the rectum and bladder.13,15,26,33 Mendez et al.15 demonstrated substantial
inter-rater agreement on contours of the treatment clinical target volume and OARs on
stacked axial TRUS images (acquired using a pull-back technique with a stepper) from a
cervical cancer population, with comparable variability to structures delineated on MR
images prior to applicator placement. This study indicates that 3D TRUS may be a
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promising and accessible option for IGABT; however, this analysis was performed without
the applicator in place, which must also be clearly visualized and delineated relative
to anatomical structures for assessment and potential dose planning. Nesvacil et al.34
investigated the combination of 3D TRUS and CT images for 3D IGABT of a cervical
tumour in a proof-of-concept patient using a tandem-and-ring intracavitary brachytherapy
applicator. The study found that this approach was feasible, producing treatment plans
clinically comparable to those created on MR images; however, the authors observed
limitations related to the restricted field-of-view of the TRUS images, preventing complete
visualization of OARs and the applicator, in particular the tandem tip.34 In addition,
the anterior portion of the ring was obstructed by artefacts.34 Although the combination
of 3D US and CT images is promising with both TAUS and TRUS approaches, they
require investigation in a broader patient cohort and necessitate access to multiple imaging
modalities. The need for a CT image may require the patient to be transported to the
scanner and potentially introduces substantial changes in the OARs and relevant structures
from the time of applicator insertion, as a result of the changes in patient position and time.
We propose combining 3D TRUS and 3D TAUS images, using the TRUS images
for clear visualization of the rectal wall and posterior side of the intracavitary applicator
component, as a result of the proximity of the transducer, and complementing this with the
broader field-of-view afforded by TAUS imaging by leveraging its established utility for
visualizing the tandem tip and bladder. In addition, we hypothesize that the incorporation
of 3D TAUS images will help overcome the obstruction of the anterior structures previously
observed in TRUS images. In this study, we provide a proof-of-concept experiment in a
female pelvic phantom, registering 3D TRUS and 3D TAUS images based on applicator
geometry. This use of applicator geometry mimics the functionality of applicator libraries
commonly available in treatment planning systems (TPSs) and is an established basis for
rigid registration between gynaecological brachytherapy images from other modalities.35
This experiment was performed with both a tandem-and-ring applicator with an interstitial
ring cap and a tandem-and-ovoids applicator. The registration was validated by comparing
the position of independent markers visible in the combined US images to their positions
in MR or CT images (depending on the applicator type). In addition, TAUS images were
acquired at multiple imaging depths and phantom sizes to mimic different patient body
habitus.
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Materials and Methods
Female Pelvic Phantom

An application-specific female pelvic phantom was designed and fabricated and is
illustrated in Figure 6.1. To mimic soft-tissue contrast in US images with the appropriate
speed-of-sound, the phantom was made with an agar-glycerol mixture and various amounts
of a scattering agent, as has been previously described.32 The phantom also included agar
models of a uterus and tumour derived from patient MR images and tungsten powder was
added to these structures to allow for multimodality visualization in CT and MR images, in
addition to US imaging. Spheres with a 9.5-mm diameter were also created with tungsten
contrast and no scattering agent added and distributed throughout the background agar for
use as fiducials for validating the registration (Section 6.2.4). To provide an additional
anatomical landmark, a balloon was embedded and filled with 100 mL of water to mimic
the bladder.36

Figure 6.1: Illustration of the phantom box design, including the key features to
facilitate US imaging and the space to add additional layers of agar to mimic
differing body habitus indicated. Models of the uterus, bladder, and intracavitary
tandem-and-ring (with interstitial ring cap) applicator are also shown.
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For this study, two applicators were investigated. An MR-compatible tandem-and-ring
applicator with a 42-mm diameter interstitial ring cap (Varian Medical Systems Inc., Palo
Alto, CA, USA) was used to represent a standard intracavitary implant or a pre-needle
insertion image for a hybrid brachytherapy application. A 60-mm intrauterine tandem with
a 30◦ angle relative to the central tandem axis was inserted into the model uterus such
that the ring was flush with the posterior end of the model and this combined assembly
was embedded in the background agar. Similarly, a clinical tandem-and-ovoids applicator
(Varian Medical Systems Inc., Palo Alto, CA, USA) was used in a second phantom with
a 30◦ titanium intrauterine tandem with 25-mm diameter acetal ovoids. The cervical stop
was set at 60 mm from the tandem tip prior to insertion into the model uterus and given the
flexible geometry of this applicator type, the applicator components were assembled in an
arbitrary configuration within clinically reasonable ranges before being embedded in the
phantom.
The phantom was designed with a removable rod to form a channel for 3D TRUS
imaging and a removable face on the “anterior” side to allow for 3D TAUS image
acquisition. To assess the degradation of visualization of important structures at larger
depths, two 1.7-cm thick layers of background agar were made separately and could be
stacked on the phantom’s side to mimic different patient body habitus for TAUS imaging,
with US gel and a small amount of water added between layers to prevent air gaps.

6.2.2

Three-Dimensional Ultrasound Imaging

TRUS images of the phantoms were acquired using the endocavity 3D US system
previously described by Rodgers et al.37 for imaging during interstitial gynaecological
brachytherapy procedures and shown in Figure 6.2(a), using a conventional BK Falcon
2101 EXL US system with an 8658 endocavity 2D US probe (BK Medical, Boston, MA,
USA) at 7.5 MHz. The 3D images were reconstructed using 2D frames acquired with the
side-fire imaging plane of the transducer during a 170◦ rotational sweep of the transducer
in 12 s using the motorized system.32,37 The 2D images were acquired at a depth of 7.6
cm, resulting in a voxel size of 0.196 × 0.205 × 0.410 mm3 . To overcome the field-of-view
limitations imposed by the 5.5-cm transducer element, two 3D TRUS images were acquired
for each applicator type with an offset in the superior/inferior (S/I) direction, ensuring that
the critical applicator components were captured and providing additional context. The
initial 3D image was acquired with the probe inserted past the ring/ovoids, such that the
tandem in the uterus was visualized while maintaining the posterior edges of the ring or
ovoids in the image field-of-view. The tandem tip was intentionally excluded from the
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image to reflect clinical realities, where it is not always possible to visualize the tip in
TRUS images as a result of anatomical restrictions. The US probe was then retracted
step-wise using the motorized mover until the superior edges of the ring or ovoids were
near the edge of the image but still within the field-of-view and a second 3D image was
acquired at this shallower insertion depth.

Figure 6.2: (a) Endocavity 3D US imaging system used for TRUS imaging with key
features, including a counterbalanced stabilizer system, 2D US probe, and stepper
motor, shown, and the side-fire imaging plane and direction of rotation indicated.
(b) Hybrid 3D TAUS imaging system, showing the 2D curvilinear US probe with the
corresponding imaging plane and the motorized scanner assembly. The direction of
linear and tilt motion is into/out of the page.
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The 3D TAUS phantom images were acquired using a similar system to that developed
by Gillies et al.38 for liver interventional procedures and is shown in Figure 6.2(b).
The scanner may be mounted on a counterbalanced stabilizer arm38 to prevent motion
during acquisition; however, this version of the scanner may also be positioned and held
by hand during the 8-s image acquisition time. A hybrid image acquisition geometry
was used to reconstruct 3D images with large fields-of-view, manipulating a 2D TAUS
probe simultaneously through 40 mm of linear motion and 60◦ of tilt motion. Scans
were performed using a Philips iU22 US system with a C5-1 curvilinear probe (Philips
Healthcare, Amsterdam, the Netherlands) at 3 MHz. Three scans were acquired of each
phantom, corresponding to the three thicknesses of agar. These were acquired at depths of
18 cm, 22 cm, and 25 cm with reconstructed voxel sizes of 0.319 × 0.319 × 0.167 mm3 ,
0.385 × 0.385 × 0.167 mm3 , and 0.439 × 0.439 × 0.167 mm3 , respectively. The focal
depth was set at approximately the level of the applicator in the image. For all images, the
US probe was positioned such that the top of the uterus and tip of the tandem was visible
within the image field-of-view.

6.2.3

Ultrasound Registration

The two-step registration process is outlined in Figure 6.3, where, in the first step, rigid
registration was performed between the two 3D TRUS images from the corresponding
phantom. As these images were acquired with only a shift in the S/I direction, the images
were translated along the S/I axis until the ring was aligned. These two images were then
merged to create a single, enlarged 3D TRUS image with a broader field-of-view, averaging
the intensities of the voxels in the overlapping region, as the two images contribute equal
information in this area.
A second rigid registration was then performed between the merged 3D TRUS image
and the corresponding 3D TAUS image. Given that most TPSs include an applicator library,
providing access to the applicator geometry in the image space, we registered the images
based on feature points on the applicators and leveraged the known applicator geometry
to confirm and refine the alignment. For the tandem-and-ring applicator, the posterior
edges of both the intrauterine tandem and the ring were identified on the merged 3D TRUS
image and the tandem, ring source channel, and anterior edge of the ring were identified
on the 3D TAUS image, as well as the tip of the tandem in the uterus. Similarly, for the
tandem-and-ovoids applicator, the posterior edges of the tandem, ovoid source channels,
and ovoids were identified on the merged 3D TRUS image and the tandem (including the
tandem tip) and source channels were identified on the 3D TAUS image. For both cases,
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the merged 3D TRUS image was then translated and rotated to align the key features of the
applicator, using all three of the imaging planes, as well as oblique views in-plane with the
ring for the tandem-and-ring applicator.
For the tandem-and-ring applicator, the distance between the centre-point of the
posterior edge of the ring in the TRUS image and the centre-point of the anterior edge of the
ring in the TAUS images was measured and confirmed to be 42-mm, reflecting the known
diameter of the ring cap. The centre of the ring in the 3D TRUS image was also identified
and the distance was measured to the tandem tip that was identified in the TAUS image,
assessing agreement with the known 60-mm tandem length. For the tandem-and-ovoids
applicator, the two source channels for the ovoids are in separate imaging planes from
each other and the intrauterine tandem, relative to the US transducer, whereas in the
tandem-and-ring applicator, the tandem and source channel are approximately in-plane
relative to the US probe, making them less distinct as a result of the shadowing. Therefore,
the presence of these source channels, in addition to the intrauterine tandem, assist with
assessing alignment, particularly in the left/right and anterior/posterior directions. Once
these had been aligned, the distance between the cervical stop in the 3D TRUS image and
the tandem tip in the 3D TAUS image was measured and evaluated based on the known
60-mm tandem length in the uterus. If the source channels were misaligned or either the
ring diameter (if applicable) or tandem length measurements were incorrect, the position
of the TRUS image was refined and the geometry was checked again iteratively until both
measurements were in agreement.
No landmarks external to the applicator were used to perform or refine the registrations.
Once the images had been aligned, they were combined by adding the intensities of the
overlapping voxels. Addition was used to combine the images because the purpose of the
fusion was to provide additional information in shadowed regions, which have low intensity
values, and following the averaging approach that was used for merging the TRUS images
would dampen the information in these regions. The registration was repeated for the two
additional 3D TAUS images acquired with additional agar layers for each applicator type.
This registration process was performed using 3D Slicer 4.11.0.39
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Figure 6.3: Registration workflow diagram, where two 3D TRUS images and a 3D
TAUS image are taken as input. First, the two TRUS images are aligned in the S/I
direction to create a single merged volume, and then the merged TRUS image is
rigidly registered to the TAUS image based on applicator features, checking for
agreement with the applicator geometry.
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Validation

To validate the registrations, a secondary imaging modality was used. MR images of the
tandem-and-ring phantom were acquired using a 3.0T Discovery MR750 scanner (General
Electric Healthcare, Milwaukee, WI, USA). A T1 weighted image was acquired coronally
(TR 270 ms, TE 4.00 ms, scanning matrix 256 × 256, FOV 22.0 × 22.0 cm, slice thickness
3.0 mm), as well as a T2 weighted image sagittally (TR 6404 ms, TE 144.31 ms, scanning
matrix 320 × 256, FOV 22.0 × 22.0 cm, slice thickness 5.0 mm). The phantom was not
moved between scans and, thus, both MR images were aligned in the same coordinate
space. Given the MR-conditional nature of the tandem-and-ovoids applicator used, the
tandem-and-ovoid phantom registration was validated using a CT image instead. The
CT image was acquired using a Philips Brilliance Big Bore Scanner (Philips Healthcare,
Amsterdam, the Netherlands) with a helical acquisition in the axial direction (325 mA,
120kVp, FOV 30.4 × 30.4 cm, slice thickness 2.0 mm).
For each applicator, the three combined 3D US images were rigidly aligned to the
MR or CT images based only on the applicator position, using both MR images to
confirm the alignment in the case of the tandem-and-ring applicator. Four of the fiducial
spheres described in Section 6.2.1 were selected in the combined 3D US images such
that one of the fiducials was located in the region where the TRUS and TAUS images
overlapped and the other three were located in the TAUS regions alone. By nature of the
limited field-of-view in the TRUS images, the fiducial in the TRUS region was near the
applicator whereas the three fiducials in the TAUS region were > 6 cm away from the
nearest applicator point. The corresponding fiducials were also localized in the MR or CT
images and target registration errors (TREs) were computed as described by Fitzpatrick
et al.40 The points in the combined 3D US images and the MR or CT image sets were
selected five times with a minimum of 24 h between selections, alternating between 3D
US and MR/CT images for each selection session, to calculate a fiducial localization error
(FLE),40 providing an indication of user variability when selecting the points. All statistical
analyses were performed using R Version 3.6.241 and the normality of distributions was
evaluated using the Shapiro-Wilk test with a significance level of p < 0.05. An analysis
of variance (ANOVA) was performed on the TREs calculated from the three combined 3D
US images for each applicator type that were acquired with added agar layers to identify
any statistically significant differences (p < 0.05).
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Results
Tandem-and-Ring Applicator

Despite the shadowing artefact produced by the ring on the anterior side, the applicator
was clearly visualized in the merged 3D TRUS image, including the posterior edge of the
tandem and most of the ring, as shown in Figure 6.4. The ring was more poorly visualized
in the 3D TAUS images; however, the anterior ring edge was identifiable and the tandem
(including the tip) inside the uterus was more clearly visualized, as shown in Figure 6.5.

Figure 6.4: (a) A sagittal view from the merged 3D TRUS image at the centre of the
ring, demonstrating the visualization of the posterior ring edge and intrauterine
tandem, as well as the shadowing artefacts produced by the applicator. (b) An
oblique view from the merged 3D TRUS image, in-plane with the applicator ring,
showing the clear visualization of the ring, as well as the tandem in the centre.

Figure 6.5: (a) A sagittal view from a 3D TAUS image at the centre of the
tandem-and-ring applicator, demonstrating the visualization of the intrauterine
tandem, as well as the shadowing artefacts produced by the applicator. (b) An axial
view from the same 3D TAUS image, showing the visualization of the anterior edge of
the ring.
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The combination of the 3D TRUS images with 3D TAUS images allowed for image
information obscured by the shadowing artefacts under the other imaging geometry to be
recovered. In particular, a substantial portion of the obscured applicator from the TAUS
image was visible with the merged 3D TRUS image and the applicator and anatomical
information that was not visible with the 3D TRUS field-of-view was provided by the 3D
TAUS image. Figure 6.6 shows a combined 3D US image resulting from the registration
with a model of the applicator, demonstrating the agreement between the applicator
geometry and visualization.

Figure 6.6: (a) A sagittal view from a combined 3D US image of the tandem-and-ring
phantom, including a 3D model of the applicator, with a fiducial visible. (b) A 3D
view from the same combined US image, showing the applicator outline only and
with the 3D TAUS region and 3D TRUS position indicated. (c) Oblique 3D view from
the combined US image, in-plane with the ring.

Figure 6.7 illustrates the alignment between the applicator position obtained from the
combined 3D US image and the MR images. The results of the TRE calculations passed
the normality tests and are shown in Table 6.1, where the mean ± one standard deviation
(SD) TRE from the three images with differing agar thicknesses was 1.60 ± 1.10 mm. The
ANOVA did not identify a statistically significant difference between the TREs from the
images acquired with different thicknesses. Table 6.1 also includes the results of the FLE
calculations for the three combined 3D US images with a mean ± SD FLE of 0.39 ± 0.17
mm. The FLE for the fiducials localized in the MR images was 0.58 mm.
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Figure 6.7: A (a) sagittal view and (b) view in-plane with the ring from the phantom
MR image with the outline of the applicator overlaid in its position from a combined
3D US image.

Table 6.1: Summary of the TRE and FLE calculations for each of the three
combined 3D US images for each applicator type. The images acquired without any
additional agar layers are referred to as the baseline thickness.
Applicator Type

Thickness

Mean TRE ± SD (mm)

FLE (mm)

Tandem-and-ring

Baseline
Baseline + one 1.7-cm layer
Baseline + two 1.7-cm layers

1.37 ± 1.35
1.84 ± 1.22
1.60 ± 1.00

0.58
0.24
0.36

Tandem-and-ovoids

Baseline
Baseline + one 1.7-cm layer
Baseline + two 1.7-cm layers

1.37 ± 0.35
1.95 ± 0.90
1.61 ± 0.76

0.43
0.40
0.58

6.3.2

Tandem-and-Ovoids Applicator

The tandem-and-ovoids applicator was also clearly visualized in the corresponding merged
3D TRUS image, with the posterior edges of the intrauterine tandem and ovoid source
channels visible, as well as the cervical stop and posterior edges of the ovoids, as shown
in Figure 6.8(a). Similar to the tandem-and-ring applicator, the tandem, including the tip,
was clearly visualized in the 3D TAUS images, as well as the source channels, as shown in
Figure 6.8(b); however, the shapes of the ovoids were not distinguishable. The combination
of the two 3D US perspectives allowed regions obscured by shadowing created by the
applicator to be recovered and the alignment of the applicator with the combined 3D US
image is shown in Figure 6.9. Table 6.1 provides a summary of the TREs between the
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fiducials localized in the three combined 3D US images with different thicknesses and the
corresponding fiducials in the CT image, as well as the FLE for each of the 3D US images.
The overall mean ± SD TRE from the images with differing agar thicknesses was 1.64 ±
0.69 mm and the ANOVA failed to identify a statistically significant difference between the
three images. For the three tandem-and-ovoid applicator 3D US images, the overall mean
± SD FLE was 0.47 ± 0.10 mm and the FLE of the fiducials localized in the CT image was
0.22 mm.

Figure 6.8: (a) A 3D view from the merged TRUS image, demonstrating the
visualization of the ovoids and cervical stop, as well as the source channels and
shadowing artefacts produced by the applicator. (b) A 3D view from the TAUS image
taken with two added layers of agar, showing the axial cross-sections of the tandem
and source channels.

Figure 6.9: (a) A sagittal view from the combined 3D US image of the
tandem-and-ovoid phantom with two added layers of agar, including a 3D model of
the applicator. (b) A 3D view from the same combined US image, showing the
applicator outline only and with the 3D TAUS region and 3D TRUS position
indicated.

Chapter 6.

6.4

192

Discussion

This study is the first, to the authors’ knowledge, to investigate the fusion of 3D TRUS
and 3D TAUS images, leveraging the benefits of each perspective to provide greater
context in the images, broadening the field-of-view and recovering image information in
regions obscured by shadowing artefacts in single-geometry images. We investigated the
application of this approach to intracavitary gynaecological brachytherapy and this work
serves as a proof-of-concept under idealized conditions in a female pelvic phantom with
two types of clinical applicators. Although TAUS-only and fusion of 3D US and CT or
MR images have been investigated for intraoperative visualization of OARs and applicators
during gynaecological brachytherapy, these approaches were limited by the field-of-view in
the US images and the consequent inability to visualize the applicator comprehensively, as
well as the presence of large artefacts. The present study demonstrates that these limitations
could be overcome with a combined 3D US approach, which has the potential to reduce
the need for other 3D imaging modalities and provide a low-cost method for intraoperative
evaluation of the applicator and OARs at the time of applicator insertion.
In this study, we were able to register the 3D TRUS and 3D TAUS images based solely
on the partial visualization of the applicators in each perspective and prior knowledge of the
applicator geometry, which would be a feasible clinical approach given the availability of
TPS applicator libraries. The fused images were demonstrated to have good agreement with
MR or CT images with low TREs observed. In addition, the images acquired with added
agar layers did not demonstrate any statistically significant degradation in registration
accuracy, indicating that this approach may be useful for patients with a range of body
habitus with large TAUS image depths required. Although the use of two different imaging
modalities for validating the registration is a limitation of this study, the TRE was similar
for both applicator types investigated. The TREs were slightly higher than the FLEs, which
were comparable to the voxel sizes for all of the imaging modalities, indicating that a
portion of this error was a result of the registration process rather than user variability.
Despite the introduction of uncertainties from the registration process, the errors were
small and likely in a clinically acceptable range. Uncertainty analysis by Schindel et al.,42
investigating a tandem-and-ovoids applicator, concluded that reconstruction uncertainties
of ± 3 mm or less were necessary to avoid changes greater than 10% in any dosimetric
parameter. The mean registration error of about 1.6 mm for both applicator types is well
within this uncertainty range, although a more thorough analysis of the impacts may be
necessary in this context, in addition to a specific investigation of acceptable uncertainties
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with tandem-and-ring applicators. A limitation of this work is the need for manual
registration of the 3D images, which can be an intensive process and may be susceptible
to user variability. An automated method to executing this registration process would
streamline this approach, making it more clinically feasible, and will be an area of future
research.
The approach proposed in this study overcomes the limitations in US images identified
by St-Amant et al.26 and Nesvacil et al.34 In particular, this method avoids the poor
visualization of OARs resulting from artefacts and the inability to visualize the tandem tip
in the TRUS images. In addition, the use of sagittal TRUS imaging with a rotational sweep
to acquire 3D images results in less motion and distortion than pull-back 3D acquisition
techniques, that stack axially acquired images, as has been used in some previous studies.15
This approach did, however, use two 3D TRUS images to increase the amount of the
applicator that was visualized, requiring a probe shift that may deform the surrounding
anatomy. This study used a motorized stepper to ensure that the motion was unidirectional,
minimizing shifts in the anterior/posterior and left/right directions, which could be achieved
clinically with a manual stepper mechanism. In this idealized phantom, the applicators
were very clearly visualized in the 3D TRUS images; however, it is likely that in patient
images the applicator visualization will be poorer as a result of air introduced into the
vagina with applicator placement, particularly with the tandem-and-ring applicator. This
will require further investigation in the future and alternative methods to improve acoustic
coupling may be necessary.
Although clinical applicators were used with the phantom to reflect the clinical
procedure, a limitation of this study is the small number of applicator configurations, which
may not be representative of the wide variety of clinical applicators available and will
have to be assessed independently with this applicator-based US fusion approach in the
future. Despite this, the two applicator configurations selected represented an assortment
of characteristics. The 3D interstitial ring applicator used for the tandem-and-ring
experiments was made up of PEEK plastic and titanium components, where the source
channels are plastic-coated. The tandem-and-ovoids applicator used titanium source
channels, representing primarily metal applicators, with acetal plastic ovoids and cervical
stop. The two types of applicators demonstrated several trade-offs. One advantage of using
a tandem-and-ring applicator is the relative simplicity of the applicator geometry providing
the basis of the registration, as the components maintain a fixed relationship, whereas
tandem-and-ovoids applicators provide a greater degree of flexibility, which introduces
increased localization complexity. In addition, the ovoids were more poorly visualized in
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the TAUS images, as a result of their downward angle away from the probe. Conversely, the
ring introduces larger shadowing artefacts than the ovoids, particularly in the central region
of the image, which contains important information during treatment, whereas the spacing
between the ovoids provides a “window”, maintaining this central information. This
makes tandem-and-ovoids applicators especially advantageous for allowing visualization
of the area around the cervix, which may be a persistent challenge with US imaging
of tandem-and-ring applicators. Although interstitial needles were not included in this
phantom study, we did choose to include an applicator with hybrid capabilities. The needle
holes in the ring cap were visible in the 3D US images in this study and, combined with
previous evidence of accurate gynaecological interstitial needle localization in 3D TRUS
images,32 is a promising indication that it may also be possible to extend this work to hybrid
applications.
Recent efforts have led to advancements in US-based planning for cervical
brachytherapy with particular emphasis on creating an accessible image-based approach
for healthcare cost-constrained settings. This study contributes to this developing body of
knowledge and represents an early step toward a 3D US fusion technique that may allow
for a variety of applicators and OARs to be comprehensively visualized intraoperatively
in US images alone. Although conducted under idealized circumstances in a phantom,
evidence from this work suggests that the proposed US-fusion approach warrants further
investigation in a clinical patient study. Future work will also investigate automation
methods for the registration process, reducing the need for manual alignment of images
to streamline the clinical workflow.

6.5

Conclusions

In this study, we demonstrated the feasibility of registering 3D TRUS and 3D TAUS
images based on the geometry of intracavitary tandem-and-ring and tandem-and-ovoids
applicators for gynaecological brachytherapy. Phantom experiments provided promising
proof-of-concept evidence that it may be possible to visualize intracavitary gynaecological
brachytherapy applicators and OARs intraoperatively using 3D US imaging alone,
providing an accessible and low-cost method for 3D imaging for this application, with
the potential to extend this approach to other intracavitary configurations and hybrid
applicators.
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Conclusions, Limitations, and Future Directions

The incorporation of intraoperative imaging, especially using 3D techniques, into
gynaecological brachytherapy procedures at the time of applicator placement allows
clinicians to assess and refine the positions of applicators, facilitating optimal dose
distributions and sparing of normal tissues. There is a critical need for accessible and
clinically translatable approaches to guide and assess these implant positions and this thesis
focused on addressing this unmet need with the implementation of 3D US imaging systems
and tools. This final chapter provides a summary of the conclusions and contributions of
the work contained in Chapters 2–6 of this thesis and identifies limitations of these studies,
as well as proposes some future directions to be pursued.

7.1

Summary and Contributions

The overarching objective of the research described in this thesis was to develop and
evaluate systems and methods for incorporating ultrasound (US) guidance and implant
location verification intraoperatively for high-dose-rate (HDR) brachytherapy treatment
of gynaecological cancers. The work presented in this thesis focused on developing
US-based image-guidance tools for interstitial gynaecological brachytherapy, where the
intraoperative assessment of needle positions can reduce uncertainties and improve implant
quality. The last study (Chapter 6) extends the application of three-dimensional (3D)
US imaging to investigate image fusion for intracavitary brachytherapy procedures. To
support the central objective, we sought to address five different research questions: 1)
Can mechanically-acquired 3D side-fire transrectal ultrasound (TRUS) images be used
to verify needle positions for HDR interstitial gynaecological brachytherapy? (Chapter
2); 2) Can 360◦ 3D side-fire transvaginal ultrasound (TVUS) images be acquired
through a sonolucent plastic cylinder and be used to verify interstitial needle positions
for HDR brachytherapy of vaginal tumours? (Chapter 3); 3) Can a deep-learning
needle segmentation approach be employed to quickly localize general needle-like tools
201
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from two-dimensional (2D) US images from a variety of interventional procedures and
anatomical sites and can this method be applied to 2D TVUS images of interstitial
gynaecological brachytherapy needles? (Chapter 4); 4) Can semi-automatic needle
segmentation be used to algorithmically segment all interstitial needles in 3D TVUS
images acquired intraoperatively during interstitial gynaecological brachytherapy insertion
procedures within a clinically useful timeframe? (Chapter 5); and, 5) Is it possible to
fuse 3D TRUS and 3D transabdominal ultrasound (TAUS) images containing intracavitary
gynaecological brachytherapy applicators based on applicator geometry? (Chapter 6)
In Chapter 2, we described a system developed in our laboratory for mechanically
acquiring 3D side-fire TRUS images and evaluated the system using phantoms and a
proof-of-concept study with five patients. We validated the geometric accuracy of the
3D image reconstruction and observed geometric errors ≤ 0.3 mm in each of the three
coordinate image planes with a mean volumetric error of 0.10 cm3 . We designed a
multi-modality female pelvic phantom to assess the feasibility of using 3D TRUS images
for visualization of interstitial gynaecological brachytherapy needles. Comparing the
locations of 14 needles obtained from the 3D TRUS image of the phantom with those
from a registered magnetic resonance (MR) image, the mean needle tip difference was
1.54 ± 0.71 mm and the mean angular difference was 0.94 ± 0.89◦ . In the cohort of five
patients, 73 needles were placed, of which 88% were visible in the 3D TRUS images and
79% of the needle tips were identifiable, primarily owing to the presence of shadowing
artefacts. The needle locations in the 3D TRUS images were compared to the positions
in the clinical post-insertion x-ray computed tomography (CT) images and resulted in
a mean tip difference of 3.82 ± 1.86 mm and the mean angular difference was 3.04 ±
1.63◦ . This work demonstrated that intraoperative 3D TRUS images could feasibly be
used to verify interstitial needle positions for HDR gynaecological brachytherapy patients,
advancing knowledge in intraoperative imaging for gynaecological brachytherapy as 3D
TRUS imaging for this purpose has never before been described in the literature. Therefore,
this work forms the basis for future 3D TRUS studies for this application. The limitations
of this study are discussed further in Section 7.2; however, the main limitation of the work
was the presence of shadowing artefacts created in the 3D TRUS images by the vaginal
cylinder of the perineal needle template. This obscured needles that were placed on the
anterior side of the cylinder, making the 3D TRUS approach most applicable to cases with
mainly posterior needles and leading to the work in Chapter 3.
To overcome the shadowing artefacts observed in the 3D TRUS images in Chapter
2 for cases with anteriorly placed needles, we designed and implemented a 360◦ 3D
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TVUS system. This system is described in Chapter 3, including a brief overview of the
system and a novel counterbalanced stabilizer designed to minimize motion during image
acquisition. For this approach, we also proposed an innovative technique of acquiring
3D US images through a hollow cylinder made of sonolucent plastic to maintain the
applicator geometry during the mechanical image acquisition. The geometric accuracy of
the approach was assessed and no clinically relevant degradation in reconstruction accuracy
was observed with the inclusion of the sonolucent cylinder. The feasibility of the proposed
approach was initially evaluated using the pelvic phantom design described in Chapter 2.
The needle localization accuracy was assessed by comparing the positions of 12 needles
obtained from 3D TVUS and CT images. For these needles, the median [first quartile
(Q1), third quartile (Q3)] tip difference was 0.52 [0.36, 0.66] mm and the median [Q1,
Q3] angular difference was 1.60 [1.18, 2.11]◦ . In most of the six patients included in the
study, the 3D TVUS images provided clear visualization of many key features, including
the Foley balloon catheter in the bladder and urethra, vaginal wall, rectum, pubis, and
pubic symphysis. As the needle tips sometimes extended beyond the TVUS field-of-view
the endpoints of the 54 needles within the 3D US images were compared to corresponding
points in clinical post-insertion CT images. Considering only the endpoint with the largest
difference for each needle, the median [Q1, Q3] positional difference was 2.12 [1.65, 2.84]
mm with a median angular difference of 1.87 [1.50, 2.48]◦ . This work advanced knowledge
in 3D US imaging as it represented the first use of a 360◦ acquisition approach for
intraoperative gynaecological imaging and the original use of sonolucent plastic to mimic
the template geometry. Further, this work contributed a method for clearly visualizing
needle trajectories and many important anatomical features intraoperatively during HDR
interstitial gynaecological brachytherapy procedures.
Based on the clear visualization of needle paths in the 3D TVUS images, we modified
the 360◦ 3D TVUS system to allow the 2D endocavity US probe to be rotated under
computer control to a designated position relative to the perineal needle template for a live
2D view of the needle during insertion for HDR interstitial gynaecological brachytherapy,
providing an additional image-guidance tool. These 2D side-fire TVUS images can be used
for immediate needle corrections, including avoidance of needle deflection. In Chapter
4, we used a deep learning-based method to automatically segment general needle-like
interventional tools in 2D US images from multiple applications and anatomical sites,
including 2D TVUS images from interstitial gynaecological brachytherapy procedures.
The proposed approach used a modified U-Net architecture trained on 917 2D US images
and manual segmentations from prostate and gynaecological brachytherapy, liver ablation,
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and kidney ablation and biopsy, as well as phantom experiments, with most of the
images taken from liver and kidney procedures, and only 34 gynaecological brachytherapy
images were included in the training dataset. The algorithm performed segmentations
in approximately 50 ms and provided the two optional post-processing approaches to
refine the segmentations. When tested on the 18 unseen 2D TVUS images containing
single needles, the algorithm with random sample consensus (RANSAC) post-processing
localized the needles with a median [Q1, Q3] position error of 0.3 [0.2, 0.4] mm and median
[Q1, Q3] angular error of 0.4 [0.2, 0.7]◦ . The median Dice similarity coefficient (DSC),
describing the amount of overlap between the algorithmic and manual segmentations,
for the gynaecological brachytherapy images was 88.7% with RANSAC post-processing.
These findings suggest that accurate segmentation of needle-like tools can be achieved
quickly in 2D US images with only a small number of images from the application
included in the training data. These observations are important because they may indicate
a reduced need for application-specific methods and provide additional opportunities for
applying deep-learning methods to applications with only small existing datasets. This
work has the potential to improve image guidance for a variety of diagnostic and therapeutic
interventions, including interstitial gynaecological brachytherapy.
Although needles could be quickly identified in 2D TVUS images using the approach
from Chapter 4, 3D information about the distribution and parallelism of the interstitial
needles is still essential for gynaecological brachytherapy procedures. The 360◦ 3D
TVUS images acquired using the method in Chapter 3 allowed for visualization of all
of the needles inserted for the patients included in that study, providing more contextual
information and allowing the needle positions to be assessed relative to each other and
nearby organs-at-risk (OARs); however, localizing multiple needles quickly in these
images can be a time-consuming or difficult process for clinicians that are unfamiliar
with visualizing needles in this image type. Chapter 5 describes the evaluation of a
semi-automatic algorithm to simultaneously segment all interstitial needles in 3D TVUS
images. The algorithm was based on previous work by Hrinivich et al.1 using the
randomized 3D Hough transform to segment needles in 3D TRUS images from HDR
prostate brachytherapy but was adapted and refined to accommodate the unique challenges
posed by the gynaecological images. The modified algorithm successfully segmented all 50
needles from six patients with a mean segmentation time of < 30 s/patient. In this study, the
maximum positional difference between algorithmically and manually segmented needles
was < 2.1 mm and 96% of algorithmically segmented needles had angular differences
< 3◦ . The differences in dwell positions between the algorithmically and manually
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segmented needles were also calculated with a median distance between corresponding
dwell positions of 0.77 mm and 86% of needles having maximum differences < 3 mm.
This work contributes to the clinical translation of 3D US approaches for intraoperative
implant assessment during HDR gynaecological brachytherapy by providing a method for
accurately segmenting multiple interstitial needles simultaneously within a clinically useful
timeframe, even in the presence of artefacts and other procedural and anatomical features.
In Chapter 6, we investigated the extension of the 3D TRUS technique described
in Chapter 2 to the imaging of intracavitary brachytherapy applicators, combining this
approach with 3D transabdominal ultrasound (TAUS) imaging. In this chapter, we
proposed fusing the 3D TRUS and TAUS images based on the known applicator geometry
to create a single combined image with a more comprehensive visualization of the
applicator. To establish the feasibility of this approach, we designed a new female pelvic
phantom to accommodate 3D US imaging with both perspectives, and imaged two common
types of intracavitary applicators, including one with hybrid applicator features. Evaluation
of the positions of fiducials in the combined 3D US images relative to MR or CT images
(depending on the applicator type) resulted in a mean error of approximately 1.6 mm for
both applicator types, where for each applicator type, image sets were acquired with three
different thicknesses of tissue-mimicking material and TAUS image depths. Based on the
combined evidence from Chapters 2 and 6, this method may be extended in the future
for the assessment of hybrid applicator placements (Section 7.3.3). This proof-of-concept
study provides promising potential to be extended to clinical images and warrants further
investigation as the fusion of 3D TRUS and TAUS images remains a gap in the existing
literature. In addition, this work may catalyse many other studies investigating accessible
imaging methods for evaluating applicator placements and US-based treatment-planning,
which is especially important in regions with the highest gynaecological cancer burdens.

7.2
7.2.1

Limitations
General Limitations

Several limitations exist in the studies presented in this thesis. One of the most substantial
limitations of the work was the methods for obtaining the ground-truth data used for
assessing the accuracy of the proposed approaches. For the phantom experiments presented
in Chapters 2, 3, and 6, a second imaging modality (either CT or MR imaging) was
used to validate the accuracy of the needle localizations or registrations; however, these
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images were acquired in different coordinate systems, requiring a rigid registration step for
comparison to the 3D US images being investigated. Therefore, a component of registration
error is introduced to all the reported accuracy results. Although the needles and phantom
fiducials have different appearances in the various modalities, the mostly rigid structure
of the phantom suggests that the introduced registration errors are likely small, and this
approach is sufficient for comparison. These registration errors also apply to the patient
studies in Chapters 2 and 3; however, unlike in the phantoms, substantial differences
existed in the patient anatomy between the time of 3D US acquisition and the clinical
post-insertion CT scans used for comparison. The differences as a result of changes in
patient posture (including pelvic tilt), patient relocations, edema, and differences in the
bladder and rectal filling have been documented for prostate brachytherapy2–8 and studies
of interfraction motion in interstitial gynaecological brachytherapy.9,10 Consequently, there
were shifts in the needle positions between the two image types, which were particularly
evident in the 3D TVUS images, and, therefore, only the differences in needle positions
between the two modalities can be reported, rather than a true assessment of error. Further,
in all of the studies, including those in Chapters 4 and 5, comparisons were made against
manually localized positions. Although this is the gold-standard technique for establishing
ground truths, this introduces a component of observer variability and potential error
that was only explicitly explored in the study in Chapter 4. To avoid the complexity of
introducing additional systems to the intraoperative environment and minimize disruptions
to the clinical workflow, external methods of validation, such as electromagnetic tracking,
were not used, but these approaches may offer methods for improving the evaluation of
accuracy in future studies.
A further limitation of all the work was the number of gynaecological brachytherapy
patient images available for evaluation. Owing to the proof-of-concept nature of the
studies included in this thesis, only a limited number of patient images (≤ 6 patients per
study) were used, restricting the potency of the conclusions that could be drawn, and,
at the time of this thesis, no patient data was available for inclusion in the feasibility
study presented in Chapter 6. Although the gynaecological brachytherapy images were
augmented with images from other applications to create a larger training dataset for the
algorithm presented in Chapter 4, only 18 gynaecological brachytherapy images from two
patients were available for evaluation in the testing dataset for that study. Another limitation
stemming from the small patient cohorts was the lack of diversity in the interstitial needle
properties and template used, as 1.65-mm diameter stainless steel needles were used
with a single MUPIT-style transperineal template for all patients treated with interstitial
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brachytherapy (Chapters 2–5), reflecting the clinical practice at our institution (London
Health Sciences Centre, Victoria Hospital). Therefore, all studies included in this thesis
require further investigation in broader patient cohorts before systemic clinical translation.

7.2.2

Study-Specific Limitations

In addition to the limitations spanning all the studies in this thesis, discussed in Section
7.2.1, the work included some study-specific limitations that are summarized in the
following sections.

Chapter 2: 3D TRUS imaging for interstitial brachytherapy
The main limitation affecting the work described in Chapter 2 was the presence of
shadowing artefacts in the images, obscuring interstitial needles placed on the anterior
side of the template. These shadowing artefacts were a result of the 2.5-cm plastic cylinder
that is placed vaginally through the centre of the transperineal needle template to provide
stability and separate the vaginal walls. This limitation may be mitigated in the future
by investigating an alternate material for the vaginal cylinder, as discussed in more detail
in Section 7.3.1, establishing a process of inserting anterior needles first and acquiring
an intermediate scan prior to insertion of the cylinder and remaining needles, or using
the 3D TVUS approach presented in Chapter 3, depending on the patient characteristics.
In addition, the needles evaluated in this study did not extend far beyond the end of the
vaginal cylinder and further investigation is required to determine whether this approach
would be suitable for cases with large needle insertion depths. Three of the needles in
the present study did not have visible needle tips and it is unknown whether this was a
result of anatomical restrictions when positioning the TRUS field-of-view or a lack of
operator experience when deciding on a satisfactory probe insertion depth. Three more
needles and additional three needle tips were not visualized in the images, likely as a
result of shadowing from other needles or artefacts from remaining matter in the rectum.
Introducing a bowel preparation procedure, as is commonly performed for TRUS imaging
during prostate brachytherapy, may improve the image quality by reducing these artefacts.
Finally, the placement of the endocavity US probe into the rectum for imaging may cause
needles close to the rectal wall to appear shifted in the images, relative to their positions
in the post-insertion CT image without the probe in place, contributing to some of the
differences observed. The introduction of a procedure to cleanse the rectum prior to US
imaging may also help reduce this effect by allowing for improved coupling with less
pressure on the rectal wall.
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Chapter 3: 360◦ 3D TVUS imaging for interstitial brachytherapy
Although the needle trajectories were clearly visualized, the most critical limitation of the
work described in Chapter 3 was the inability to visualize the tips of all needles included
in the patient study. This lack of tip information makes it difficult to draw any meaningful
conclusions about the dosimetric impacts of the differences observed in the needle positions
between the 3D TVUS and post-insertion CT images. This limitation was partially a result
of the location of the sagittal imaging element of the transducer, as it began about 1.5 cm
from the probe tip for the BK 8658/8848 probes (BK Medical, Boston, MA, USA) used in
this study. Because the probe insertion depth is restricted by the sonolucent vaginal cylinder
and the length of the patient’s vagina, this limits the field-of-view that can be visualized and
may be mitigated with a different US probe with the imaging plane closer to the tip. Even
with the imaging plane closer to the probe tip, the approach described in Chapter 3 has
limited applicability to disease sites superior to the mid-vagina, as needle tips beyond the
end of the vaginal cylinder cannot be imaged with this technique; however, combination
with 3D end-fire TVUS imaging may provide a solution applicable to a broader range
of disease locations and is discussed in more detail in Section 7.3.3. Furthermore, the
clinical translation of this approach may be limited by the availability of suitable probes
in the operating room, as the mechanical acquisition method requires the probe to be
rotated centrally among the needles, potentially creating interference between the probe
and needles if the probes used have bulky handles.

Chapter 4: Deep-learning segmentation of needle-like tools in 2D US
images
One limitation of the results reported in Chapter 4 for the gynaecological brachytherapy
images is that the values reported as needle tip errors may not be a true reflection of
the segmentation accuracy. As discussed in the previous section, the needle tips were
not always visible within the image field-of-view, therefore, this value represents the
accuracy in identifying the exit endpoint of the needle from the image instead. This
effectively eliminates the error in the insertion direction, which is typically the most
difficult to distinguish. Notwithstanding this, we anticipate that the performance may be
similar to that in the prostate brachytherapy images in this context, as the needles had
similar characteristics and orientations relative to the US probe. This is supported by the
segmentations in the prostate images, which demonstrated high accuracy compared with
manual segmentations and were robust to artefacts such as reverberation and shadowing.
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An additional limitation exists when using the optional post-processing techniques, as both
methods that were implemented assumed that only a single, straight needle was present
in each 2D image. This assumption is likely valid for most side-fire TVUS images from
interstitial gynaecological brachytherapy procedures, as there was no noticeable bending
within the US field-of-view for any of the included needles (although the assumption of
linearity can be readily modified using a different fit type with the RANSAC algorithm),
and the intended purpose of this algorithm was for real-time visualization as needles
are inserted, making it unlikely that more than one needle would be coplanar with the
2D US imaging plane. Even in the case where another needle was partially visualized,
the post-processing method would select the most prominently visualized tool, making it
unlikely that it would segment the incorrect needle.

Chapter 5: Simultaneous segmentation of multiple needles in 3D TVUS
images
Many of the limitations described in the previous section for segmentation of needles in the
2D TVUS images also apply to the 3D TVUS segmentation approach presented in Chapter
5, including the localization of endpoints rather than tips and the assumption of linearity;
however, this approach eliminates the assumption of a single tool in the images, segmenting
all of the needles in the 3D US images simultaneously. One additional limitation of
the algorithm proposed in Chapter 5 is the susceptibility of the algorithm to hyperechoic
features. Although this did not have a demonstrable impact on the segmentations for the
images included in this study, it may produce errors in some future images. The approach
is also limited by the need for manual user input, providing a point on the needle axis as
input to the algorithm, making the algorithm a semi-automatic method rather than fully
automated. Despite this need, the impact on clinical workflow is not substantial as this
point is used to associate candidate trajectories with true needles rather than as information
for initializing the segmentation and therefore, precise identification of the points is not
necessary and can often be completed on a single axial slice from the 3D TVUS image. The
analysis of dwell positions included a few additional limitations, as multiple assumptions
were required. Firstly, the TVUS image position relative to the template relied on the
assumption that the US probe was fully inserted into the sonolucent cylinder and when the
custom cylinder was replaced with the clinical cylinder for treatment, the clinical cylinder
was inserted to the same vaginal depth. The needle insertion depths used in the analysis
were derived from the patients’ post-insertion CT images, introducing the differences
described in Section 7.2.1 and leading to the decision to disregard the actual dwell positions
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and dosimetry used when treating the patients. Despite this, these assumptions applied to
both the manual and algorithm segmentations, and, therefore, the analysis still provides a
meaningful indication of the implications of the errors observed.

Chapter 6: 3D US image fusion using intracavitary applicator geometry
The main limitation of the study presented in Chapter 6 is the idealized nature of the work,
as it was performed entirely in phantoms without the inclusion of a patient study; however,
the purpose of this study was to assess the feasibility of fusing the two 3D US perspectives
based on the applicator geometry and achieves that aim, serving as of a proof-of-concept
for future patient studies. In particular, the placement of the ring applicator often introduces
air into the vagina in patients, which may degrade the image quality relative to the
images obtained in the phantom and may require procedural changes to overcome. In
addition, although the most common intracavitary applicator types were included in this
study, only two applicator configurations were assessed, whereas there may be a wide
variety of applicators with flexible configurations used clinically. The registrations with
these applicators were also validated using two different imaging modalities as a result
of the applicator properties, which may have influenced the results; however, similar
performance was observed in both image sets and it is unlikely that the validation
modality had a substantial impact. Another important limitation of this work is the need
for manual image registration, which can be a time-consuming and intensive process,
subject to user variability, and warrants investigation into an automated approach to be
clinically useful in the intraoperative environment for applicator assessment. Although
the applicator geometry is rigid, the use of rigid registration may create challenges for
clinical implementation where US probe pressure may introduce anatomical changes or
applicator shifts; however, more sophisticated deformable registration techniques require
investigation to overcome this limitation.11

7.3
7.3.1

Future Directions
Treatment with Sonolucent Applicator Components

Chapter 3 introduced a novel method of US imaging through a sonolucent plastic
cylinder made with outer dimensions matching the clinical template vaginal cylinder to
maintain the implant geometry during image acquisition. Although the biocompatibility
of the material had been verified, this workflow required the sonolucent cylinder to be
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removed and replaced with the clinical vaginal cylinder as the dosimetric impact of
the sonolucent TPX™ polymethylpentene plastic had not been characterized. Recent
collaborative work by Van Elburg et al.12 has revealed that with a solid cylinder of
TPX™ the dosimetric differences are comparable to current applicator materials despite
the assumption of homogenous water medium used by standard dose calculation protocols,
such as TG-43U1.13 This creates opportunities for patients to be treated with TPX™
components, such as the sonolucent vaginal cylinder, in place but requires further
investigation. The ability to acquire 3D TVUS images through a hollow cylinder at
later time-points may provide a more accessible method for evaluating interfraction shifts
to determine the need for replanning and may be extended to components for other
intracavitary applicators to reduce shadowing in US images.

7.3.2

Integration of Intraoperative Indicators of Implant Quality

Although the deep learning-based approach proposed in Chapter 4 provided near real-time
segmentation of needles, this was performed on static 2D US images. Future work should
involve integrating this algorithm with live video streams of 2D US images to provide
immediate feedback on the needle positions during insertion. This could also be combined
with registration of the 3D TVUS system’s coordinate space with the perineal template,
which enables the probe to be rotated to a needle hole of interest for 2D US visualization
as the needle is inserted and allows a projected needle trajectory to be overlaid on a
pre-insertion 3D TVUS image. The incorporation of real-time needle segmentation on
these views could allow for indicators of needle deflection to be implemented, allowing for
immediate refinement and providing an enhanced image-guidance tool.
The multi-needle segmentation approach proposed in Chapter 5 provides the
opportunity for needle positions to be assessed relative to OARs, as well as each other. The
distribution and parallelism of the interstitial needles are critical for optimal treatment and
indicators of these properties could be integrated into the system along with dose metrics
to provide an intraoperative estimation of target coverage using the information from the
automated segmentation. This would allow needles to be repositioned in the intraoperative
environment at the time of needle placement and could inform decisions about whether
more needles are necessary, potentially allowing for tailored treatments with fewer needles
placed.
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Registration/Fusion of Pre-Applicator and Intraoperative 3D
US Images

There are many opportunities for the registration or fusion of both pre-applicator and
intraoperative images and between different types of intraoperative 3D US images for
gynaecological brachytherapy applications. One area of potential future investigation is the
registration of intraoperative 3D US images from interstitial brachytherapy needle insertion
procedures to preoperative MR images, available at many centres. This would allow for
the target volume to be overlaid on intraoperative images, providing more comprehensive
information to guide the placement of the interstitial needles. There are many potential
changes in the patient anatomy between the time of MR and 3D US imaging sessions.
Patients may be preoperatively imaged at a different centre from their treatment centre,
especially if they live in a remote area, and often a vaginal cylinder is not inserted for
this preoperative imaging, creating one of the most substantial differences. As a result,
deformable registration techniques must be developed for this application, increasing the
complexity of the problem. As mentioned in Section 7.2.2, the 3D TVUS approach is
currently limited for disease locations superior to the mid-vagina with needle tips often
located beyond the image field-of-view. The proposed 360◦ side-fire images could be
complemented with the acquisition of 3D end-fire TVUS images, allowing the clear needle
trajectories to be visualized with the side-fire view and combined with tip information from
the end-fire images. Preliminary experiments in a phantom have shown this approach to
be a promising possibility.14 Ideally, this could be performed with a biplanar endocavity
US probe with elements for both of these imaging planes, eliminating the need to change
probes between image acquisitions; however, regardless of the probes used, the fixed
geometry of the sonolucent cylinder would allow these image types to be fused without
the need for image-based approaches.
Chapter 6 established the feasibility of fusing 3D TRUS and 3D TAUS images using
a phantom, warranting investigation in a proof-of-concept patient cohort. If successful,
this work could potentially be a catalyst for many other studies related to this 3D US
image fusion approach. Although the study in Chapter 6 included a hybrid applicator,
no interstitial needles were inserted or evaluated in that study, instead representing a
pre-needle insertion image. Based on the work in both Chapters 2 and 6, a future study
extending the applicator-based fusion of 3D TAUS and TRUS images for evaluating the
placement of intracavitary components and interstitial needles during hybrid brachytherapy
treatments would be a feasible and worthwhile endeavour. Further, previous work has
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established that tumours can be identified on pre-applicator 3D TRUS images;15 however,
this information may be obscured when the applicator is placed, particularly in the case
of tandem-and-ring applicators. Future work should evaluate the contouring accuracy and
variability of the target volumes and OARs on 3D TRUS or fused 3D TAUS-TRUS images
following the insertion of the applicator. This may require investigation of registration to
a pre-applicator 3D TRUS image if the tumour is obscured in the intraoperative images
containing the applicator. Successful visualization and localization of the applicator,
tumour, and OARs may allow for the first treatment fraction to be delivered at the time
of applicator insertion, while the patient remains under general anaesthesia, and could be
transformative for US-based planning techniques in gynaecological brachytherapy.
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14. JR Rodgers, J Bax, E Raščevska, V Velker, K Surry, D D’Souza, E Leung, and A
Fenster. “3D ultrasound system for needle guidance during high-dose-rate interstitial
gynecologic brachytherapy implant placement procedures”. In: SPIE Med. Imaging
2019 Image-Guided Proced. Robot. Interv. Model. B Fei and CA Linte, eds.: SPIE;
2019:109510T. doi: 10.1117/12.2512527.

Chapter 7.

215

15. LC Mendez, A Ravi, K Martell, H Raziee, Y Alayed, M Wronski, M Paudel, E
Barnes, A Taggar, CS Wong, and E Leung. “Comparison of CTV¡sub¿HR¡/sub¿
and organs at risk contours between TRUS and MR images in IB cervical cancers: a
proof of concept study”. Radiat. Oncol. 2020; 15 (1):73. doi: 10.1186/s13014-02001516-4.

APPENDIX A
Copyright Releases

216

Appendix A. Copyright Releases

A.1

Permission to reproduce previously published
material in Chapter 2

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Oct 21, 2020

This Agreement between Jessica Rodgers ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.
License
Number

4933811208161

License date

Oct 21, 2020

Licensed
Content
Publisher

John Wiley and Sons

Licensed
Content
Publication

Medical Physics

Licensed
Content Title

Toward a 3D transrectal ultrasound system for verification of needle
placement during high‐dose‐rate interstitial gynecologic brachytherapy

Licensed
Aaron Fenster, David D'Souza, Eric Leung, et al
Content Author
Licensed
Content Date

Apr 20, 2017

Licensed
Content
Volume

44

Licensed
Content Issue

5

217

Appendix A. Copyright Releases

Licensed
13
Content Pages
Type of use

Dissertation/Thesis

Requestor type Author of this Wiley article
Format

Print and electronic

Portion

Full article

Will you be
translating?

No

Title

Development and validation of tools for improving intraoperative implant
assessment with ultrasound during gynaecological brachytherapy

Institution
name

Western University

Expected
presentation
date

Dec 2020

Requestor
Location

Jessica Rodgers
9 Jacksway Crescent
Apt. 319
London, ON N5X 3T7
Canada
Attn: Jessica Rodgers

Publisher Tax
ID

EU826007151

Total

0.00 CAD

Terms and Conditions

218

Appendix A. Copyright Releases

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).
Terms and Conditions
The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.
You are hereby granted a personal, non-exclusive, non-sub licensable (on a standalone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.
With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

219

Appendix A. Copyright Releases

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto
NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.
WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.
Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

220

Appendix A. Copyright Releases

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.
This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.
These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.
In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.
WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

221

Appendix A. Copyright Releases

The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and nonCreative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

222

Appendix A. Copyright Releases

A.2

Permission to reproduce previously published
material in Chapter 3

223

Appendix A. Copyright Releases

A.3

Permission to reproduce previously published
material in Chapter 4

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Oct 21, 2020

This Agreement between Jessica Rodgers ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.
License
Number

4933820045887

License date

Oct 21, 2020

Licensed
Content
Publisher

John Wiley and Sons

Licensed
Content
Publication

Medical Physics

Licensed
Content Title

Deep learning segmentation of general interventional tools in two‐
dimensional ultrasound images

Licensed
Derek J. Gillies, Jessica R. Rodgers, Igor Gyacskov, et al
Content Author
Licensed
Content Date

Aug 30, 2020

Licensed
Content
Volume

0

Licensed
Content Issue

0

224

Appendix A. Copyright Releases

Licensed
15
Content Pages
Type of use

Dissertation/Thesis

Requestor type Author of this Wiley article
Format

Print and electronic

Portion

Full article

Will you be
translating?

No

Title

Development and validation of tools for improving intraoperative implant
assessment with ultrasound during gynaecological brachytherapy

Institution
name

Western University

Expected
presentation
date

Dec 2020

Requestor
Location

Jessica Rodgers
9 Jacksway Crescent
Apt. 319
London, ON N5X 3T7
Canada
Attn: Jessica R. Rodgers

Publisher Tax
ID

EU826007151

Total

0.00 CAD

Terms and Conditions

225

Appendix A. Copyright Releases

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).
Terms and Conditions
The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.
You are hereby granted a personal, non-exclusive, non-sub licensable (on a standalone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.
With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

226

Appendix A. Copyright Releases

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto
NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.
WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.
Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.
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The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.
This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.
These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.
In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.
WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
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The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and nonCreative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Date: 26 March 2019
To: Eric Leung
Project ID: 106088
Study Title: Feasibility Study for Ultrasound-Guided Interstitial Brachytherapy for Gynecological CancersV2. FEB 17, 2015
Application Type: Continuing Ethics Review (CER) Form
Review Type: Full Board
REB Meeting Date: 26/Mar/2019
Date Approval Issued: 26/Mar/2019
REB Approval Expiry Date: 09/Apr/2020
Lapse in Approval: April 10, 2018 to March 26, 2019
____________________________________________________________________________
Dear Eric Leung,
The Western University Research Ethics Board has reviewed the application. This study, including all currently approved documents, has been re-approved until the
expiry date noted above.
REB members involved in the research project do not participate in the review, discussion or decision.
Western University REB operates in compliance with, and is constituted in accordance with, the requirements of the TriCouncil Policy Statement: Ethical Conduct for
Research Involving Humans (TCPS 2); the International Conference on Harmonisation Good Clinical Practice Consolidated Guideline (ICH GCP); Part C, Division 5
of the Food and Drug Regulations; Part 4 of the Natural Health Products Regulations; Part 3 of the Medical Devices Regulations and the provisions of the Ontario
Personal Health Information Protection Act (PHIPA 2004) and its applicable regulations. The REB is registered with the U.S. Department of Health & Human Services
under the IRB registration number IRB 00000940.
Please do not hesitate to contact us if you have any questions.

Sincerely,
Daniel Wyzynski, Research Ethics Coordinator, on behalf of Dr. Joseph Gilbert, HSREB Chair
Note: This correspondence includes an electronic signature (validation and approval via an online system that is compliant with all regulations).
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Brachytherapy, 19(5), pp. 659–668 (2020).
3. Derek J. Gillies, Joseph Awad, Jessica R. Rodgers, Chandima Edirisinghe,
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Medical Physics, 46(6), pp. 2646–2658 (2019).
4. Jessica R. Rodgers, Kathleen Surry, Jeffrey Bax, Vikram Velker,
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B. Refereed Conference Proceedings Papers (6)
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brachytherapy. Proceedings of SPIE Medical Imaging 2020. 11315:
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2. Jessica R. Rodgers, Jeffrey Bax, Elı̄na Raščevska, Vikram Velker, Kathleen
Surry, David D’Souza, Eric Leung, Aaron Fenster. 3D ultrasound
system for needle guidance during high-dose-rate interstitial gynecologic
brachytherapy implant placement procedures. Proceedings of SPIE Medical
Imaging 2019. 10951: 109510T (2019).
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3. Jessica R. Rodgers, Jeffrey Bax, Vikram Velker, Kathleen Surry,
David D’Souza, Eric Leung, Aaron Fenster.
Intra-operative 360◦
3D transvaginal ultrasound guidance during high-dose-rate interstitial
gynecologic brachytherapy needle placement. Proceedings of SPIE Medical
Imaging 2018. 10576: 105761O (2018). (Received Best Paper
in Image-Guided Procedures, Robotic Interventions, and Modeling
Conference)
4. Justin Michael, Jessica R. Rodgers, Daniel Morton, Deidre Batchelar,
Michelle Hilts, Aaron Fenster. 3D Ultrasound Guidance System for
Permanent Breast Seed Implantation: Integrated System Performance &
Phantom Procedure. Proceedings of SPIE Medical Imaging 2018. 10576:
105760U (2018).
5. Jessica R. Rodgers, Kathleen Surry, David D’Souza, Eric Leung, Aaron
Fenster. 360-degree 3D transvaginal ultrasound system for high-dose-rate
interstitial gynaecological brachytherapy needle guidance. Proceedings of
SPIE Medical Imaging 2017. 10139: 101390T (2017).
6. Jessica R. Rodgers, David Tessier, David D’Souza, Eric Leung, George
Hajdok, Aaron Fenster. Development of 3D ultrasound needle guidance
for high-dose-rate interstitial brachytherapy of gynaecological cancers.
Proceedings of SPIE Medical Imaging 2016. 9790: 97900I (2016).

C. Book Chapters (1)
1. Aaron Fenster, Jessica R. Rodgers, Justin Michael, Derek Gillies.
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Principles and Applications, edited by A. Al-Mayah. CRC Press/Taylor
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Presentations
A. Oral Presentations (23)
I. International (11)
1. Jessica R. Rodgers, Jeffrey Bax, Lucas Mendez, Vikram Velker,
David D’Souza, Kathleen Surry, W. Thomas Hrinivich, Igor Gyacskov,
Aaron Fenster. Toward Intraoperative 3D Ultrasound Guidance and
Verification During Gynecologic Brachytherapy Procedures.
Joint
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Organization of Medical Physicists (COMP) Annual Scientific Meeting.
July 12–16, 2020. Vancouver, British Columbia, Canada (converted to
virtual meeting due to COVID-19).
2. Jessica R. Rodgers, Derek Gillies, W. Thomas Hrinivich, Igor Gyacskov,
Aaron Fenster. Automatic needle localization in intraoperative 3D
transvaginal ultrasound images for high-dose-rate interstitial gynecologic
brachytherapy. SPIE Medical Imaging 2020. February 15–20, 2020.
Houston, Texas, USA.
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3. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, W. Thomas Hrinivich,
Elı̄na Raščevska, Eric Leung, Vikram Velker, David D’Souza, Aaron
Fenster. Enabling 3D Ultrasound Needles Guidance During Implant
Placement Procedures for High-Dose-Rate Interstitial Gynecologic
Brachytherapy. American Association of Physicists in Medicine (AAPM)
61st Annual Meeting & Exhibition. July 14–18, 2019. San Antonio,
Texas, USA. (Received John R. Cameron Young Investigator Award (1st
Place))
4. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, W. Thomas Hrinivich,
Eric Leung, Vikram Velker, David D’Souza, Aaron Fenster. 3D Ultrasound
System for Needle Guidance During High-Dose-Rate Brachytherapy of
Gynecologic Cancers. Artimino 2019. June 23–26, 2019. Nijmegen, the
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5. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, W. Thomas Hrinivich,
Eric Leung, Vikram Velker, David D’Souza, Aaron Fenster. Towards
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6. Jessica R. Rodgers, Jeffrey Bax, Elı̄na Raščevska, Vikram Velker, Kathleen
Surry, David D’Souza, Eric Leung, Aaron Fenster. 3D ultrasound
system for needle guidance during high-dose-rate interstitial gynecologic
brachytherapy implant placement procedures. SPIE Medical Imaging 2019.
February 16–21, 2019. San Diego, California, USA.
7. Jessica R. Rodgers*, Kathleen Surry, Jeffrey Bax, Vikram Velker, Eric
Leung, David D’Souza, Aaron Fenster*. Towards image guidance during
high-dose-rate interstitial gynecologic brachytherapy implant procedures
using 3D ultrasound. 10th Image Guided Therapy Workshop. October 7,
2018. Boston, Massachusetts, USA. *Presenting Authors
8. Jessica R. Rodgers, Jeffrey Bax, Vikram Velker, Kathleen Surry,
David D’Souza, Eric Leung, Aaron Fenster.
Intra-operative 360◦
3D transvaginal ultrasound guidance during high-dose-rate interstitial
gynecologic brachytherapy needle placement. SPIE Medical Imaging 2018.
February 10–15, 2018. Houston, Texas, USA.
9. Justin Michael, Jessica R. Rodgers*, Daniel Morton, Deidre Batchelar,
Michelle Hilts, Aaron Fenster. 3D ultrasound guidance system for
permanent breast seed implantation: integrated system performance and
phantom procedure. SPIE Medical Imaging 2018. February 10–15, 2018.
Houston, Texas, USA. *Presenting Author
10. Jessica R. Rodgers, Kathleen Surry, David D’Souza, Eric Leung, Aaron
Fenster. 360-degree 3D transvaginal system for high-dose-rate interstitial
gynaecological brachytherapy needle guidance. SPIE Medical Imaging
2017. February 11–16, 2017. Orlando, Florida, USA.
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11. Jessica R. Rodgers, David Tessier, David D’Souza, Eric Leung, George
Hajdok, Aaron Fenster. Development of 3D ultrasound needle guidance for
high-dose-rate interstitial brachytherapy of gynaecological cancers. SPIE
Medical Imaging 2016. February 27–March 3, 2016. San Diego, California,
USA.
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1. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, W. Thomas Hrinivich,
Elı̄na Raščevska, Eric Leung, Vikram Velker, David D’Souza, Aaron
Fenster. Enabling intraoperative implant assessment during high-dose-rate
interstitial gynecologic brachytherapy using a 3D ultrasound guidance
system. Canadian Organization of Medical Physicists (COMP) Annual
Scientific Meeting. September 24–27, 2019. Kelowna, British Columbia,
Canada.
2. Jessica R. Rodgers, Jeffrey Bax, Vikram Velker, Kathleen Surry,
David D’Souza, Eric Leung, Aaron Fenster. Intraoperative verification
of needle placement using 360-degree 3D transvaginal ultrasound
during high-dose-rate interstitial gynecologic brachytherapy. Canadian
Association of Radiation Oncology/Canadian Organization of Medical
Physicists/Canadian Association of Medical Radiation Technologists
(CARO-COMP-CAMRT) Joint Scientific Meeting. September 12–15,
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Investigator Award (3rd Place))
3. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, David D’Souza, Eric
Leung, Aaron Fenster. Development of a 360◦ transvaginal ultrasound
needle guidance system for interstitial gynaecological brachytherapy.
Canadian Organization of Medical Physicists (COMP) Annual Scientific
Meeting. July 12–15, 2017. Ottawa, Ontario, Canada.
III. Provincial (3)
1. Jessica R. Rodgers, Derek J. Gillies, W. Thomas Hrinivich, Igor
Gyacskov, Kathleen Surry, Aaron Fenster. Localizing high-dose-rate
interstitial gynecologic brachytherapy needles intraoperatively using
automatic segmentation approaches. 18th Imaging Network of Ontario
(ImNO) Annual Meeting. March 26–27, 2020. Toronto, Ontario, Canada
(converted to virtual meeting due to COVID-19). (Received 2nd Place Oral
Presentation)
2. Jessica R. Rodgers, Jeffrey Bax, Vikram Velker, Kathleen Surry,
David D’Souza, Eric Leung, Aaron Fenster. 360◦ 3D transvaginal
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during high-dose-rate interstitial gynecologic brachytherapy. 16th Imaging
Network of Ontario (ImNO) Annual Meeting. March 28–29, 2018. Toronto,
Ontario, Canada.
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ultrasound. 15th Imaging Network of Ontario (ImNO)
March 15–16, 2017. London, Ontario, Canada.

253
David D’Souza,
needle guidance
3D transvaginal
Annual Meeting.

IV. Regional/Institutional (6)
1. Jessica R. Rodgers, Lucas C. Mendez, Douglas A. Hoover, Jeffrey
Bax, Vikram Velker, David D’Souza, Aaron Fenster. Intraoperative
visualization of intracavitary gynecologic brachytherapy applicators using
3D transrectal ultrasound. Robarts Research Retreat 2020. June 19, 2020.
London, Ontario, Canada (converted to virtual meeting due to COVID-19).
2. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, W. Thomas
Hrinivich, Eric Leung, Vikram Velker, David D’Souza, Aaron Fenster.
3D ultrasound imaging for needle localization during high-dose-rate
interstitial gynecologic brachytherapy implant placement procedures.
London Imaging Discovery Day (LIDD). June 12, 2019. London, Ontario,
Canada. (Received Honourable Mention Presentation)
3. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, W. Thomas Hrinivich,
Elı̄na Raščevska, Eric Leung, Vikram Velker, David D’Souza, Aaron
Fenster. Enabling intraoperative implant assessment during high-dose-rate
interstitial gynecologic brachytherapy using 3D ultrasound. London Health
Research Day (LHRD). April 30, 2019. London, Ontario, Canada.
4. Jessica R. Rodgers, Jeffrey Bax, Vikram Velker, Kathleen Surry, David
D’Souza, Eric Leung, Aaron Fenster. 360◦ 3D transvaginal ultrasound
system for needle verification during interstitial gynecologic brachytherapy
needle insertion procedures. London Imaging Discovery Day (LIDD). June
14, 2018. London, Ontario, Canada. (Received Best Oral Presentation
(Graduate Student))
5. Jessica R. Rodgers, Jeffrey Bax, Vikram Velker, Kathleen Surry, David
D’Souza, Eric Leung, Aaron Fenster. Intraoperative needle placement
verification during interstitial gynecologic brachytherapy needle insertion
using a 360◦ 3D transvaginal ultrasound system. London Health Research
Day (LHRD). May 10, 2018. London, Ontario, Canada. (Received Feature
Platform Presentation Prize (1st Place))
6. Jessica R. Rodgers, David Tessier, David D’Souza, Eric Leung, George
Hajdok, Kathleen Surry, Aaron Fenster. 3D transrectal ultrasound system
for needle guidance during high-dose-rate interstitial gynaecological
brachytherapy. 11th Annual London Imaging Discovery Day (LIDD). June
21, 2016. London, Ontario, Canada.
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B. Poster Presentations (18)
I. International (2)
1. Jessica R. Rodgers, Lucas C. Mendez, Douglas A. Hoover, Vikram
Velker, David D’Souza, Aaron Fenster. Toward image-guided gynecologic
brachytherapy using intraoperative 3D ultrasound imaging. SPIE Medical
Imaging 2021. February 14–18, 2021. San Diego, California, USA.
Accepted.
2. Jessica R. Rodgers, Derek J. Gillies, Jessica Kishimoto, Sam Papernick,
Nirmal Kakani, Aaron Fenster. Development of Mechanical 3D Ultrasound
Scanning Devices for Image-guided Interventions. Computer Assisted
Radiology and Surgery (CARS) 33rd International Congress and Exhibition.
June 18–21, 2019. Rennes, France. (Received ISCAS Kikuchi Best Poster
Award)
II. National (1)
1. Derek J. Gillies, Joseph Awad, Jessica R. Rodgers*, Chandima
Edirisinghe, Nirmal Kakani, Aaron Fenster. Segmentation of Applicators
in Three-dimensional Ultrasound for Minimally Invasive Liver Therapies.
Canadian Association of Radiation Oncology/Canadian Organization
of Medical Physicists/Canadian Association of Medical Radiation
Technologists (CARO-COMP-CAMRT) Joint Scientific Meeting.
September 12–15, 2018. Montreal, Quebec, Canada. *Presenting
Author
III. Provincial (5)
1. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, W. Thomas Hrinivich,
Eric Leung, Vikram Velker, David D’Souza, Aaron Fenster. Development of
a 3D ultrasound guidance system for high-dose-rate interstitial gynecologic
brachytherapy. 17th Imaging Network of Ontario (ImNO) Annual Meeting.
March 28–29, 2019. London, Ontario, Canada. (Received Honourable
Mention Poster Presentation)
2. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, W. Thomas
Hrinivich, Eric Leung, Vikram Velker, David D’Souza, Aaron Fenster.
Enabling image-guidance during high-dose-rate interstitial gynecologic
brachytherapy using 3D ultrasound. Ontario Institute for Cancer Research
(OICR) Translational Research Conference. March 21–22, 2019. King City,
Ontario, Canada.
3. Jessica R. Rodgers, Kathleen Surry, David D’Souza, Eric Leung, Aaron
Fenster. Development of a 360◦ 3D transvaginal ultrasound system for
interstitial gynecologic brachytherapy needle guidance. Ontario Institute
for Cancer Research (OICR) Scientific Meeting. March 23–24, 2017.
Toronto, Ontario, Canada.
4. Jessica R. Rodgers, Kathleen Surry, David D’Souza, Eric Leung, Aaron
Fenster. 360-degree 3D transvaginal ultrasound needle guidance system
for interstitial gynecologic brachytherapy. Innovations in Radiation
Engineered Therapy. November 14–15, 2016. Toronto, Ontario, Canada.
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5. Jessica R. Rodgers, David Tessier, David D’Souza, Eric Leung, George
Hajdok, Kathleen Surry, Aaron Fenster. 3D Transrectal Ultrasound
Needle Guidance System for High-Dose-Rate Interstitial Gynaecological
Brachytherapy. 14th Imaging Network of Ontario (ImNO) Annual Meeting.
March 30–31, 2016. Toronto, Ontario, Canada. (Received 1st Place Poster
Presentation)
IV. Regional/Institutional (10)
1. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, W. Thomas Hrinivich,
Elı̄na Raščevska, Eric Leung, Vikram Velker, David D’Souza, Aaron
Fenster. 3D ultrasound needle guidance system for implant assessment
during high-dose-rate interstitial gynecologic brachytherapy. Oncology
Research & Education Day 2019. June 14, 2019. London, Ontario, Canada.
2. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, W. Thomas Hrinivich,
Eric Leung, Vikram Velker, David D’Souza, Aaron Fenster. 3D Ultrasound
Imaging For Implant Assessment During High-Dose-Rate Interstitial
Gynecologic Brachytherapy. Robarts Research Retreat 2019. June 7, 2019.
London, Ontario, Canada.
3. Jessica R. Rodgers, Jeffrey Bax, Vikram Velker, Kathleen Surry, David
D’Souza, Eric Leung, Aaron Fenster. Intraoperative 360◦ 3D transvaginal
ultrasound imaging during interstitial gynaecological brachytherapy needle
insertion procedures. Oncology Research & Education Day 2018. June 8,
2018. London, Ontario, Canada.
4. Jessica R. Rodgers, Jeffrey Bax, Vikram Velker, Kathleen Surry, David
D’Souza, Eric Leung, Aaron Fenster. 360◦ 3D transvaginal ultrasound
imaging during high-dose-rate interstitial gynecologic brachytherapy
needle insertion procedures. Robarts Research Retreat 2018. June 1, 2018.
London, Ontario, Canada.
5. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, David D’Souza, Eric
Leung, Aaron Fenster. Towards intra-operative 360◦ 3D transvaginal
ultrasound needle guidance during interstitial gynecologic brachytherapy.
Robarts Research Retreat 2017. June 20, 2017. London, Ontario, Canada.
6. Jessica R. Rodgers, Jeffrey Bax, Kathleen Surry, David D’Souza,
Eric Leung, Aaron Fenster.
Development of an intra-operative
◦
360 3D transvaginal ultrasound system for interstitial gynaecological
brachytherapy needle guidance. Oncology Research & Education Day
2017. June 16, 2017. London, Ontario, Canada.
7. Jessica R. Rodgers, Kathleen Surry, David D’Souza, Eric Leung, Aaron
Fenster. Development of a 360-degree 3D transvaginal ultrasound system
for needle guidance during interstitial gynecologic brachytherapy. London
Health Research Day (LHRD). March 28, 2017. London, Ontario, Canada.
8. Jessica R. Rodgers, David Tessier, David D’Souza, Eric Leung, George
Hajdok, Kathleen Surry, Aaron Fenster. Three-dimensional transrectal
ultrasound needle guidance for high-dose-rate interstitial brachytherapy of
gynaecological cancers. Oncology Research & Education Day 2016. June
17, 2016. London, Ontario, Canada. (Received Poster Award)
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9. Jessica R. Rodgers, David Tessier, David D’Souza, Eric Leung,
George Hajdok, Kathleen Surry, Aaron Fenster. 3D ultrasound system
for needle guidance during high-dose-rate interstitial brachytherapy of
gynaecological cancers. Robarts Research Retreat 2016. June 13, 2016.
London, Ontario, Canada.
10. Jessica R. Rodgers, David Tessier, Aaron Fenster. Development of
a three-dimensional ultrasound guidance system for interstitial needle
placement during cervical brachytherapy. Oncology Research & Education
Day 2015. June 26, 2015. London, Ontario, Canada.

C. Co-authored Presentations (5)
1. Aaron Fenster*, Jessica R. Rodgers, Nathan Orlando, Derek J. Gillies,
Claire Park. Development of 3D Ultrasound Systems for Image-guided
Interventions. 4th International Caparica Conference on Ultrasonic-based
Applications: from analysis to synthesis 2020. July 20–23, 2020. Invited
Presentation. *Presenting Author
2. Devin Van Elburg*, Michael Roumeliotis, Aaron Fenster, Jessica R.
Rodgers, Tyler Meyer. Image Quality Through Ultrasound-Compatible
Cylinders
for
Transvaginal
Ultrasound-Guided
Gynecologic
High-Dose-Rate Brachytherapy. Joint American Association of Physicists
in Medicine (AAPM) and Canadian Organization of Medical Physicists
(COMP) Annual Scientific Meeting. July 12–16, 2020. Vancouver, British
Columbia, Canada (converted to virtual meeting due to COVID-19).
ePoster Presentation. *Presenting Author
3. Devin Van Elburg*, Hali Morrison, Jessica R. Rodgers, Aaron Fenster,
Michael Roumeliotis, Tyler Meyer. Monte Carlo dosimetry of a sonolucent
vaginal cylinder for three-dimensional transvaginal ultrasound guidance
in high-dose-rate interstitial gynecologic brachytherapy.
Canadian
Organization of Medical Physicists (COMP) Annual Scientific Meeting.
September 24–27, 2019. Kelowna, British Columbia, Canada. Oral
Presentation. *Presenting Author
4. Derek J. Gillies*, Joseph Awad, Jessica R. Rodgers, Chandima
Edirisinghe, Nirmal Kakani, Aaron Fenster.
Making It Easier to
See: Applicator Segmentation for Interventional Liver Therapies in
Three-dimensional Ultrasound. London Health Research Day (LHRD).
May 10, 2018. London, Ontario, Canada. Poster Presentation. *Presenting
Author
5. Derek J. Gillies*, Joseph Awad, Jessica R. Rodgers, Chandima
Edirisinghe, Nirmal Kakani, Aaron Fenster. Applicator Segmentation in
Three-dimensional Ultrasound for Interventional Liver Therapies. 16th
Imaging Network of Ontario (ImNO) Annual Meeting. March 28–29, 2018.
Toronto, Ontario, Canada. Poster Presentation. *Presenting Author
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Invited Talks
Adaptive Oncology Seminar Series (AO Mondays)
Ontario Institute for Cancer Research

February 10, 2020

• Title:
Enabling intraoperative assessment of
gynaecological brachytherapy implants using 3D
ultrasound
Keynote Speaker
Canadian Cancer Society (Elgin-Middlesex) Volunteer
Appreciation

November 2, 2019

• Title: Seeing the Bigger Picture: Advances in 3D
Ultrasound for Radiation Therapy
Radiotherapy Rounds
BC Cancer Agency — Kelowna (Sindi Ahluwalia Hawkins
Centre)

September 30, 2019

• Title:
2D and 3D Ultrasound Devices for
Image-guided Interventions
• Co-presenters: N. Orlando, D. Gillies, C. Park, A.
Fenster
Keynote Speaker
Cancer & Rural Connections 2019 (Exeter, ON)

April 27, 2019

Keynote Speaker
Faculty of Engineering International Women’s Day Event

March 8, 2019

Panel Speaker
Western Engineering Biomedical Club

November 27, 2018

Academic Service
Conference Organizer — Virtual Platform Coordinator
The Medical Image Computing and Computer Assisted
Intervention (MICCAI) Society 2020

2020

Reviewer
Scientific Reports

2020

Reviewer
The International Journal of Medical Robotics and
Computer Assisted Surgery

2020

Reviewer
The Medical Image Computing and Computer Assisted
Intervention (MICCAI) Society 2020

2020
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Session Chair
18th Imaging Network of Ontario (ImNO) Annual Meeting
Keynote Session — Dr. Jessica Burgner-Kahrs

2020

Poster Judge
18th Imaging Network of Ontario (ImNO) Annual Meeting

2020

Conference
Organizer
—
Virtual
Conference
Coordinator
18th Imaging Network of Ontario (ImNO) Annual Meeting

2020

Reviewer
Journal of Contemporary Brachytherapy
Poster Judge
London Health Research Day

2019, 2020
2019

Teaching Experience
A. Professional Development
Mentorship and Team Support Training
Western Centre for Teaching and Learning

September 2019

Western Certificate in University Teaching and
Learning
Western Centre for Teaching and Learning

September 2019

Pedagogy in Biophysics (BIOPHYS 9674))
The University of Western Ontario

January–May 2016

B. Teaching Assistantships (12)
Foundations of Engineering Practice (ES 1050)
The University of Western Ontario
Principles of Communication and Knowledge
Translation for Biomedical Engineers (BME 9550))
The University of Western Ontario
Medical Imaging (BME 9513)
The University of Western Ontario
Principles of Communication and Knowledge
Translation for Biomedical Engineers (BME 9550))
The University of Western Ontario
Medical Imaging (BME 9513)
The University of Western Ontario

September–
December 2019
January–
April 2019
September–
December 2018
January–
April 2018
September–
December 2017

Curriculum Vitae

Principles of Communication and Knowledge
Translation for Biomedical Engineers (BME 9550))
The University of Western Ontario
Materials Selection (MME 3379)
The University of Western Ontario
Introductory Engineering Design and Innovation
Studio (ES 1050)
The University of Western Ontario
Engineering Dynamics (MME 2213)
The University of Western Ontario
Production Management for Engineers (MME 4492)
The University of Western Ontario

259

January–
April 2017
September–
December 2016
September 2015–
April 2016
January–
April 2015
September–
December 2014

Introduction to Linear Algebra (APSC 174)
Queen’s University

January–
April 2014

Introduction to Linear Algebra (APSC 174)
Queen’s University

January–
April 2013

C. Other Teaching Activities
Invited Guest Judge
Principles of Communication and Knowledge
Translation for Biomedical Engineers
(BME 9550)
The University of Western Ontario

February/March 2020

Tutor
ROWE Scholar Program

2014–2019

Invited Workshop
Let’s Talk Cancer Event
Let’s Talk Science and Canadian Cancer Society
(CCS)

2016–2019

Graduate Exchange Student Supervision
Elı̄na Raščevska
Robarts Research Institute
Invited Guest Lecture
Conceptual MRI (BIOPHYS 9650)
The University of Western Ontario

January–July 2018

October 2016
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Research and Design Experience
Graduate Research Assistant
Biomedical Engineering (Imaging)
The University of Western Ontario
• Supervisor: Dr. Aaron Fenster

2014–Present

Undergraduate Research Assistant
Robarts Research Institute
The University of Western Ontario
• Supervisor: Dr. Aaron Fenster

June–August 2014

Undergraduate Design Project
Department of Mathematics and Statistics
Queen’s University
• Supervisor: Dr. Abdol-Reza Mansouri
• Group members: M. Abdool, M. Black, R. Carrington

September 2013–
April 2014

Committee Participation
Founding and Executive Committee Member
500 Women Scientists — London Pod

2019–2020

Operations Committee Student Representative
Biomedical Imaging Research Centre (BIRC)

2017–2020

Biomedical Engineering Graduate Student Council Member
The University of Western Ontario

2018–2019

Robarts Research Retreat Organizing Committee Member
Robarts Research Institute

2017–2019

Robarts Association of Trainees Committee Member
Robarts Research Institute

2017–2019

Program Advisory Committee Member
Cancer Research and Technology Transfer Strategic Training
Program (CaRTT)

2017–2018
2015–2016

Speaker Selection Committee Member
Cancer Research and Technology Transfer Strategic Training
Program (CaRTT)

2017–2018
2015–2016
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Community Involvement and Miscellaneous Activities
Research Information Outreach Team (RIOT) Member
Canadian Cancer Society (CCS)

2016–Present

International Conference on Medical Image Computing and
Computer Assisted Interventions (MICCAI) 2020 Attendee
International Virtual Conference

October 4–8,
2020

National Image-guided Therapy Workshop Attendee
International Virtual Workshop
Special Award Judge
Thames Valley Science & Engineering Fair
National Alliance for Medical Imaging Computing (NA-MIC)
28th /29th Project Week Attendee
Robarts Research Institute, The University of Western Ontario

April 16, 2020
April 2019
July 2017, 2018

Science Rendezvous Event Volunteer
Science Rendezvous

May 2018

World Congress on Medical Physics and Biomedical Engineering
(IUPESM) Attendee
International Conference, Toronto, ON, Canada

June 2015

Media Coverage
The tools behind the treatment: Building image-guided devices for
August 28, 2020
more accurate and effective cancer procedures
Ontario Institute for Cancer Research (OICR) News article
• Article accessible at: https://news.oicr.on.ca/2020/08/the-toolsbehind-the-treatment-building-image-guided-devices-for-moreaccurate-and-effective-cancer-procedures/
Young investigators focus on brachytherapy, dose modelling, and
deep learning
Physics World article
• Article accessible at: https://physicsworld.com/a/younginvestigators-focus-on-brachytherapy-dose-modelling-anddeep-learning/

August 1, 2019

New ultrasound technology could help target gynaecological
cancers
CTV News London article and TV interview
• Article accessible at:
https://london.ctvnews.ca/newultrasound-technology-could-help-target-gynaecologicalcancers-1.4372649

April 9, 2019

Curriculum Vitae
New technology out of Western University helps oncologists
treat gynaecological cancers
CBC News London article
• Article accessible at: https://www.cbc.ca/news/canada/london/
western-3d-ultrasound-gynaecological-cancer-1.5090963
Promise in Cancer Reseach — Young Researcher Series
Canadian Cancer Society (CCS) article in The Londoner and
TV interview

262
April 9, 2019

September 2017

Professional Affiliations
International Society for Optics and Photonics (SPIE) Student
Member

2016–Present

Professional Engineers Ontario (PEO) Engineering Intern (EIT)

2015–Present

Canadian Organization of Medical Physicists (COMP) Student
Member

2017–2019

