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Abstract 

 

ElectroMagnetic-guided Interstitial catheter Navigation for gynecological brachyTherapy: A 

Phase I Trial  

Alam Khan 

Master of Science 

Biomedical Physics 

Ryerson University 

2020 

 
Catheter insertion for gynecological interstitial brachytherapy is a challenging surgical 

procedure due to the lack of real-time guidance available to Radiation Oncologists. To mitigate 

the limitations associated with catheter placement, electromagnetic navigation (EMN) was 

proposed as a solution to the current interstitial brachytherapy workflow. The sequence of events 

leading up to the completion of this project were as follows, the validation of the system and then 

the application of the EMN system in a clinical trial. Using a phantom-based validation method,  

submillimetric accuracy and jitter was characterized for the operational performance of an EMN 

system in a brachytherapy operating room environment. 

Following validation, the EMN system was used for catheter placement in 5 patients, in 

an ongoing prospective clinical study. The mean catheter deflection documented was 3.52 +/- 

2.53 mm when adopting EMN as a form of real-time guidance compared to 5.48 +/- 3.63 mm 

when the standard clinical workflow (SCW) was employed. The mean catheter spacing when 

using EMN was 9.31 +/- 4.81 mm compared to 7.09 +/- 6.06 mm when the SCW was followed. 

Also, the mean intraoperative time was 50.00 +/- 18.80 minutes for EMN and 38.20 +/- 15.29 

minutes for the SCW.  

The results of this project demonstrate that electromagnetic navigated interstitial catheter 

placement is promising as a real-time guidance option for the interstitial gynecological 

brachytherapy workflow.  
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Chapter 1 Introduction 

 

1.1 Cervical cancer 

The use of electromagnetic navigation for catheter placement in interstitial gynecological 

brachytherapy is explored in this thesis. Cervical cancer is the most common gynecological cancer 

and is therefore the disease site of interest throughout this work. 

 

1.1.1 Cervical cancer incidence and mortality 

On a global scale, cervical cancer is the fourth most common cancer in women world-wide while in 

42 low-resource countries it was the most common cancer in women [55, 57]. According to the 

World Health Organization, 6.6% of all cancer among women in 2018 were attributed to cervical 

cancers. Nationally, the Canadian Cancer Society reports that in 2019, 1350 Canadian women will 

be diagnosed with cervical cancer and an approximated 410 will succumb to the disease. In 2012, an 

annual incidence of 527 624 new cervical cancer cases and 265 672 cervical cancer-related deaths 

were documented globally [56]. In 2018, 569 847 new cervical cancer cases and 311 365 deaths 

from cervical cancer were noted. The increase in incidence and mortality from 2012 to 2018 in 

cervical cancer occurred despite growth of screening and HPV vaccination in high-income countries 

[56]. 

 

The estimated age-standardized incidence of cervical cancer globally in 2018 was 13.1 per 100 000 

women [57]. China and India combined resulted in more than a third of the global cervical cancer 

burden; there were 106 000 new cases in China, 97 000 new cases in India, 48 000 deaths in China 

and 60 000 deaths in India [57]. Globally, the mean age at diagnosis of cervical cancer was 53 years 

old, with a range from 44 years to 68 years old [57]. Cervical cancer was in the leading three 

cancers affecting women younger than 45 years in 146 of 185 countries assessed in Figure 1. 

 

Cervical cancer ranked fourth world-wide for mortality in 2018, with approximately 90% of cervical 

cancer related deaths occurring in low and middle-income countries [55, 61]. In addition, cervical 

cancer is the leading cause of cancer death in 42 countries, many of which reside in Sub-Saharan 

Africa and South Eastern Asia [61]. The global mean age at death from cervical cancer was 59 years 
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old, with a range from 45 to 76 years old [57]. 

 

Figure 1.  Esimated age-standardized incidence rates globally in 2018 for cervical cancer patients 
aged 0-74 [7]. The legend title, ASR (World) per 100 000, is the abbreviation for the age-
standardzied incidence rates per 100 000 people world wide. 

 

1.1.2 Types of cervical cancer 
 

Two distinctive histologic types of invasive cervical carcinoma are squamous cell carcinomas and 

adenocarcinomas. Squamous cell carcinomas are cancerous growths found in the exterior layers of 

the epidermis, which are composed of squamous cells. Adenocarcinomas are cancerous growths that 

are found in glandular regions. Squamous cell carcinomas (SCC) make up for nearly 80% of all 

cervical cancers, and adenocarcinoma accounts for the remaining 20% [9].  

1.1.2.1 Squamous cell carcinoma 

 
Invasive cervical squamous cell carcinomas are clinically defined by infiltrating nests of neoplastic 

squamous epithelium in the stroma [60]. The appearance of the nests display microscopically as 

irregularly and angularly shaped [60]. For cervical cancers, SCC are lesions that arise from the area 

where squamous cells meet columnar cells in the cervix, this area is termed as the squamocolumnar 

junction. In addtition to being found in the squamocolumnar junction, SCC may be keratinizing or 
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non-keratinizing [58,59]. Keratinizing SCC are characterized by cells that are well defined and have 

large pleomorphic nuclei [60]. Non-keratinizing SCC are defined by the less distinct borders and 

cytoplasm content that is less in comparison to the keratinizing SCC [60]. SCC have also been 

associated with improved survival rates in comparison to adenocarcinomas, as indicated by a 833 

patient study the 3-year overall survival rates for SCC patients were 85.4% and 75.4% for 

adenocarcinomas patients [67].  

1.1.2.2 Adenocarcinoma 

 

As opposed to SCC, glandular lesions such as adenocarcinomas are sheltered deeper within the 

canal are less easily detected [9,14]. The adenocarcinoma histologic types are lesions that arise 

from the endocervix [1]. A defining feature of infiltration by an adenocarcinoma involves either 

single cells, fragmented glands or partial glands that are lined by malignant cells at a stromal 

boundary [9]. In addition to declined survival rates, adenocarcinomas, when detected, present a 

worse prognosis with higher rates of lymph node involvement, and distant metastases when 

compared to SCC [12]. 

1.1.3 Risk factors  

The majority of cervical carcinomas are linked to human papillomavirus (HPV) [9]. It has been 

demonstrated that roughly 70% of all cervical cancers are caused by two types of high-risk HPV, 

type 16 and type 18 [9]. Adenocarcinomas have been linked with HPV type 18 and squamous 

cell carcinomas have been linked to HPV 16 [15]. A lower incidence of HPV infection is 

correlated with adenocarcinomas than with squamous cell carcinomas [15]. Additional risk 

factors of cervical cancer include:  

1. Age of first sexual intercourse: Sexual activity beginning at a younger age or close in age to 

menarche increases the risk of developing cervical cancer. Sexual activity before 18 years of 

age contributes to a two-time increase in the risk when compared with sexual activity being 

initiated after 21 years of age [16]. 

2. Parity: Being younger than 18 years of age at full-term pregnancy, and multiple pregnancies 

have been identified as risk factors for HPV infection and/or cervical cancer [16].  

3. Smoking: Smoking potentially doubles the risk of cervical cancer occurrence when compared 

with non-smokers. Smoking contributes to a compromised immune system, with the immune 

system being weakened its ability to fight against HPV infections is affected. The inability to 
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combat HPV infection increases the likelihood of progression from HPV infection to cervical 

malignancy [16]. 

4. Co-infections: An elevated risk of HPV infection is associated with the acquisition of multiple 

sexually transmitted diseases [16].  

5. Extended use of oral contraception: Extended use of oral contraceptives for longer than five 

years increases the risk of cervical cancer. The risk increases 1.9 times for every five-year 

increment of oral contraceptive use [16]. 
 

 
 
 
 
 
 

1.1.4 Cervical cancer staging 

Physical examination for cervical cancer has in the past served as the primary tool for staging 

and assessment, partially due to lack of accessibility to additional diagnostic resources in many 

developing nations across the world [17]. In 2018, the staging was amended by the Federation of 

Gynecology and Obstetrics (FIGO) Gynecologic Oncology Committee to permit medical 

imaging (ultrasound, CT, MRI) and pathologic findings, where available, to designate the stage 

[17]. Cervical cancer staging is the most important prognostic factor, followed by nodal status, 

tumour volume, depth of cervical stromal invasion, and lymphovascular space invasion [17]. 

The revised staging is shown in Table 1.
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     Table 1. FIGO staging for cervical cancer [17].

Stage Description 

I The carcinoma is strictly confined to the cervix (extension to the uterine 
corpus should be disregarded) 

IA Invasive carcinoma that can be diagnosed only by microscopy, with 

maximum depth of invasion <5 mm 

IA1 Measured stromal invasion <3 mm in depth 

IA2 Measured stromal invasion ≥3 mm and <5 mm in depth  

IB Invasive carcinoma with measured deepest invasion ≥5 mm (greater than 
Stage IA), lesion limited to the cervix uteri 

IB1 Invasive carcinoma ≥5 mm depth of stromal invasion, and <2 cm in 

greatest dimension 

IB2 Invasive carcinoma ≥2 cm and <4 cm in greatest dimension 

IB3 Invasive carcinoma ≥4 cm in greatest dimension 

II The carcinoma invades beyond the uterus, but has not extended onto the 

lower third of the vagina or to the pelvic wall 

IIA Involvement limited to the upper two‐thirds of the vagina without 
parametrial involvement 

IIA1 Invasive carcinoma <4 cm in greatest dimension 

IIA2 Invasive carcinoma ≥4 cm in greatest dimension 

IIB With parametrial involvement but not up to the pelvic wall 

III The carcinoma involves the lower third of the vagina and/or extends to the 
pelvic wall and/or causes hydronephrosis or nonfunctioning kidney and/or 

involves pelvic and/or para‐aortic lymph nodes 

IIIA The carcinoma involves the lower third of the vagina, with no extension to 

the pelvic wall 

IIIB Extension to the pelvic wall and/or hydronephrosis or nonfunctioning 
kidney (unless known to be due to another cause) 

IIIC Involvement of pelvic and/or para‐aortic lymph nodes, irrespective of 
tumor size and extent (with r and p notations) 

IIIC1 Pelvic lymph node metastasis only 

IIIC2 Para‐aortic lymph node metastasis 

IV The carcinoma has extended beyond the true pelvis or has involved (biopsy 
proven) the mucosa of the bladder or rectum. (A bullous edema, as such, 

does not permit a case to be allotted to Stage IV) 

IVA Spread to adjacent pelvic organs 

IVB Spread to distant organs 
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1.1.5 Prognosis 
 
Following the completion of concurrent chemoradiotherapy, 5-year overall survival for women with 

locally advanced cervical cancers (stage IB2 to IVA) is approximately 70% [18]. Prognostic factors 

that influence overall survival for locally advanced cervical cancers (LACC) include age, race, 

stage, histological type, grade, lymph node involvement and location, tumour volume, performance 

status, and the treatment received [18]. 

1.2 Cervical cancer screening and diagnosis 

 
1.2.1 Cervical cancer screening 

 
Since the introduction of cytology-based screening, cervical cancer incidence and mortality rates 

have declined by >70% in developed nations, in Canada alone the incidence and mortality rates have 

declined by 69% and 74%, respectively [62, 65, 66]. The cytology-based test, the Papanicolaou test, 

involves the viewing of cervical cells fixed on slides. Using a microscope, the slides are examined to 

determine if the cells are normal or malignant based on their histopathologic features [62]. This test 

has become the golden standard for cytology-based screening methods and has demonstrated 

consistent specificity, approximately 98%, with estimates of sensitivity being lower and more 

variable, approximately 55−80%, for the detection of invasive cancer [62]. The variable sensitivity 

is accounted for by repeated screening throughout a woman’s lifetime [62]. In low-income 

countries, however, cytology-based screening programs have not been able to achieve the same 

success as in developed nations [62].  The difficulty in low-income countries is due to the 

requirements for maintaining cytology based screening programs, the requirements include 

electricity for microscopes, supplies, and trained cytopathologists to interpret the results of the test 

[62]. Also, another shortcoming of cytology-based screening in low-resource countries is that for it 

to be effective it relies on regular screening, which proves difficult for countries without a 

developed infrastructure for testing [62]. 

1.2.2 Cervical cancer diagnosis 

 
Upon the determination of abnormalities in cervical cells through cytology-based screening, the 

diagnosis of stage 1 cervical cancer predominantly relies on the pathologic findings from a biopsy 

following colposcopy [63]. Colposcopy is a procedure that uses an instrument that is placed close to 
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the cervical region allowing for the region to be visualized under a high light source [64]. During 

this procedure, it is necessary to observe the cervical epidermal changes under the action of acetic 

acid to diagnose the grade of the lesion [64]. 

 

The most recent FIGO system encourages the use of imaging to accompany clinical assessment that 

is based on pathologic findings [22]. Magnetic resonance imaging (MRI) is the golden standard 

imaging modality for preliminary staging and follow-up of cervical tumours [22]. MRI is an ideal 

method for assessing primary tumours over 10 mm in size, since it can accurately define tumour 

size, parametrial invasion, pelvic sidewall invasion, and lymph node metastasis, with up to 95% 

accuracy for stage IB or higher [22]. In younger patients who want fertility preservation, MRI is 

necessary for evaluating the possibility of conservative procedures [22]. 

1.3 Locally advanced cervical cancer treatment 

1.3.1 Standard Treatment  

 
The standard treatment for LACC is currently radio-chemotherapy consisting of external beam 

radiation therapy (EBRT), brachytherapy (BT) and concurrent chemotherapy with Cisplatin [24]. 

During the last decade, the utilization of MRI guided brachytherapy has expanded based on the 

Groupe Européen de Curiethérapie and the European Society for Radiotherapy & Oncology (GEC-

ESTRO) recommendations [24]. The MRI guidance component includes the acquisition of an MRI 

at the time of brachytherapy so that treatment volumes are adapted after having received EBRT [24].  

1.3.2 Chemotherapy 

 
Concurrent chemotherapy prevents the repair of sublethal damage from radiation, increases the 

radiosensitivity of cells, and is cytotoxic [72]. The accepted chemotherapy regimen is weekly 

Cisplatin (40 mg/m2) unless chemotherapy is prohibited due to patient age and co-morbidity [24]. 

Reduced chemotherapy dose per cycle is urged when the full dose cannot be administered [24]. 

1.3.3 External Beam Radiation Therapy 
 

External beam radiation therapy is administered to reduce the amount of disease by targeting 

the cervix, uterus, superior part of the vagina, parametric tissue, and iliac lymph nodes [71]. The 

prescribed dose for EBRT is 45 Gy in 25 fractions over the course of 5 weeks [24]. The surveillance, 
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epidemiology, and end results database was used in a retrospective study performed by Han et al.  to 

identify 7359 patients with LACC who completed EBRT with chemotherapy. This work 

demonstrated that patients who underwent intracavitary BT experienced improved 4-year cause-

specific survival and overall survival in comparison to patients who did not undergo BT [69].  The 

cause-specific survival and overall survival endpoints were measured from the date of diagnosis to 

the time of death as a result of cervical cancer and to the time of death irrespective of the cause of 

death, respectively [69]. A 4-year cause-specific survival of 64.3% versus 51.5% and an overall 

survival rate of 58.2% versus 46.2% was noted for the addition of BT versus without BT [69]. 

1.3.4 Brachytherapy 

 
Intracavitary brachytherapy is a form of treatment that uses an applicator to introduce radioactive 

sources into body cavities [77]. The placement of the radiation source nearby the primary tumour 

allows for the dose to be escalated in the treatment volume while minimizing the dose to critical 

organs at risk [68, 69].  If achievable, radiobiologically equivalent doses of 90–95 Gy in a 2 Gy per 

fraction scheme delivered through a combination of EBRT and BT are recommended to maximize 

local control [116]. A common fractionation scheme for brachytherapy utilized in the treatment of 

LACC is 7 Gy per fraction, for a total of 4 fractions delivered as 2 fractions per insertion within 48 

hours, with the two insertions separated by a week [70]. 

1.4  Image-guided adaptive brachytherapy 
 
Initially, BT imaging for cervical cancer was two-dimensional (2D) with orthogonal X-rays being 

the basis for treatment planning [83]. In the early 20th-century, treatment planning approaches were 

devised by classical brachytherapy schools of thought [91]. The most commonly used system was 

the Manchester point A system, which involved standard doses prescribed to a fixed point 

irrespective of tumour size, topography, response to EBRT, and doses to organs at risk (OAR) [91]. 

To address limitations in treatment planning and imaging, a 3D based approach was developed and 

termed image-guided adaptive brachytherapy (IGABT) [91]. IGABT is a high-precision radiation 

treatment that utilizes MRI and/or computed tomography (CT) [8]. The previous 2D based approach 

was limited in visualizing extensive disease; this is no longer a limitation with MRI and CT 

imaging. These imaging modalities enable treatment to be individualized with dose adaptation and 

dose escalation while minimizing dose to OAR [8, 73, 81]. The addition of MRI to brachytherapy 
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provides a visualization method with superior soft-tissue resolution within the pelvis. Because of 

this, identification of the cervical tumour extent and the delineation of normal organs is possible. 

MRI-based BT also makes it possible for complex treatment geometries and three-dimensional 

volumetric treatment planning with dynamic plan adaptation to account for tumour and OAR 

changes over time, specifically from the time of diagnosis to the time of BT [73,82]. IGABT with 

repetitive imaging is a critical component in the treatment of LACC; the use of IGABT is linked 

with improved overall survival for patients with this disease and is also associated with reduced 

toxicity [30, 73]. The introduction of IGABT in comparison to conventional brachytherapy methods 

improved 3-year overall survival for patients with stage IB-IVA cervical cancer, from 51% to 86%, 

and reduced severe adverse events from 21% to 7% [74].  

 

1.4.1 Combined intracavitary and interstitial brachytherapy 
 

Intracavitary brachytherapy applicators, as seen in Figure 2 (a) alone may not sufficiently cover 

tumour volumes larger than 30 cc [26, 105]. In addition to the size of tumours, tumours involving 

the parametrium or extension to the pelvic sidewall prove to be challenging to treat with only 

intracavitary applicators [79]. With these challenges and the advent of IGABT, the classical 

intracavitary applicators were modified to allow for the use of interstitial catheters to be implanted 

with the intracavitary component [75].  In a study of 610 LACC patients evaluating the impact of 

introducing interstitial catheters, it was demonstrated that an improvement of 9 Gy was received by 

the high-risk clinical target volume (CTVHR) [75]. Also, there was no significant difference in dose 

to organs at risk between the groups [75]. The 3-year local control rate in patients having a 

CTVHR volume greater than or equal to 30 cc was 92% in the combined intracavitary and interstitial 

group compared to 82% in the intracavitary group [75]. Improvement in local control of 2–3% is 

achieved per 1 Gy increase, hence there is a need for the interstitial component that permits for 

escalated dose delivery to be achieved with larger than 30 cc treatment volumes [30, 105]. 
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The perineal-based interstitial technique, a specialized form of the combined intracavitary interstitial 

technique, results in high rates of local control with acceptable toxicity, however widespread adoption 

has been limited [30,84]. The reluctance to adopt this specialized technique is due to its technically 

challenging nature and concerns of complications from interstitial catheters being inserted through the 

perineum using the Syed-Neblett template shown in Figure 3 [26, 30, 104]. Despite reluctance to 

adopt this technique, IGABT has renewed the interest in the perineal-based interstitial technique [30].  

 
Figure 3.  Syed-Neblett template used for perineal-based interstitial technique [104]. 

 
 To summarize, local control of 85% or greater can be achieved with low treatment related morbidity 

when taking advantage of IGABT that includes CT and MRI based treatment planning, dose 

escalation and a combined intracavitary and interstitial brachytherapy technique [75].  

 

a b 

Figure 2. (a) The tandem and ovoid applicator used for intracavitary technique. (b) The Vienna 
applicator used for combined intracavitary and interstitial technique [105]. 
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1.4.2 Perineal-based interstitial brachytherapy 

 
 Perineal-based interstitial brachytherapy (P-ISBT) has been available for over three decades and has 

been shown to be more effective than standard intracavitary technique in administering dose laterally 

to large advanced tumours [8]. A local control rate of roughly 80% was associated with the use of 

perineal interstitial brachytherapy among patients with advanced stage disease [30].  With IGABT, 

procedural complications from this technique are low and toxicity rates with P-ISBT are similar to the 

intracavitary alone approach and the standard combined intracavitary interstitial approach [30].   

  

Although IGABT is available, there is still apprehension in performing P-ISBT; in a Canadian survey, 

only half of the responding centers indicated that they were performing P-ISBT, whereas 96% of 

them were using IGABT [30, 33]. As such, LACC patients whose tumors would benefit from P-ISBT 

to improve local control are not receiving this valuable therapeutic option [86].  In addition to 

concerns about the invasive nature of this procedure, the apprehension is also related to the insertion 

procedure for catheters into the pelvis, which lacks adequate real-time guidance [28, 86]. Presently, 

radiation oncologists practicing this technique rely primarily on preoperative imaging to develop 

baseline treatment plans and then insert catheters clinically [28]. The lack of real-time image guidance 

brings about concerns that catheters may potentially intrude into unintended organ spaces thereby 

resulting in severe organ injury and complications , or inadequately coverage of the target volume 

[28].  

 

While the advantages of P-ISBT have been demonstrated despite patients presenting with several 

adverse clinical factors such as large tumor size or advanced stage [86],  nationwide implementation 

of this technique is lagging due to the complexity of the clinical workflow, lack of experienced 

brachytherapy teams and inadequate real-time image guidance [28, 86].  

1.4.3 The current workflow for the catheter implantation procedure for P-ISBT 

 
Conventionally, a pre-assessment MRI with a vaginal cylinder inserted is done 1–2 weeks before the 

treatment for preplanning of needle depths and locations [29]. On the day of the treatment, the patient 

is anesthetized for the implantation procedure. The procedure is initiated with the placement of the 

vaginal cylinder, once the cylinder is placed the template is positioned so that it abuts the perineum 

[29]. When the template is in position, plastic catheters containing metal obturators are implanted 
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through the template holes [29]. The number, position, and depth of the implanted catheters are based 

on the physical exam of the patient during the procedure and based on the pre-assessment MRI [29]. 

After the patient has recovered from anesthesia, imaging is performed using CT and MRI; this 

imaging is used for treatment planning [29].  

 

The catheter implantation procedure for P-ISBT is based on pre-operative imaging. Real-time 

guidance needs to incorporated into the implantation procedure for catheters as a supplement to the 

current workflow. By incorporating real-time guidance into the current workflow, there will be 

additional confirmation that the catheters are implanted ideally. 

 

Figure 4.  Routine P-ISBT workflow. 

1.4 Real-time guidance techniques for P-ISBT implant procedure  

1.5.1 Ultrasound 

 
 Transrectal ultrasound (TRUS) is the gold standard image guidance technology for real-time imaging 

of anatomy. TRUS guidance brings the ultrasound probe in closer proximity to the structures of 

interest [37]. Catheters can be visualized in real-time as they are being implanted in the target volume 

under direct visualization [37]. Even with the benefits that have been mentioned for TRUS, it is less 

frequently applied in P-ISBT for LACC primarily due to limitations imposed by anatomy and 

artefacts [37]. Limitations preventing visualization in this procedure include catheter shadowing 
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artifacts, organ deformation upon TRUS removal and the vaginal cylinder obstructing the field of 

view [34]. 

1.5.2 Magnetic resonance imaging for real-time guidance 

 
 Implantation of interstitial brachytherapy catheters under real-time MRI guidance for gynecologic 

brachytherapy treatment is an active field of study [35]. MRI-guided brachytherapy catheter insertion 

offers excellent visualization of the tumor and surrounding normal tissue [35]. Accurate placement of 

catheters potentially improves the homogeneity of dose delivered due to the optimal spacing of 

catheters, and with the optimal spacing of catheters, fewer catheters need to be placed [38]. Also with 

accurate catheter placement, there is the possibility of a decline in side effects due to OAR avoidance 

[38]. More specifically, by preventing the unintentional insertion of a catheter into the bladder or 

rectum, genitourinary or gastrointestinal toxicities may be decreased [38].  

 

 Brigham and Women's Hospital is the only institute to deploy this technique clinically. The 

interventional MRI suite at this site permits direct access to the patient during the MRI scanning 

procedure. A pilot study conducted at Brigham and Women’s Hospital demonstrated that real-time 

MRI guidance is feasible in women with gynecologic tumors and assists with the guidance of 

interstitial catheters [38]. In the same study, P-ISBT under MRI guidance resulted in centimeter-

spaced arrangements of catheters with homogenous dose distributions around a clearly depicted tumor 

volume [38]. The primary limitation of this technique is that there is a heavy resource burden in terms 

of infrastructure and costs. As such, it has only been implemented at one centre world-wide. In 

addition, due to the position of the patient within the MR bore it is a strain to place the catheters 

accurately, making for time-consuming and challenging implantation procedures. 

1.5.3 Electromagnetic navigation 
 

1.5.3.1 Application 

 
Electromagnetic navigation (EMN) localizes miniature sensors inside a magnetic field of known 

geometry, which is created by a field generator (FG) [94]. EMN is presently used for accurate, dose-

free, and spatial-temporal localization of sensors in numerous fields of medicine [47]. The primary 

advantage of EMN is that it can minimize or eliminate the need for real-time radiological imaging 

[92]. The brachytherapy specific exploration of EMN has involved preclinical studies that use 
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geometric phantoms to validate EMN systems by characterizing the precision and accuracy of the 

system in different environments [47]. In a study conducted at the Odette Cancer Centre, the robotic 

validation of an EMN system resulted in a mean accuracy of <0.5 mm in a non-distorting 

environment and <1.0 mm in a magnetic field distorting environment [52]. The submillimeter 

accuracy demonstrated by EMN systems in preclinical studies have indicated that there is potential 

for the application of EMN in a clinical setting for real-time guidance of catheters in the 

gynecological P-ISBT workflow [50, 52, 53].  

 

1.5.3.2 Summary of system operation 

 
The principle operation of an EMN system is based on the generation of magnetic fields and the 

simultaneous tracking of a sensor located within the magnetic fields. The magnetic fields are 

generated by supplying multiple emitting coils with signals of distinct frequencies [118]. When the 

sensing coil is placed within the magnetic fields a voltage is induced in the sensor [118].  The induced 

voltage is a composite signal that is a result of the detection of the magnetic fields generated by all of 

the emitting coils [118, 119]. The induced voltage includes components that represent each voltage 

induced in the sensor due to each emitting coil. The components of the induced voltage are separated 

from one and another by using a Fourier transform to yield a frequency domain representation [119].  

The separated components are then used in a non-linear system of equations to determine the position 

and orientation of the sensor with respect to the emitter coils [119]. Figure 5 depicts the EMN system 

framework utilized to generate the position and orientation of a sensor in a tracking volume. 
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Figure 5. EMN system framework . A signal generator drives each emitter coil with a signal that has a 

different amplitude and frequency. In the tracking volume located above field generator a voltage is 

induced in a tracked 5 DOF sensor. The components of the induced voltage are then separated from 

one another using a fourier transform. The separated components are then used in a least squares 

algorithm to deterimine the position and orientation of the tracked sensor within the tracked volume 

with respect to the emitter coils. 

 

1.5.3.2.1 Field generator 

 
The FG is the electromagnetic source that houses the emitter coils [117]. Each of the emitter coils in a 

FG is powered by a sinusoidal current at a unique frequency. The known geometry of the magnetic 

fields around the FG is defined as the tracking volume [117]. 

 

1.5.3.2.2 Electromagnetic sensing coil  

 
An electromagnetic sensing coil is composed of a helical coil of wire wound around a magnetically 

permeable core [92, 98]. When an electromagnetic sensing coil is located in the tracking volume of an 

EMN system a voltage is induced in the sensing coil. The induced voltage is a composite signal that is 

a result of each emitter coil in the FG inducing a voltage in the sensor [92, 120]. For it to be possible 
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to resolve the position and orientation of the sensor the composite induced voltage needs to be 

decomposed into constituent induced voltages [120]. The constituent induced voltages have different 

frequencies and amplitudes and are obtained by applying a Fourier transform to the periodically 

sampled composite signal [92]. The constituent voltages are then used in a least-squares algorithm to 

determine the position and orientation of the sensor [92]. 

 
1.5.3.2.3 Position and orientation determination 

 

An accurate mathematical model of the generated magnetic fields is a necessary component in the 

design of an EMN system [126]. The model is a set of analytical expressions that are important for 

the prediction of the physical interaction between the system FG and the electromagnetic sensing coil 

[126]. Unknown parameters of the mathematical model for an EMN system are determined 

experimentally through a calibration procedure [124]. The calibration of an EMN system is performed 

by acquiring induced voltages of a sensing coil at known positions and orientations relative to each 

emitter coil [124]. This procedure experimentally refines the mathematical model of the system by 

providing it with scaling factors for each emitter coil [124].  

 

The position and orientation of a sensor are determined by attempting to fit measured sensor voltages 

to those of the calibrated model [124]. Starting from an initial guess position and orientation an 

iterative non-linear least-squares optimization algorithm is used to compare the modelled voltages to 

the measured voltages. The position and orientation that minimizes the error for all measured and 

modelled voltages are calculated as the resolved sensor position and orientation [124]. 

 

1.5.3.3 Measurement uncertainty 
 

A concern with EMN as a guidance method is that it is susceptible to distortions caused by the 

magnetic or electrically conductive objects situated in close proximity to the tracking volume of the 

system [93, 95].  When in close proximity to the tracking volume, eddy currents are induced in 

surrounding metallic materials due to the AC fields of the FG. The induction of eddy currents results 

in the disturbance of the magnetic fields produced by the FG and as a result of the distortion 

introduced the accuracy of the EMN  system is affected [93]. In a clinical brachytherapy environment, 

such sources of field distortion include medical imaging devices, patient immobilization equipment 
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and surgical instruments [95]. Furthermore, ferromagnetic objects become strongly magnetic in the 

presence of an electromagnetic field, which can act as another source of field distortion for EMN 

[97]. 

 

1.5.3.4 Minimizing measurement uncertainty 

 
The distortion of reference magnetic fields, as a result of the presence of ferromagnetic objects and 

electronic equipment, is difficult to characterize analytically [102]. The distortion in the magnetic 

fields causes dynamic and static errors in position measurements provided by the EMN system [102]. 

Depending on the clinical environment, accuracy in the EMN system’s sensor readings for position 

may vary [102]. A method that can help minimize the amount of field distortion for current EMN 

systems is the optimum positioning of the patient, mobilization equipment, imaging devices, and FG 

within a working area [95]. By optimizing the arrangement of the working area in which an EMN 

system operates, positioning error can be reduced with a decreased sensor to FG distance, and moving 

field distorting objects further away from the FG and sensor [103]. The accuracy in measurements 

provided by the EMN system are dependent on isolating potential sources of field distortion from the 

volume of interest [103]. 

1.5 Research problem 

1.6.1 Definition of research problem 

 
There is a scarcity of definitive comparative studies in the literature involving the use of real-time 

guidance for the catheter placement in P-ISBT. The lack of adequate and accessible real-time 

guidance for catheter placement is a significant issue that contributes to the difficulty associated with 

the P-ISBT technique for gynecological cancers [28, 87, 90].  In addition to minimizing the difficulty 

associated with the technically challenging nature of P-ISBT, real-time guidance during the implant 

procedure has demonstrated improvements in implant geometry [87]. Optimal implant geometry is 

associated with uniform dose across the target volume and minimized dose to OARs while poor 

quality implants are linked to less desirable patient outcomes [34, 91]. A proposed solution to address 

the national and global concerns for an adequate, accessible, and low resource real-time guidance 

method is an electromagnetic navigation system. 
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1.6.2 Hypothesis 

 
The use of electromagnetic navigation as a guidance system during P-ISBT implant procedures will 

improve implant geometry, specifically catheter straightness and spacing. 

1.6.3 Primary objective 

The primary objective of this study is to compare implant quality when using electromagnetic 

navigation in comparison to when using the standard clinical workflow. The implant quality is 

defined by decreased catheter deflection and uniform catheter spacing in an implant. 

1.6.4 Secondary objectives 

 
The secondary objective of this study is to assess the difference in time when using electromagnetic 

navigation in comparison to when using the standard clinical workflow for the P-ISBT process. 
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Chapter 2 Validation and clinical application of an 

electromagnetic navigation system  
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2.1 Abstract 

 
Purpose 

Perineal-based interstitial brachytherapy (P-ISBT) is an essential component of the therapeutic 

management for gynecological cancers. By incorporating electromagnetic navigation into the P-

ISBT implant procedure, implant quality may be improved.  The goal of this work is to quantify the 

impact electromagnetic navigation (EMN) has on implant quality, with the overall intent of enabling 

improved treatment outcomes for gynecological cancer patients undergoing P-ISBT. 

Materials and Methods 

An EMN system was developed in-house at the Odette Cancer Centre. The tracking accuracy and 

precision of the system were characterized using a machined phantom. Following a pre-clinical 

validation, the EMN system was used in the first of two P-ISBT implant procedures for 5 

gynecological cancer patients as part of an ongoing prospective clinical trial. The second of the two 

implant procedures were performed using the standard clinical workflow (SCW). Using the data 

obtained from both implant procedures for each patient, an interpatient and intrapatient analysis was 

conducted where the EMN implants were compared to the SCW implants. The catheters paths in 

each implant procedure were exported from the Oncentra Brachy treatment planning software 

(Elekta AB, Sweden) and analyzed using MATLAB. Implant quality was evaluated by using the 

exported positional data to determine catheter deflection and catheter spacing.   

Results  

The phantom-based validation of the EMN system in a distortion-free environment and a 

gynecological brachytherapy operating room (OR) environment yielded operational system 

accuracy of < 0.1 mm and jitter of < 1.00 mm in both environments. Clinical trial results indicated 

that the mean and standard deviation of catheter deflection reported when EMN was used for 

catheter placement was 3.52 +/- 2.53 mm compared to 5.48 +/- 3.63 mm when the standard clinical 

workflow was used. Also, the mean and standard deviation of catheter spacing noted when using 

EMN was 9.31 +/- 4.81 mm compared to 7.09 +/- 6.06 mm when the SCW was followed.  Catheter 

deflection and catheter spacing were noted to significantly improve when EMN was used in 

comparison to when the SCW was used. 

Conclusions 

The results of this study demonstrate that electromagnetic navigated catheter placement is promising 
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as a real-time guidance option in the P-ISBT workflow for gynecological cancers. 

2.2 Introduction 

 
For gynecological malignancies that are large or complex asymmetric tumours with/without vaginal 

involvement, perineal-based interstitial applicators are indicated [73]. The addition of the interstitial 

technique involves the insertion of catheters into the tumour enabling a higher dose conformity and 

normal tissue sparing. The addition of interstitial catheters is linked to improvements in local control 

for tumours larger than 30 cm3 [73]. It has been demonstrated that at least 70% of gynecological 

brachytherapy cases can benefit from interstitial catheters [28].  Although there are benefits with 

interstitial application, adoption of this technique is limited. 

 

The lagging adoption of perineal-based interstitial brachytherapy (P-ISBT)  for gynecological 

malignancies is primarily due to the lack of expertise with insterstitial techniques.  Real-time 

guidance during the insertion of catheters has been demonstrated to reduce the reliance on expertise 

and improve the accesibilty of the technique, as it has been found with interstitial prostate 

brachytherapy [28]. The lack of real-time guidance is a cause for concern that has been linked with 

implant quality uncertainty [131]. Optimal catheter positioning, which is reflective of implant 

quality, is indirectly associated with the potential for optimal treatment delivery [134]. To address 

the uncertainty associated with implant quality, electromagnetic navigation (EMN)  is a potential 

real-time guidance option that can be used in the P-ISBT workflow. By incorporating EMN into the 

current workflow it may be possible to achieve improved implant quality [38].  

 

This study reports the results of a two-part evaluation of a custom built EMN system dedicated for 

use in the gynecological P-ISBT workflow. The first characterizes the tracking accuracy and jitter of 

the system. The second part presents interim results from an ongoing prospective clinical trial that 

aims to evaluate implant quality when using EMN as part of the P-ISBT workflow in comparison to 

implant quality when the standard clinical workflow (SCW) is followed. 

2.3 Methods and materials 

2.3.1 Electromagnetic navigation system 
 

The navigation consists of an Aurora V3 Planar Field Generator (North Digital Inc., Waterloo, 
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Canada), 5 DOF sensors (North Digital Inc., Waterloo, Canada), 6 DOF sensors (North Digital Inc., 

Waterloo, Canada), and a computer system to provide visual feedback. The 5 DOF sensor is housed 

in a stainless steel stylet that can fit in 6 F plastic proguide needles (Elekta AB, Sweden). The 6 

DOF sensor is housed in a removable insert that attaches to the vaginal cylinder and tracks its 

position. The EMN system is shown in Figure 6. The field generator and sensors are electronic 

components that were acquired and integrated to an in-house built EMN navigation system, which 

consisted of surgical tool bodies and software that was developed at the Odette Cancer Centre. 

 

 

Figure 6. EMN system components. 

A user interface was designed in Python 3.5 to provide real-time feedback for the catheter position 

overlayed on the pre-brachytheapy MR imaging. 

 

The 5 DOF sensor was integrated into a stainless-steel stylet that was 294 mm in length and 1.47 

mm in diameter. The stylet is shown in Figure 7. The sensor was fixed within the tool body so that 

the sensor’s tip was flush with the stylet’s tip. The 5 DOF sensor reports the position and orientation 

as translations in the x, y and z axes, and rotations around the x and y axes. Rotation around the z-

axis for the 5 DOF sensor is not provided and this is the primary difference between the 5 DOF and 

6 DOF sensor. 

 

Visual Monitor 

Field Generator 

Vaginal Cylinder 

Metallic Stylet 
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The 6 DOF sensor was incorporated into a vaginal cylinder as a removable insert as shown in 

Figure 8. The vaginal cylinder measured 22 mm in diameter and was composed of polyether ketone 

plastic. The 6 DOF sensor reports the position and orientation as translations in the x, y and z axes, 

and rotations around the x, y and z axes. By reporting the rotation in the z-axis for the tracked 

cylinder it is possible to determine if the cylinder has been inserted in the same orientation that it 

was planned for.  

 

Figure 8. Disassembled 6 DOF tracked vaginal cylinder. 

2.3.2 Pre-clinical validation 
 

Before using the EMN system clinically, tracking accuracy and jitter of the system was 

characterized through phantom-based validation. 

 

Phantom design 

 
The phantom pictured in Figure 9 was constructed using two parallel acrylic plates. Both plates 

contained a grid pattern of 48 holes that resembled the Syed-Neblett template grid used in the P-

ISBT implant procedure. In the centre of the both plates, a 22 mm opening was created to fit the 

vaginal cylinder.  Hollow delrin tubes that were custom sized for the tracked metallic stylet were 

inserted through each of the grid positions and then epoxied to both plates. The geometry of grid 

positions in the phantom served as the ground-truth values when characterizing the tracking 

accuracy and precision of the EMN system. 

Figure 7. 5 DOF tracked metallic stylet. 

5 DOF sensor 

6 DOF sensor 
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Phantom-based validation 

 
The field generator (FG) produces a magnetic field that is used to locate tracked tools. The EMN 

system measures and reports the position of the tracked metallic stylet with respect to the tip of the 

tracked vaginal cylinder, through a series of coordinate transformations. The CAD design of the 

phantom was used as the ground truth to comprehensively test the positional tracking accuracy of 

the EMN system. Figure 9, indicates the position of the origin at center of the phantom surface 

plate. Each of the tubes in the phantom run parallel to each other and are equally spaced 10 mm 

apart. Positional data was acquired by inserting the tracked metallic stylet of the EMN system into 

each of the delrin tubes. The positional data was acquired for each hole position on the template face 

for 4 planes along the z-axis of the phantom (refer to Figure 9). At each spatial location, 200 

measurement samples at 40 Hz were obtained using the EMN system [42]. The 3-D sweep was 

performed in a controlled laboratory environment and a gynecological brachytherapy operating 

room (OR) environment. The accuracy and jitter of the measurements for both environments were 

used to evaluate the impact of clinical equipment that may distort the magnetic field. Each 

measurement session was conducted three times for each environment over a course of three days to 

ensure reproducibility. 

Accuracy 

The tracking accuracy of the system was reported as the mean error in the x, y, and z directions 

Figure 9. (a) Gynecological P-ISBT phantom. O is the user-defined origin that is located at the 
center of the phantom surface plate. A 3-D sweep of EMN measurements was performed by 

inserting the tracked metallic stylet into each of the 48 delrin tubes. (b) Side view of phantom. 
The dotted line represents an example of  a plane in which measurements were taken in.  
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x 
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between the EMN system reported coordinates and phantom coordinates.  

Jitter 

The averaged jitter was a measure of the fluctuation of repeated EMN system measurements at fixed 

spatial locations within the phantom. The jitter was computed as the root mean square error (RMSE) 

in the x, y, and z direction.  

Experimental setup 

The experiments were performed both in a controlled laboratory environment (Figure 10a) and in a 

gynecological brachytherapy OR environment (Figure 10b) [42]. A survey of the controlled 

laboratory environment was performed using a magnetometer to confirm anomalies were not present 

in the measurement area. In addition to surveying the area, to ensure it was a ferromagnetically 

clean environment, the FG was positioned at least 50 cm away from any potentially distorting 

equipment. The OR tests were conducted to evaluate the potential impact of the presence of clinical 

equipment around the tracked volume [42]. To replicate a potentially distorting environment, a 

typical gynecological brachytherapy procedural setup was recreated that included an operating room 

table, leg stirrups, a foot stool and a surgical cart (Figure 10b) [42]. The tracking accuracy and jitter 

achieved in the OR configuration represented the lower limit of the performance of the system [42]. 

 

 

 

Figure 10. (a) Clean room. (b) Gynecological brachytherapy OR environment 

b a 
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2.3.3 Patient study 
 

From May 2019 to Febuary 2020, 5 women diagnosed with gynecological malignancies were 

enrolled in an ongoing trial at the Odette Cancer Centre. As per the standard of care, the enlisted 

patients received MRI-based high-dose-rate P-ISBT treatment using an intracavitary vaginal 

applicator and a Syed-Neblett template [127]. A total of two implant procedures, spaced a week 

apart were performed for each patient. Patients were accrued as part of a research ethics board 

approved clinical trial. The EMN system was used to guide catheters for the first implant procedure 

in each of the patients. The second implant procedure occurred following the SCW. The positional 

data of the catheter trajectories was exported from the treatment planning software, Oncentra Brachy 

(Elekta AB, Sweden) and analyzed using MATLAB. The purpose of the patient study was to 

evaluate the clinical impact an EMN system has on the P-ISBT workflow by comparing the implant 

quality for the first implant procedure when EMN was used in comparison to the second implant 

procedure using the SCW. 

 

Standard clinical workflow 

Four fractions of brachytherapy are delivered for each patient. A week prior to the first fraction a 

pre-brachytherapy 3D T2-weighted MR image was acquired with an isotropic resolution of 1mm. 

Images were acquired with a vaginal cylinder in place to act as a fiducial for subsequent registration 

and aid in planning the implantation. The purpose of this image was to determine the geometry of 

the treatment volume and to assist in preplanning for the catheter placement. The first implant 

procedure was used to deliver the first and second fraction. After the first fraction was delivered the 

second fraction was delivered the following morning. The second implant procedure was used to 

deliver the third and fourth fraction. Similarly, the third fraction was delivered and then the 

following morning the fourth fraction was delivered. Each implant procedure was spaced a week 

apart. Prior to treatment delivery for each fraction an MR image was taken to plan the treatment for 

the patient. Planning consists of contouring the targets and organs at risk on the MR images, while 

simultaneously identifying the implanted catheters and applicators.  The plan is then generated by 

using a hybrid inverse planning and optimization algorithm termed HIPO [137]. This inverse 

planning algorithm optimizes the dose based on the targets, organs at risk and the catheter 

arrangement at the time the image was taken. The standard clinical workflow was used to place 

catheters for the second implant procedure to deliver the third and fourth fraction. Both the SCW 
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and EMN workflow were identical in the pre-brachytherapy MRI assessment, the treatment 

planning and the treatment delivery. The primary difference in the EMN workflow is the use of 

EMN during first implant procedure to place catheters in real-time using spatial tracking in addition 

to the standard preoperative preplanning information available from the pre-brachytherapy MR 

image. 

EMN clinical workflow 

 
The pre-brachytherapy MR image was imported into the EMN system software prior to the first 

implant procedure. The software contains a library that contains a CAD model of the vaginal 

cylinder used in the P-ISBT implant procedure.  The CAD model of the vaginal cylinder also 

incorporates the position of the 6 DOF EM sensor embedded in the vaginal cylinder that is tracked 

using the EMN system during the implantation procedure.  Using the registration module in the 

software, the CAD model is interactively aligned with the vaginal cylinder visible in the pre-

brachytherapy MRI. Once aligned, a rigid transfomartion was exported for use at the time of the 

implant procedure. This registration step correlates the pre-brachy MR imaging with the tracked 

cylinder at the time of the implant and establishes the general coordinate system. During the catheter 

implantation procedure the vaginal cylinder was tracked in real-time and the positions of the 

catheters relative to the cylinder were superimposed on the MR images. The T2-weighted images 

were used to display the target volume and direct the catheters during the insertion procedure.  

While the relative position of the catheters to the soft-tissue anatomy may be different from the time 

of pre-brachy imaging, the relative position of the catheters to the vaginal cylinder are based on a 

rigid coordinate system and are accurately represented using EMN. As such, this technique can be 

used to ensure a good quality implant, which is parallel and uniformly dispersed.  

 

Registration of EMN data and Pre-brachytherapy MRI 
 

The rigid registration of EMN data and the pre-brachytherapy MRI was achieved by using the 

vaginal cylinder as a fiducial marker. Intra-operatively, a series of rigid body transformations were 

applied to transform tracking data from the stylet and imaging data to the coordinate system of the 

tracked vaginal cylinder [42]. Figure 11 represents the transformations used to align the tracked 

stylet to the pre-brachytherapy MR image. The pre-brachytherapy images are imported into the 

EMN system. In the EMN software, a purple colored CAD model of the vaginal cylinder is 
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overlayed onto the MR image. Then the CAD model is interactively aligned with the vaginal 

cylinder in the MR image. Once alignment is completed the MR image is in the frame of the CAD 

model, TMRIModel, which is exported and used at the time of the implant procedure. During the 

implantation procedure guided by EMN, the tracked cylinder is first positioned so that it abuts the 

top of the vagina with an attempt to replicate the geometry achieved during pre-brachytherapy 

imaging. The CAD model of cylinder in the EMN system also captures the position of the the 

tracked sensor housed within the cylinder, TModelRef, is applied in the backend of the software to 

attain the CAD model with respect to the tracked reference cylinder. After having applied these 

transformations, the MR image displayed on the navigation screen is in the frame of the tracked 

cylinder. The position and orientation of the tracked reference cylinder and tracked metallic stylet 

are reported with respect to the origin of the field generator. Therefore, the following 

transformations are required to relate the stylet position to the reference frame of the cylinder, 

(TRefFG)-1  ∙ TStyletFG. 

 

 

Figure 11. EMN transformations applied at the time of the first implant procedure to track catheters 

in real-time with respect to the tracked vaginal cylinder. The tracked catheters are visualized in the 
pre-brachytherapy MRI simultaneously.  

 
 



 
29 

Catheter deflection 

The catheters paths for the implants under examination was acquired from Oncentra Brachy (Elekta 

AB, Sweden) and analyzed using MATLAB software [40]. The metric used to quantify the catheter 

deflection was the Hausdorff distance (HD) [106]. The HD represented the maximal difference 

between an ideal catheter trajectory and the actual implanted catheter trajectories. The ideal catheter 

geometries were represented as parallel catheter trajectories from the template parallel to the 

longitudinal axis of the vaginal cylinder.  The region of interest for catheter deflection was isolated 

to the high-risk clinical target volume  (CTVHR). Catheters within a 10 mm margin around the 

CTVHR were included. 

Catheter spacing 

The same region of interest, the CTVHR  with an additional 10 mm margin, was used for catheter 

spacing. The metric used to quantify the spacing of catheters was the Euclidean distance. A k-

nearest neighbour search was performed for each slice of the CTVHR to determine the spacing of 

adjacent catheter trajectories that were used for treatment.  

Time 

A secondary quantitative metric for the study was the recorded operative time in minutes for the 

implant procedure when EMN was used in comparison to when the SCW was followed. The start 

time that was recorded indicated when the patient was placed under anesthesia and the stop time was 

recorded as the time when the radiation oncologist finished the interstitial catheter implantation 

procedure. This metric was recorded to capture the impact of implementing the EMN system on the 

operating room flow and efficiency. 

2.4 Results 

2.4.1 Preclinical validation 

Accuracy 

 
Figure 12 represents the positional error recorded for the x, y and z direction when using the EMN 

system. The mean error in the x, y and z direction in the clean room environment was 0.01 mm, -

0.02 mm and 0.01 mm, respectively. The performance of the EMN system in the brachytherapy 

operating room environment was comparable with -0.03 mm, 0.03 mm, and 0.08 mm errors in the x, 

y, and z direction noted, respectively.  There was no statistically significant difference in the 

tracking errors between the two environments (p>0.05). 
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Figure 12. Visual representation of averaged positional error in the x, y and z direction for EMN 

system measurements taken in the clean room environment versus the gynecological brachytherapy 

OR environment. The error bars represent the standard deviation.  

Jitter 
 

Table 2  presents the jitter for EMN system-generated measurements in the cleanroom and operating 

room environment. The average jitter measured in the x, y and z direction in the clean room was 

0.49 mm, 0.37 mm and 0.36 mm, respectively. The average jitter in the operating room measured in 

the x-, y-, and z-direction was 0.70 mm, 0.53 mm and 0.31 mm.  The characterization of jitter in 

both environments did not indicate that there is any statistically significant difference between the 

two (p>0.05).  
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Table 2. Jitter calculations in the  x, y and z direction for EMN system generated measurements 

using the P-ISBT phantom-based validation method. The combined mean and standard deviation 

are displayed for each direction, with the mean preceding the standard deviation. 

Direction Clean Room Operating Room 

x [mm] 0.49 +/- 0.09 0.70 +/- 0.23 

y [mm] 0.37 +/- 0.10 0.53 +/- 0.16 

z [mm] 0.36 +/- 0.13 0.31 +/- 0.15 

2.4.2 Patient Study 

Catheter Deflection 

 
Figure 13 shows a 3D rendering of catheter paths from the EMN guided implant, displayed in the 

left panel, and the implant that was performed using the SCW, displayed in the right panel. The 

turquoise trajectories in Figure 12 depict the catheter geometry. The red positions in the image 

represent the active dwell positions along the catheter that were used for treatment delivery. From 

the catheter trajectories seen in Figure 12, a significantly deflected catheter is visible in the SCW 

implant. 

 

 

Figure 13. An example of the impact that the addition of EMN can have on the placement of 

catheters during the P-ISBT implant procedure. 

Figures 14 and Figure 15  illustrate catheter deflection per patient and as an average over all 

patients following the P-ISBT implant procedure, respectively. Figure 13 reports the catheter 

deflection measured for each implant procedure performed for the 5 patients that were enlisted in 

the clinical trial. The analysis of catheter deflection was confined to the catheters that were within a 

Visibly deflected catheter 
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10 mm margin around the CTVHR. There were statistically significant reductions in catheter 

deflection for the EMN implant procedure for each patient in comparison to the SCW implant 

procedure (p<0.05). 
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Figure 14. Catheter deflection that was reported on a per patient basis for 

the 5 patients enrolled in the clinical trial. 
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Catheter Spacing 
 

Figure 16  and Figure 17  represent catheter spacing within the CTVHR volume for the EMN and 

SCW group for a total of five patients. The nearest neighbour distances was aggregated and plotted 

as a histogram. Ideal catheter spacing is 10 mm when using the Syed-Neblett template, the boxplot 

graphically represents an approximation of how close the achieved catheter spacing is to its ideal 

configuration. 

 

Figure 15. The data represents the overall catheter deflection, where the first 

implant procedure  and second implant procedure for all patients were grouped 

together under the EM and SCW group, respectively.  
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Figure 16.  A visual representation of catheter spacing in the CTVHR volume for 

implant procedures performed using EMN and SCW. 

Ideal spacing 

Ideal spacing 
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Implant quality 

Table 4 summarizes the overall implant quality and intraoperative time when P-ISBT implants were 

performed using EMN in comparison to when the SCW was used. A statistically significant 

reduction in catheter deflection and statistically significant improvement in catheter spacing was 

noted in the EMN group in comparison to the SCW group (p<<0.05). An improvement in overall 

implant quality was associated with the use of EMN during the P-ISBT implant procedure. The table 

also summarizes the average time it takes to perform an implant when using EMN in comparison to 

using SCW. The difference in time for the EMN group and the SCW group was not statistically 

significant (p>0.05). 

 

Table 3.  Overall implant quality comparison between the EMN group and the SCW group  

 
Electromagnetic 

Navigation 
Standard 

Clinical 

Workflow 

P-value  

Catheter 
Deflection 

[mm] 

Mean 3.52 +/- 2.53 5.48 +/- 3.63 p << 0.05 

Catheter 
Spacing  

[mm] 

Mean 9.31 +/- 4.81 7.09 +/- 6.06 p << 0.05 

Implant time 

[min] 

Mean 50.00 +/- 18.80 

 

38.20 +/- 15.29 p > 0.05 

 

 

 

 

 

Figure 17. The data represents the overall catheter spacing  where the line in the 

box represents the median and the lower and upper edges of the box represent the 

25th and 75th percentile, respectively.  
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2.5 Discussion 
 

Validation of the EMN system in a gynecological brachytherapy OR environment achieved 

submillimeter operational system accuracy and jitter. In addition, there was no significant difference 

between when EMN system measurements were performed in a distortion-free environment 

compared to when they were performed in the gynecological brachytherapy OR environment. The 

results presented in the pre-clinical validation provided early evidence supporting subsequent testing 

of the EMN system as part of a clinical study. The catheter deflection reported during the trial was 

3.52 +/- 2.53 mm and 5.48 +/- 3.63 mm when using the EMN system and the SCW, respectively. 

Minimal catheter deflection as noted in the EMN arm is ideal since it helps evenly distribute active 

dwells throughout the CTVHR, which will help modulate dose and improve coverage and 

conformality.  Similar to the improvement observed in catheter deflection, the catheter spacing 

documented in the trial was 9.31 +/- 4.81 mm and 7.09 +/- 6.06 mm when using the EMN system in 

comparison to the SCW, respectively.  As a result of the statistically significant improvements in 

both parameters, improvement in implant quality were noted when EMN was used during the 

implant procedure. Another metric examined during the trial was the time. Although the difference 

in intraoperative time was not statistically significant, the average time it took to perform an implant 

was longer, 50 minutes, when EMN was used in comparison to, 38 min, when using the SCW. The 

results from this work demonstrate that electromagnetic navigated catheter placement is promising, 

and clinically feasible as a real-time guidance option in the P-ISBT workflow for gynecological 

malignancies. 

 

Prior work by Zhou et al. evaluated EMN system performance in an OR environment. This work 

reported that a tracking accuracy of 1.6 +/- 0.2 mm was achievable in a high distortion environment. 

The OR configuration used in this study simulated a typical prostate brachytherapy procedural set-

up [127]. The surrounding equipment in the set-up included an ultrasound machine, a treatment 

planning computer console, stirrups, a stepper unit, an ultrasound probe, and a C‐arm imaging 

system [127]. The stepper unit and ultrasound probe were located within the field of view of the 

tracking system. In addition to the existing interference, additional distortion was present due to the 

FG being positioned underneath the mechanical treatment bed. In similar studies conducted by 

Boutaleb et al., and Franz et al.  tracking accuracy of 1.5 - 2 mm was achieved in high distortion 

environments resembling variations of the prostate brachytherapy configuration [53, 129]. For each 
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of the studies mentioned above, submillimeter accuracy and jitter was achieved when the EMN 

system performance was characterized in a low distortion environment [127]. The distinct difference 

for low-distortion environments in these studies was the removal of distorting equipment from the 

field of view of the tracking system.  Therefore, low distortion environments in these studies were 

not identical but similar to the gynecological brachytherapy OR environment recreated in our study. 

The findings from the literature correlate with the results that were found in the EMN system 

validation presented in our study. 

 

Although there were similar pre-clinical studies to our validation study, this is the first clinical trial 

to incorporate an EMN system dedicated for real-time catheter placement in P-ISBT for 

gynecological cancers. Interstital breast brachytherapy is the only other site to incorporate EMN into 

the clinical workflow for a patient trial [134, 135, 136]. As opposed to real-time guidance, each of 

these interstitial breast brachytherapy trials used EMN as a quality assurance tool to assess implant 

geometry variability after implantation. Therefore regardless of the treatment site, this study is still 

the first of its kind to examine the use of EMN for real-time catheter placement in brachytherapy 

patients. 

 

The results from this clinical trial demonstrate favourable improvements in implant quality through 

the use of EMN.  Although implant quality is associated with the potential for improving treatment 

outcomes, the relationship between implant quality and treatment outcomes is not well established. 

A present limitation of this study is that an unbiased dosimetric comparison between an EMN and 

SCW workflow was not possible.  This is primarily due to the fact that image-guided adaptive 

brachytherapy is performed as the standard of care approach at the Odette Cancer Centre.  

Therefore, at each fraction, given that the target volume shrinks with each administration of 

brachytherapy, there is significant variability associated with treatment volumes between each 

implant procedure so a reliable evaluation of EMN on dosimetry was not possible.   

2.6 Conclusion 
 
In this work, a novel electromagnetic navigation system was developed to provide real-time 

guidance for interstitial gynecological brachytherapy. Following development, comprehensive 

phantom-based validation was performed to characterize the accuracy and precision of the system in 

a clinical environment. A clinical trial of the system demonstrated that EMN  improves implant 
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quality by decreasing catheter deflection and improving catheter spacing. Based on the results of the 

present study there is potential that EMN could improve treatment outcomes for P-ISBT procedures 

when used for gynecological cancers.  
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Chapter 3 Conclusion 
 

3.1 Thesis overview 

 
The focus of the thesis was to validate an EMN system and then to evaluate its impact on the P-

ISBT implant procedure for gynecological cancers.  In the context of this thesis, for the example of 

temporary implants, catheter geometry is indicated as the catheter position inside the patient in 

relation to target and OAR structures [110].  The placement of a sufficient number of catheters at 

desired locations is required for optimal dose distribution and favourable clinical outcome [87]. The 

lack of real-time guidance for catheter placement is a concern associated with uncertainty in optimal 

dose delivery [28, 87, 111]. To address the lack of real-time guidance for catheter placement during 

the implant procedure, EMN was proposed as a solution. 

 

Chapter 2 described the novel EMN system, EMN system validation and results from a clinical trial 

where the EMN system was used during the implant procedure for catheter placement.  

The hypothesis of this thesis was confirmed as it was found in the clinical trial that the use of EMN 

during the implant procedure improves implant quality by significantly minimizing catheter 

deflection and significantly improving catheter spacing. Due to the association between implant 

geometry and accurate dose delivery, use of EMN could potentially improve treatment outcomes for 

P-ISBT procedures.  

3.2 Future work 
 
Use of EMN during the implant procedure for P-ISBT was evaluated as a part of this thesis and it 

was found to be suitable for real-time guidance. However, there may be potential to further identify 

how use of EMN guidance impacts the dosimetry of implants. If EMN guidance were to show 

improved implant dosimetry, which is linked to better treatment outcomes, it would further solidify 

the need of EMN as a real-time guidance strategy. Also, although the implant quality for this subset 

of patients has shown to improve with the use of EMN, there is still a need to collect more data from 

a larger set of patients to make a clear distinction that EMN guidance results in the improvement of 

implant quality for gynecological cancer patients undergoing P-ISBT. 
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