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Abstract 

Introduction: Vertebral metastases affect around 61,000 Americans annually. The presence of vertebral 

metastases may lead to skeletal related events which can include pain, fracture, and neurologic compromise, 

all of which can negatively impact a patient’s mobility and quality of life. Radiofrequency (RF) ablation is 

a minimally invasive thermal therapy used to palliatively treat vertebral metastases. Current treatment 

practices incorporate little to no treatment planning and utilize two-dimensional imaging to localize the 

vertebra of interest. This may lead to inadequate treatment dose or delivering dose to healthy tissues. To 

address the need for better planning and delivery of RF ablation in spine procedures, this work aims to 

design and develop a computational treatment planning system (TPS) capable of generating patient specific 

treatment plans. The system was validated using functionality and usability testing.  

Methods: System requirements were determined based on input from clinicians and researchers. Using 

these requirements, a TPS that could interact with an external dose engine was developed using the open 

source platform, 3D Slicer. Patient imaging was obtained to perform functionality testing of the designed 

TPS. Testing was performed using a simplified prescribed dose function. The calculation of damage 

volumes was done on voxel-based meshes and compared to a ground truth. Usability testing was also 

performed with data captured from questionnaires given to clinicians after interacting with the system. 

Results: 14 patient CT scans were used to generate RF ablation treatment plans. In all cases the TPS was 

able to perform all necessary functionality. The voxel-based meshes produced thermal damage volumes 

larger than the ground truth. Usability testing indicated that clinicians were supportive of this TPS being 

adopted for RF ablation of vertebral metastases. The most likely clinical uptake for this system would come 

through radiation oncology, with treatment plans provided to orthopaedic surgeons and interventional 

radiologists.  

Conclusion: A computational treatment planning system could be a feasible and beneficial addition to the 

clinical workflow for RF ablation of vertebral metastases. 
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Chapter 1 

Introduction 

1.1 Vertebral Metastases 

Bone metastases are a pervasive and costly problem. In Canada, over 70,000 people are diagnosed 

with bone metastases annually [1]. The majority of bone metastases are found within the vertebrae 

of the spine [2]. Vertebral metastases develop most commonly secondary to breast, prostate, renal, 

and lung cancers [2]. It has been reported that approximately 61,000 Americans are diagnosed with 

vertebral metastases per year [3]. The survival rate for patients with vertebral metastases varies 

depending on the severity and type of primary tumor. From the time of diagnosis, patient survival 

can range from months to years [4]. Vertebral metastases can be found throughout the spine, but 

are found most within the thoracic region of the spine followed by the lumbar and the 

cervical regions [5] (Figure 1. B). The body of the vertebrae is the main site of 

metastatic formation [6], [7] (Figure 1. A).  

 

Figure 1. A) Three-dimensional model of a T11 vertebrae and basic anatomy, B) Three-

dimensional model of a spinal column with labeled regions. 
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The presence of vertebral metastases can cause morbidity and negatively impact patient ambulation 

and quality of life. Complications of skeletal metastases, known as skeletal-related events, may 

occur as often as every 3-6 months [4]. Skeletal-related events include hypercalcemia, vertebral 

and pathological fractures, and spinal cord and nerve root compression. The most detrimental 

outcome, spinal cord compression, can cause permanent injury with a range of outcomes from 

weakness to paralysis [4]. Vertebral metastases can be osteolytic (bone destroying), osteoblastic 

(bone deforming), or a combination of both. The type of metastasis can greatly impact the spine’s 

load bearing capabilities. Vertebral fractures are more likely to occur in osteolytic metastases due 

to bone loss, but bone quality is impaired in both osteolytic and osteoblastic tissue leading to 

elevated rates of fracture. Pain is the most prominent symptom of vertebral metastases, with 95% 

of patients experiencing some form of pain [2]. As such, the primary goal of treatment is often 

palliative and focused on pain relief and improving the patient’s ability to perform daily activities. 

The current standard of care for the treatment of vertebral metastases is surgical excision and 

stabilization procedures (cement augmentation) [3], local and minimally invasive therapies, such 

as radiation [3], radiofrequency ablation, laser ablation, microwave ablation, high-intensity focused 

ultrasound, and cryoablation [8], as well as systemic treatments including bisphosphonates, 

chemotherapy, and newer drug therapies, such as Rank L inhibitors.  

1.2 Medical Imaging 

Medical imaging allows for two-dimensional (2D) and three-dimensional (3D) visualization of 

internal anatomy [9]. In the case of vertebral metastases, medical imaging is used to detect bone 

lesions, to determine the extent of disease, for treatment planning, to guide therapy, and to monitor 

treatment effects and tumor progression. In treatment planning, medical imaging is important as it 

can provide spatial information, including the localization of regions of interest and tissue 

properties. There are a variety of different medical imaging modalities that are used for the 

diagnosis, planning, and guidance of therapies for the spine. These include bone scans, x-ray 
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radiography, computed tomography, positron emission tomography, ultrasound, and magnetic 

resonance imaging. Each of these imaging modalities have various strengths and weaknesses. 

Computed tomography scans are predominantly used for planning of RF ablation procedures in the 

spine with fluoroscopy most commonly used for intraoperative guidance.  

1.2.1 Computed Tomography 

Computed tomography (CT) is a commonly used form of medical imaging in the diagnosis, 

monitoring, and treatment planning of vertebral metastases. Radiographic images taken at multiple 

angles are used to reconstruct 3D volumes of x-ray attenuation, enabling visualization of organs, 

bones, and tissues, can be visualized (Figure 2).  

 

Figure 2. Computed tomography scan (sagittal slice) of a human spine. 

CT scans provide the best detail when visualizing bone but are less effective at discriminating soft 

tissues [10]. Hounsfield units are used to quantify bone tissue density and structural integrity. 

However, the generation of CT scans uses of ionizing radiation which can be detrimental, causing 

elevated cancer risks and is not suitable for pregnant patients. CT scans are also limited in their 
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ability to distinguish small osteolytic lesions from soft tissue, such as bone marrow, due to the 

limited contrast differences.  

1.3 Radiofrequency Ablation 

1.3.1 Overview  

Radiofrequency (RF) ablation is the most widely used clinical form of thermal ablation [11]. RF 

ablation is a common thermal treatment modality that has been applied in various soft tissues, such 

as the liver, and bone. RF ablation is a local, minimally invasive, and image-guided procedure. 

There are several imaging modalities available for guiding insertion, including ultrasound, 

fluoroscopy, and CT. The choice of intra-operational imaging depends on the compatibility of the 

RF ablation devices with the imaging modality, access to intraoperative imaging, and the type of 

procedure. RF ablation relies on generating heat to raise the temperature of the tissues to 60-100℃ 

producing almost instant coagulative necrosis while minimizing the charring of surrounding tissues 

[12]. The goal of RF ablation is to destroy malignant cells and a 0.5 – 1 cm margin adjacent to the 

metastasis to eliminate microscopic elements of the disease and potential uncertainty with regards 

to localization of the actual tumor [11], [13]. This margin is often chosen as it is consistent with 

surgical excision margins.  

The application of RF ablation for vertebral metastases needs to be considered in the context of 

other treatment options. When stabilization is required and/or neurological elements are 

compromised, surgical excision is used for metastatic lesions. However, this approach has several 

drawbacks including prolonged hospitalization and increased occurrences of post-operative 

complications, such as infection or unfavorable cosmetic outcomes. Additionally, not all patients 

are candidates for surgical excision. Less invasive cement injection techniques, such as 

vertebroplasty and kyphoplasty, can be used to stabilize the spine prophylactically or post fracture, 

however the injection of cement may be associated with local spread of disease [14]. Other 

treatments include radiation therapy, chemotherapy and bisphosphonates. However, not all tumors 



 

5 

 

are susceptible to radiation or are sensitive to chemotherapy. For these patients, alternative methods 

of treatment are needed. The benefits of RF ablation make it a possible alternative or adjunct to 

both structural stabilization, radiation therapy, or other systemic treatment options, such as 

chemotherapy and drug therapies.  

To perform RF ablation several components are necessary: at least one active electrode, a ground 

or dispersive electrode, and a RF generator. The RF generator is attached to active and 

ground/dispersive electrodes. An active electrode is found at the tip of a needle-like applicator 

referred to as a “probe”. The RF generator will create a high-frequency oscillation of alternating 

electrical current. The current travels through the patient’s body between active and ground 

electrodes to complete the circuit. The flow of electrical current between the electrodes will 

generated heat causing denaturation and necrosis of the surrounding tissues. The denaturation 

causes protein coagulation, tissue death, and irreversible cell damage. Areas of the probe can be 

insulated to avoid heat generation in these insulated regions.  

Since the generation of heat is dependent on the flow of electrical current through the body, thermal 

and electrical conductivity of adjacent tissues are crucially important factors in RF ablation. The 

Bio-Heat equation (Equation 1) and electrostatic equation (Equation 2) address important tissue 

properties for determining ablation results. Computer modelling has been performed to highlight 

the importance of these characteristics in determining thermal ablation outcomes [15]. In the Bio-

Heat equation the first term focuses on highlighting the flow of heat due to conduction or how much 

the temperature of the surrounding tissue has changed, while the second term accounts for the loss 

of heat due to blood perfusion, which is the largest source of heat loss in the body. The third term 

describes the rate of energy deposition. The final term is the metabolism rate; however, this value 

contributes little in comparison to the energy deposition rate [16].  
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Equation 1. Bio-Heat Equation 

𝜌𝑡𝑐𝑡𝜕𝑇(𝑟, 𝑡)/𝜕𝑡 = 𝛻 ∙ (𝑘𝑡𝛻𝑇) − 𝑐𝑏𝜌𝑏𝑚𝜌𝑡(𝑇 − 𝑇𝑏) + 𝑄𝑝(𝑟, 𝑡) + 𝑄𝑚(𝑟, 𝑡) 

where,  

𝜌 = density of the tissue or blood (kg/m3), 

𝑐 = specific heat of tissue or blood (Joules/kg-℃), 

𝑘 = thermal conductivity of tissue, 

𝑚 = perfusion (blood flow rate / unit mass tissue) (kg/m3 – sec), 

𝑄𝑝 = power absorbed / unit volume of tissue, 

𝑄𝑚 = metabolic heating / unit volume of tissue. 

Equation 2. Electrostatic Equation 

𝑄𝑝 = 𝑗2/𝜎 

where, 

𝑗 = current density, 

𝜎 = electrical conductivity. 

The extent of necrosis caused RF ablation is influenced by the amount of energy deposited to the 

tissue. Energy deposition is dependent on time for the procedure and power supplied by the RF 

generator [11], [17]. Tissue interactions, dependent on the tissue thermal and electrical properties 

as outlined in Equation 1 and Equation 2, determine how the thermal energy dissipates in the body 

[11], [17]. Another determinant of coagulation necrosis are sources of heat loss. In more 

vascularized tumors, such as renal and hepatic metastases, more heat is lost as a result of increased 

perfusion and vascular flow [11]. The most widely used model for determining heat loss due to 
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perfusion is a heat sink [17]. A simplified and conceptual equation of time, power, thermal and 

electrical properties, and heat loss effects is presented by Equation 3.  

Equation 3. Conceptual and simplified equation for the induced coagulation necrosis. 

𝐶𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑛𝑒𝑐𝑟𝑜𝑠𝑖𝑠 =  𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 ∗  𝑙𝑜𝑐𝑎𝑙 𝑡𝑖𝑠𝑠𝑢𝑒 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 −  ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠 

1.3.2 Radiofrequency Ablation Probes 

There are several types of RF probes. These probes can be monopolar, bipolar, multipolar, 

internally cooled, single-lined, multi-tined, or any combination of the above. The thermal effect of 

RF ablation depends on the specific probe being used [8]. 

Monopolar RF Probes 

Monopolar systems require grounding pads to be placed on the patient, commonly on their thigh, 

to act as the ground electrode for the circuit. Monopolar systems have limited zones of ablation 

which results in higher recurrence rates and are accompanied by higher levels of pain. Monopolar 

systems generate volumes around 1.6 cm in diameter [11]. In some cases, the current generated 

may pass through the spinal cord and surrounding nerves, and some patients experience mild 

burning around the grounding pad(s) [18].  

Bipolar RF Probes 

Bipolar RF ablation requires two electrodes inserted into the lesion, rather than a single electrode 

and a distal grounding pad. The shorter distance between electrodes results in less current required 

to produce the same effects as seen in monopolar systems. Two electrodes can be placed into a 

lesion or two electrodes may be integrated onto a single probe [11]. Bipolar RF ablation systems 

have been shown to generate larger coagulated volumes with an ellipsoidal shape without charring 

or vaporization in comparison to monopolar systems [19]. The application of bipolar RF probes in 

bone has been explored and found to be effective in the treatment of bone metastases [18], [19], 

[20].  
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Internally Cooled RF Probes 

RF ablation probes that utilize internal cooling have an interior lumen that fills with a circulating 

liquid. This causes a cooling effect at the tip of the probe. The use of internal cooling systems has 

allowed for larger ablation zones to be generated while minimizing the charring of 

tissues [11], [21]. 

1.3.3 Radiofrequency Ablation in the Spine 

RF ablation is the most widely accepted method for thermal ablation of vertebral metastases [22]. 

For RF ablation in the spine, a probe is inserted into the vertebra of interest using a transpedicular 

approach, through a large needle or trocar [3]. The use of RF ablation for the treatment of vertebral 

metastases is supported in the literature with multiple studies showing its effectiveness. 

Gronemeyer et al. performed a feasibility study on the effectiveness of RF ablation on vertebral 

metastases that were unresponsive to radiation therapy and chemotherapy and determined to be 

unresectable [23]. Pain reduction was seen in 9 out of 10 patients with minimal post-operative 

hospital time. RF ablation was deemed to be safe to use and may reduce the need for pain 

medication [20]. Anchala et al. performed a multicenter retrospective study to look at the treatment 

of vertebral metastases with bipolar RF ablation. The study examined the treatment of 128 

metastases in 92 patients. RF ablation of vertebral metastases was shown to be safe as no 

complications or thermal injuries were found. It was also determined that RF ablation can result in 

fast-acting pain relief. Significant pain reduction was seen at one week, one month, and six months 

post procedure. In this study, 54% of patients reported a reduction in pain medication following 

RF ablation.  

Combination therapy of radiation therapy and RF ablation has also been shown to be safe and 

effective for the treatment of vertebral metastases [24]. Greenwood et al. found that significant pain 

relief was found one-week and 4 weeks post therapy for patients undergoing combination radiation 

therapy and RF ablation. RF ablation has also been used in combination with vertebral 
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augmentation [25]. Cement injection following RF ablation can be performed through the same 

access cannula [25]. Wallace et al. found that using this workflow, short-term and long-term 

palliation was possible. 

A concern regarding the use of RF ablation in the spine is the potential for nerve damage, either to 

the spinal cord or surrounding spinal nerve roots. For necrosis to occur temperatures of 60-100℃ 

need to be reached, but spinal cord damage may occur at 42 - 45℃. Bipolar probes utilizing 

internally cooled control mechanisms have been shown to generate larger ablation volumes without 

damaging the spinal cord [18]. Pezeshki et al. performed an analysis on the use of a bipolar and 

internally cooled probe (OsteoCool, Medtronic, USA), on porcine vertebra. They found that with 

the use of a bipolar and internally cooled RF probe high temperatures were generated within the 

vertebra of interest, as would be appropriate for the treatment of vertebral metastases, without 

damaging the spinal cord. The presence of an intact posterior vertebral body wall may be important 

in this as cortical bone has been shown to be an insulator of thermal energy [26]. Dupuy et al. found 

that when RF ablation was applied in vertebrae, temperature drops to below temperatures causing 

thermal damage occurred beyond the cortical bone of the vertebra in the epidural space.  

Current methods to protect against thermal injury when using RF ablation for vertebral metastases 

are thermal insulation and temperature monitoring [27]. Thermal insulation can be accomplished 

by using hydrodissection, with warm or cold water, or CO2-insufflation. The use of saline should 

be avoided as it has high electrical conductivity. Balloon interposition that can be use full for some 

metastases are not ideal for vertebral metastases as inflation can be traumatic to the spinal cord [27].  

Thermocouples inserted into the vertebrae can yield precise thermal feedback in real-time [27]. 

However, the information provided only represents a single anatomical point at the tip of the 

thermocouple. The placement of the thermocouple is critical to get an accurate reading and accurate 

representation of the temperature in the region of interest. When using thermocouples it is also 

important to ensure that there is adequate distance between the probe and the thermocouple [28]. 
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Nakatsuka et al. performed a study examining the feasibility of RF ablation on tumors less than 

1cm from the spinal cord with a thermocouple placed within the epidural or subarachnoid space. If 

the thermocouple reported a temperature of 45℃ then treatment was immediately stopped. In 9 out 

of 10 patients spinal cord temperature did not exceed 45℃. Limitations to the use of thermocouples 

(or multiple thermocouples to cover a large area) in this context are increased chance of damaging 

the spinal cord upon the insertion. Some probes such as the OsteoCool RF ablation probe has an 

embedded thermocouple and utilizes temperature monitoring at its tip to control RF 

energy deposition.  

Non-invasive thermal monitoring can be achieved through image-based thermometry using CT or 

magnetic resonance imaging. In this, the calculation of temperature change is relative and must be 

compared to a reference image and a reference temperature. Values from the reference image are 

subtracted from the intra-procedural image. This method of temperature monitoring is susceptible 

to movement variations, such as patient motion and even changes in lung volume. Magnetic 

resonance thermometry for thermal ablation is performed in an interventional magnetic resonance 

imaging suite. The clinician must have appropriate protection and the entire procedure cannot 

contain ferromagnetic material or the use of electromagnetic current. As well, the current generated 

by the RF generator can cause noise and artifacts in the magnetic resonance images. Solutions have 

been proposed for this which would require alterations to both the generator and the magnetic 

resonance system or continuously turning the generator on and off during cycles of thermometry 

[29]. Alternatively, CT is less expensive and special instruments are not necessary. However, CT 

thermometry is limited by its temperature precision of ~3℃ to 5℃, and inability to provide real 

time feedback [30]. The use of CT thermometry is intermittent, and treatment must be stopped to 

perform CT imaging. The use of CT thermometry in bone is not as well researched as magnetic 

resonance thermometry [30]. In addition, thermal monitoring by CT exposes the patient to 

significant amounts of radiation.  
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1.4 Treatment Planning Systems 

The use of computerized treatment planning systems (TPS) brought a major advancement in the 

field of oncology. Improvements in technology, computational power, and imaging modalities has 

introduced TPSs to the workflows of various therapies.  

A TPS for RF ablation contains several main components: image acquisition and input, 

segmentation of anatomical structures, 3D visualization, determination of source location(s), 

calculation of dose, and evaluation of the generated plan (Figure 3) [31]. Plans are evaluated on 

three characteristics: (1) the selection of appropriate trajectories, (2) volume of cancerous cells 

treated, and (3) the maintenance of surrounding healthy tissues [32]. The goal of treatment planning 

is to optimize these three characteristics while providing clinicians with feedback to make clinical 

decisions. A TPS provides the clinician with an understanding and visualization of the spatial 

relationship of patient anatomy and cancerous tissue. They also allow for the definition of target 

volumes and the distribution of dose. These features allow for clinicians to make preoperative plans 

of their procedures and optimize treatment plans for individual patients [33].  

 

Figure 3. Basic workflow components of a treatment planning system. 

There are two different techniques for treatment planning: forward and inverse planning. Forward 

planning relies on the determination of source locations. Once an initial setup has been determined 

the TPS then determines the distribution of dose in the body. Dose distributions are evaluated by 

clinicians to determine if the designed plan can be performed safely and effectively. Conversely, 

inverse planning requires that the planner to define organs at risk that must be avoided and treatment 

Input of 
patient 
imaging

Segmentation 
of stuctures

3D 
visualization

Determine 
source 

locations

Dose 
calculation

Evaluation 
of plan



 

12 

 

volumes containing the tumor. The TPS then acts as an optimizer that will determine the parameters 

of the procedure, such as the source location, that will best fit the input criteria.  

1.4.1 RF Ablation Treatment Planning Systems 

Several TPS exist for the planning of RF ablation for liver metastases including forward and inverse 

planning systems. Many TPSs do not account for different physical properties in different tissues 

and instead use geometric assumptions to determine damage volumes [34], [35], [36]. In the 

forward planning TPS for liver metastases developed by Rieder and colleagues, they focused on 

providing clinicians with 3D visualization to aid in the placements and evaluation of dose 

distribution [34]. This system utilized ellipsoids to represent the affected areas. This allowed for 

clinicians to manipulate the location of the probe and the damage volume. The modeled tumor 

volume is then assigned to different colours, depending on the intersection of the tumor model with 

the damage volume. This system relied on the clinician’s ability to visually evaluate the plan. Using 

this system, clinicians were able to intuitively determine trajectories capable of achieving optimal 

thermal dose coverage.  

In RF ablation of liver metastases, Zhang and colleagues utilized the inverse planning technique 

for the generation of treatment plans [35]. Their system optimizes several factors pertaining to 

treatment volumes and organs at risk to determine locations for RF probes. The system’s 

optimization function focused on maximizing the amount ablated within a fixed volume of the 

tumor and minimizing the amount of ablation occurring in healthy tissue and organs at risk. The 

optimization is performed through the manipulation of radii defining ellipsoids representing 

ablation volumes produced by an RF probe. This system uses an initial probe placement to speed 

up optimization. Their system was able to generate good coverage over several synthetic tumor 

models but does not account for optimizing probe trajectory.  

The RF-Sim TPS developed by Villard and colleagues also use the inverse planning technique to 

optimized treatment volumes and determined appropriate probe trajectories for liver tumors [36]. 
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This system optimizes spherical representations of damage volumes at 60℃. To optimize the shape 

of the damage volume the system uses a fixed probe orientation to determine the smallest spherical 

volume that contains the tumor. Next the system optimizes the trajectory of the probe. This is done 

by determining that the probe does not intersect organs at risk such as the ribs, and only passes 

through the skin, liver, tumor and its margin. This damage volume is then modified to account for 

heat sink effects due to large blood vessels. To account for the heat sink effect, the sphere models 

are repulsed away from the vessel towards the center of the damage volume. This is done using a 

voxel-based modelling. The system was able to generate an average of 73% coverage over a series 

of 12 cases.  

As an alternative to relying on geometric assumptions of the shape of the thermal damage volume, 

finite element modelling can be used to account for physical properties of different tissues. Clinical 

data has shown that there are variations from the spherical and ellipsoidal shapes that are due to 

differences in physical properties [15]. Finite element approaches have be shown to provide more 

accurate results than those utilizing geometric assumptions [34], [35], [36]. Chen and colleagues 

explored the use of finite element modelling, accounting for thermal and electrical properties, for 

the planning of RF ablation [37]. This system meshes the region of interest with an initial placement 

of the probe and solves the Bio-Heat and electrostatic equations. For optimization, the system 

sought to minimize the volume of non-ablated tissue in a defined tumor volume by changing the 

orientation of the probe. To speed up the computation time, the finite element model was not re-

evaluated at each step of the optimization process.  

1.5 Thesis Motivation 

RF ablation has been shown to be a viable and clinically utilized treatment modality for vertebral 

metastases. The use of RF ablation can account for metastases that are insensitive to radiation 

therapy or chemotherapy, and for patients who are not suitable for surgical excision. Additionally, 
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RF ablation has been shown to alleviate pain and reduce hospitalization following the 

procedure [23], [20].  

Effective treatment using RF ablation depends on three main factors: (1) appropriate placement of 

the probe within the vertebra, (2) sufficient coverage over tumor tissues, and (3) limited damage to 

surrounding healthy tissues [32]. Computational treatment planning can improve the delivery of 

RF ablation by optimizing tumor ablation and minimizing collateral damage to healthy tissue [34], 

[35], [36], [37]. While there are numerous examples of RF ablation TPSs for liver metastases, 

preoperative planning for RF ablation of vertebral metastases is very limited [38]. In current clinical 

practice, preoperative planning is generally limited to obtaining CT or magnetic resonance imaging 

scans to localize the tumor and determine the potential for transpedicular access [20], [24], [38].  

The outcomes of RF ablation depend on the accurate placement of the probe in the tumor of interest. 

Intraoperative image guidance can be used to determine position and orientation the probe. 

Freehand 2D based image guidance into the vertebra of interest, however, may be challenging with 

respect to selecting the optimal placement of a probe and limit the accuracy in the placement of the 

probe. A more robust TPS could provide clinicians with a more comprehensive view of the lesion 

with respect to surrounding anatomy by utilizing both 2D and 3D visualizations [32] and be 

combined with intra-procedural navigation to accurately direct probe placement.  

Current preoperative planning does not provide clinicians with feedback on achieving an optimal 

thermal dose coverage. The lack of information about predictive thermal dose coverage could result 

in multiple insertions being necessary to obtain full coverage [11]. Multiple insertions may cause 

infection and an increase in time for the procedure. A TPS providing a simulation of the predictive 

thermal dose coverage could limit the need for multiple insertions if clinicians can determine the 

necessary parameters for more complete coverage in a single pass.  
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RF ablation also depends on the thermal and electrical properties of tissues that vary between soft 

tissue and bone. Bone is heterogeneous, containing cortical bone and bone marrow, and vertebral 

metastases can be osteolytic, osteoblastic, or mixed. As such, even within a single vertebra, the 

thermal and electrical properties may vary. A TPS specifically dedicated to RF ablation in the bony 

spine could help account for tissue heterogeneities including thermal and electrical properties. A 

TPS would enable visualization of damage volumes in 2D and 3D, assisting clinicians in decisions 

about potential safety and effectiveness prior to the RF ablation procedure.  

Intraoperatively, clinicians depend on feedback from thermal monitoring methods to determine 

when RF ablation should be ceased. However, multiple thermocouple insertions in the spinal canal 

is not ideal and non-invasive imaging-based thermometry techniques are either not compatible with 

RF ablation or provide limited precision. The use of a TPS could provide clinicians with knowledge 

about the time needed for the procedure and the predictive thermal dose coverage without the heavy 

reliance on invasive thermal monitoring with thermocouples.  

1.6 Thesis Contributions  

The goal of this thesis was to address the current lack of a treatment planning workflow and system 

for RF ablation of vertebral metastases. A TPS was designed and implemented into an open source 

platform for the procedural setup and dose analysis of RF ablation for vertebral metastases. 

Functionality and acceptance testing were performed to explore the adoption of a computational 

TPS into the clinical workflow for RF ablation of vertebral metastases.  

The main contributions of this thesis are: 

• The design and implementation of a computational TPS for the RF ablation of vertebral 

metastases; 

• System testing to determine the functionality and usability of the designed TPS. 

In Chapter 2, the requirements, design, and implementation of the TPS are described.  
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In Chapter 3, the testing and functionality of all developed software for the application is described 

and results are presented.  

Chapter 4 presents conclusions and future work.  
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Chapter 2 

System Design and Implementation 

2.1 System Requirements 

A total of 7 clinicians and researchers from multiple departments, including surgery, radiation 

oncology, medical physics and engineering, provided input for determining the requirements of a 

treatment planning system for vertebral metastases using RF ablation. The requirements for this 

system were determined for the OsteoCool device (Medtronic), an internally cooled and bipolar RF 

ablation probe. The requirements for this TPS are divided into three parts: procedural setup, 

calculation of dose, and analysis of dose (Figure 4). Calculation of the dose is performed by an 

external dose engine.  

The requirements for procedural setup include importing patient imaging, performing tissue 

segmentation, setting probe parameters for time and power, and determining placement of the probe 

in the vertebra of interest. Importing patient images is necessary for tissue segmentation, and 

visualization of the anatomy. The system should also be able to focus the patient imaging on a 

region of interest. Since bone acts as an insulator of thermal energy, defining a smaller section of 

the image could reduce the time needed for segmentation and dose calculation. Tissue segmentation 

is necessary for assigning the thermal and electrical properties of different tissue types. A series of 

segmentation tools will need to be provided for distinction between bone, soft tissue, fat, and air. 

There will need to be a way for users to define RF system parameters for time, power, and coolant 

temperature. Additionally, there will need to be functionality for defining the probe’s position and 

orientation using 2D and 3D visualizations. To allow for 3D visualization there must be a way to 

generate a 3D model of the spine. Lastly, the procedural setup phase must contain a way of 

documenting the information that was determined for the plan. 
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To calculate thermal dose, the TPS is required to provide the required inputs for the dose engine. 

Using information such as tissue types, the position and orientation of the probe, and parameters 

for time, power, and coolant temperature the dose engine can calculate thermal dose. For the dose 

engine to assign thermal and electrical properties, a label map of tissue classifications assigned to 

the voxels in patient imaging is required. The external dose engine is responsible for meshing using 

tetrahedral elements and performing finite element analysis. The positioning of the heat source for 

simulation is dependent on the position and orientation of the probe. The dose engine also requires 

inputs for time, power, and coolant temperature to determine how the dose is distributed in the 

body. There must be a way to provide this information that complies with the dose engine and/or a 

navigation system.  

The TPS must also contain tools for analyzing thermal dose in terms of tumor coverage and the 

sparing of healthy tissue. To define the requirements for the analysis of thermal dose, tools 

commonly found in radiation therapy and brachytherapy treatment planning were examined [39]. 

First, there must be a way to import the output from the dose engine into the TPS. Once the dose 

information is imported, visualization tools need to show the relationship between the thermal dose 

coverage and the underlying anatomy. Dose volume histograms (DVHs) and isodose contours, 

commonly used for dose analysis in radiation therapy treatment planning, will also be used to 

provide feedback to users. To build upon what is common from radiation therapy and 

brachytherapy treatment planning, the software will also need visualizations depicting the 

boundaries of the predicted thermal damage and a quantification of the amount of damaged tissue.  
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Figure 4. Summary of system requirements used for designing the treatment planning system. 

2.2 Software Design 

The software components of the developed TPS were implemented using 3D Slicer1 and SlicerRT2 

(Figure 5). Two different modules were developed on the 3D Slicer platform for the TPS. The first 

module enables planning, by defining the required parameters for the procedure and dose 

calculation engine. The second module evaluates the treatment plan and returns qualitative and 

quantitative feedback to users.  

 

Figure 5. Software architecture diagram. 

                                                   

1 3D Slicer, https://www.slicer.org/ 
2 SlicerRT, http://www.slicerrt.org/  

https://www.slicer.org/
http://www.slicerrt.org/
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The TPS was designed using forward treatment planning. The spinal cord is the primary organ at 

risk in vertebral metastatic RF ablation. Since the spinal cord is not regenerative and in close 

proximity to vertebral lesions, it is important to use accurate predictive modelling when 

determining thermal dose coverage. As such, the external dose engine being will utilize finite 

element modelling as it has been shown to provide accurate results that account for clinical 

variability produced by different thermal and electrical properties [37]. However, finite element 

modelling is computationally expensive and time-consuming making it unsuitable for optimization 

workflows that have realistic time constraints [29]. Forward planning could allow for the use of 

finite element modelling to produce accurate thermal dose coverage results while reducing the time 

for treatment planning, resulting in a guess and check workflow. The time reduction may be 

possible because the finite element model only requires re-evaluation if the thermal dose coverage 

is not deemed acceptable by a clinician [35].  

2.2.1 Software Platforms Used 

The TPS was implemented on the open source platform of 3D Slicer and will utilize functionality 

from two open source resources: 3D Slicer and SlicerRT. Both 3D Slicer and SlicerRT are 

internationally accepted resources for clinical, commercial, and research purposes [40], [41].  

3D Slicer 

3D Slicer is an open-source medical imaging software platform used world-wide [40]. This 

platform is a trusted platform as is it is maintained daily and undergoes nightly builds. Functionality 

that is part of 3D Slicer’s core is tested and validated. 3D Slicer is available across several 

platforms, including Windows, Mac, and Linux. It utilizes the Visualization Toolkit3 (VTK) for 

image processing and meshing algorithms. 3D Slicer includes features for visualization, 

segmentation, and registration, in addition to import and export methods for various file types 

                                                   

3 Visualization Toolkit, https://vtk.org/ 

https://vtk.org/


 

21 

 

including Digital Imaging and Communications in Medicine (DICOM) images. Another key 

feature of 3D Slicer is its extensibility. Users can create modules and extensions that can utilize 

new and existing functionality from the core of 3D Slicer. This extensibility is supported for both 

Python and C++ programming languages.  

SlicerRT 

SlicerRT is a toolkit implemented as a 3D Slicer extension and developed in the Laboratory for 

Percutaneous Surgery at Queen’s University. SlicerRT allows for radiation treatment planning and 

analysis [41]. A key part of SlicerRT is its ability to import DICOM files from commercially 

available radiation therapy TPSs, also known as DICOM-RT files. These files include information 

such as, patient imaging, radiation therapy dose volumes, and segmented anatomical structures and 

treatment volumes. Additional functionality includes the ability to perform external beam planning, 

DVH calculation and comparison, and isodose contour generation.  

2.3 Software Implementation 

The two software modules developed for this thesis were scripted modules implemented in Python. 

The first module is intended to perform procedural setup and provide required inputs for the dose 

engine. The procedural setup module contains three sections in a tabbed workflow. The workflow 

was packaged as a guidelet, that hides the default 3D Slicer graphic user interface (GUI) while only 

displaying the necessary functionality to the user. The second module uses the output from the dose 

engine to perform the analysis of the treatment plan. Prior to running the modules, users need to 

have installed the SlicerRT toolkit. 

2.3.1 RF Ablation Procedural Setup Module 

The procedural setup module was required for importing of patient imaging, determining a region 

of interest, segmenting different tissue types, visualization and placement of a probe, and the 

selection of probe parameters. The procedural setup module was divided into three different stages: 

Import Patient Imaging, Tissue Segmentation, and Probe Parameters and Placement. Using tabs 
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located in the bottom left corner of the screen, users can navigate between different GUIs (Figure 

6). This module was designed such that the user will navigate through the tabs from left to right. 

Each stage contains information about what steps to take and in what order. Upon launching the 

module, the user will be directed to the Import Patient Imaging section.  

 

Figure 6. Initial screen for the RF ablation procedural setup module, the red boxes outline various 

components of the Import Patient Imaging dock widget. 

Import Patient Imaging 

Using 3D Slicer and SlicerRT functionality, DICOM, DICOM-RT, and other file types are able to 

be imported into the system. Preoperative images are loaded as data types capable of using the 3D 

Slicer functionality. Users also have the option of using a region of interest box to define and crop 

images to a smaller and more focused area (Figure 7). The entirety of the image is not necessary 

for clinical application as bone acts as an insulator for thermal energy limiting heat transmission 

into distant soft tissue structures [26]. Once the user is satisfied with the set up of the imported 

images, they can navigate to the Tissue Segmentation stage. 
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Figure 7. The left is the original image volume with the region of interest annotator displaying the 

crop boundaries and the right is the cropped image volume. 

Tissue Segmentation 

Tissue segmentation must be performed such that different thermal and electrical properties can be 

assigned to the appropriate voxels. The segmentation process is performed using 3D Slicer’s 

Segment Editor functionality. The Segment Editor contains various options and algorithms for 

segmentation ranging from fully manual options, such as Paint, Draw, and Erase, to semi-automatic 

methods that utilize initial information to perform a larger segmentation, such as the Grow from 

Seeds or Watershed effects [42]. Tissue segmentation for bone, fat, and air are initialized to comply 

with dose calculation engine requirements. Segment Editor functionality allows users to edit the 

initialized segmentations. The Grow from seeds or Watershed effects are recommended for use to 

ensure that all voxels in the image are classified (Figure 8). Upon finalizing the segmentation, the 

module will generate a label map of the segmentations for the dose engine and generate a 3D model 

of the spine for 3D visualization using the bone segmentation. 
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Figure 8. A) The segmentation tab GUI and axial and sagittal slice views after initial segmentations 

have been applied, B) Axial and sagittal slice views after tissue segmentations have been finalized. 

Probe Parameters and Placement 

To correctly determine the dosage being delivered, the time for delivery (in seconds), the probe’s 

power (in watts), the coolant temperature (in degrees Celsius), and the probe’s orientation and tip 

position must be known. Users can select the time, power, and coolant temperature using the GUI 

(Figure 9). These parameters are initialized to commonly used values: 900 seconds, 5 watts, and 

15℃. Users are then able to place the probe in the patient image using two fiducial markers. The 

fiducial markers define the tip and entry positions for the probe. Once placed, the fiducials can be 

manipulated in both the 2D and 3D viewers. The orientation of the probe is determined as the unit 

vector between the entry and target points.  

A 3D model of the spine and a 3D model of an internally cooled and bipolar probe are used to 

provide visualization. There are also multiple display options that can be selected to portray solely 

3D views, solely 2D views, or a combination of the two.  
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Figure 9. GUI for the RF probe parameters section with the RF probe placed in the patient’s spine. 

Once the user has determined the placement of the probe, a plan file containing information about 

the probe’s parameters and positioning, is generated (Figure 10). The layout of this file was dictated 

by the external dose engine and is used to communicate the RF system parameters and probe 

location and orientation.  

 

Figure 10. Plan text output file. 

2.3.2 Thermal Dose Analysis Module 

The RF Ablation Dose Analysis module was designed to perform analysis and evaluation of the 

calculated dose. The module uses the output of the dose engine, patient imaging, and segmentations 
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of clinical structures to provide feedback on the predicted thermal dose coverage. The feedback 

provided to the user will include a visualization of the thermal dose, a calculation of the thermal 

damage volume, a dose volume histogram, and isodose contours. 

Thermal Dose Visualization  

The output from the dose engine is converted into a thermal dose volume. The scalars within the 

thermal dose volume represent the amount of dose delivered to each voxel. Using a colour map, a 

visual representation of the dose per voxel is overlaid on the patient imaging. This allows the 

thermal dose to be shown in relation to patient anatomy (Figure 11).  

 

Figure 11. Thermal dose volume calculated using a simplified dose function overlaid on 

patient imaging. 

Volume of Thermal Damage 

After the thermal dose volume has been generated, a calculation of the amount of thermal damage 

can be performed. Users will define a threshold value that is dependent on the dose function being 

applied and represents the minimum dose for which necrosis can occur. The threshold value will 

be used to generate a segment of the predicted thermal damage, such that the segmentation includes 

all voxels that have a scalar value at or above the defined threshold (Figure 12). Using this 

segmentation, the volume of thermal damage can be calculated in millimeters cubed (mm3).  
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Figure 12. Segmentation of thermal damage (blue) for a thermal dose volume calculated using a 

prescribed dose volume (Equation 4) and a threshold value of 0.67. 

Creation of a Dose Volume Histogram  

The generation of DVHs is possible using functionality from the SlicerRT toolkit. A DVH 

represents the distribution of dose in various segmentations. The x-axis represents the amount of 

dose and the y-axis represents the percent of volume for the chosen segmentations. Using DVHs, 

users can determine the amount of dose delivered to clinical structures (Figure 13 A), such as 

treatment volumes and organs at risk. The thermal dose volume and a segmentation of clinical 

anatomical structures is necessary for calculation of the DVH (Figure 13 B).  
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Figure 13. A) The segmentation of anatomical and clinical structures containing the treatment 

volumes and organs at risk, B) DVH using the segmentation of clinical structures using a simplified 

prescribed dose function (Equation 4). 
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Generation of Isodose Contours 

The generation of isodose contours is another visualization tool that can provide feedback about 

the thermal dose coverage. Existing SlicerRT functionality is used to generate isodose contours. 

Using the thermal dose volume and a lookup table defining different dose levels, isodose contours 

can be visualized on patient imaging (Figure 14). Users are able to adjust the dose levels to fit the 

dose engine being used and the clinicians’ needs. Isodose contours are necessary as they will 

provide the user with spatial information about the thermal dose coverage and visualization of gaps 

in the treatment.  

 

Figure 14. Isodose contours generated for the thermal dose prescribed by Equation 4. 
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Chapter 3 

System Testing 

3.1 Software Functionality Testing 

Before use of the TPS, verification of the software and its functionality is required. The objective 

of functionality testing was to determine that each individual component could perform 

appropriately with expected outcomes through out the treatment planning workflow. 

3.1.1 Methods 

Image Acquisition  

Anonymized CT scans were obtained from Sunnybrook Hospital/Odette Cancer Centre in 

Toronto ON, with appropriate ethics board approval. The acquired scans were of patients with 

contained vertebral body metastases.  

Testing Workflow 

A testing workflow was designed that included the steps for generating a treatment plan and 

allowed for all functionality of the TPS to be assessed. A CT scan was imported and cropped to 

include the vertebra of interest and one or two of the adjacent vertebrae. After the image is cropped, 

tissue segmentation was performed manually, and the Watershed effect was used to ensure full 

classification of all voxels. Probe parameters were set to the values of 900 seconds, 5 watts, and 

15℃. The probe’s position and orientation were determined such that the tip was in the vertebral 

body with transpedicular access. Information containing the label map of tissue segmentation, the 

probe parameters for time, power, and coolant temperature, and the probe’s position and orientation 

were sent to the simplified dose calculation engine. Outputs of the dose calculation engine were 

then used as inputs for analysis. For each trial, a calculation of thermal damage, creation of a DVH, 

and generation of isodose contours was performed. A segmentation of clinical structures, including 

treatment volumes and organs at risk, was performed for DVH creation.  
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Dose Calculation Engine 

For the purpose of testing the system’s functionality, a simple dose function was used (Equation 

4). This function was chosen as it is only dependent on Euclidean distance and not on tissue 

properties, allowing for a predictable dissipation of dose from the tip of the probe.  

Equation 4. Dose function being applied for functionality testing, where r represents the Euclidean 

distance of the voxel from the point source. 

𝐷𝑜𝑠𝑒 =  
1

𝑟
∗ 10 

The dose function was applied using a simplified dose engine that determined the distance between 

voxels and the probe’s tip position. Each set of patient imaging was resampled to a voxel size of 

1mm on all sides. Using the Danielsson distance Map Image Filter, provided by the Simple Filters 

module in 3D Slicer, the Euclidean distance of voxels in the image from the point source was 

determined. The Danielsson distance map generated the shortest Euclidean distance from a voxel 

in an image to another object (Figure 15) [43]. A label map representing the point source was 

generated to act as the object from which the distance should be calculated. The distance map was 

then used to calculate final dose values. The final dose values were then used for analysis. 

 

Figure 15. Danielsson distance map where darker pixels indicate voxels closer to the point source.  
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Ground Truth Dose  

A threshold dose value was defined as the dose at 15mm and was used for all trials. Using this 

threshold value and the simplified dose function, ground truths for the volume of thermal damage 

and for the DVHs can be established. The ground truth for the volume of thermal damage is defined 

as the volume of a sphere with a 15mm radius (Equation 5), such that it complies with the prescribed 

distribution of dose from Equation 4.  

Equation 5. Volume of a sphere 

𝑉 =  
4

3
𝜋𝑟3 

To define a ground truth DVH, segmentations of known volume and geometry were defined. For 

each case, 3D Slicer’s Segments module was used to define the following:  

• The planned treatment volume (PTV) - the minimum region needing to receive treatment  

• The clinical treatment volume (CTV) - the PTV with acceptable margins  

• The spinal cord – the organ at risk 

To align with the expected dissipation of the dose function, both the PTV and CTV segmentations 

were defined as spheres. The PTV was created as a sphere with a radius of 10mm. A 5mm margin 

was applied to create a sphere with a 15mm radius to serve as the CTV. The PTV and CTV were 

centered at the tip position. The spinal cord was created as a cylinder with a radius of 3mm and a 

height of 50mm. The spinal cord was centered in two planes with the tip position and moved 

posteriorly to beyond 15mm from the point source and into the vertebral foramen (Figure 16). 

These structures represented ground truth visualizations for determining thermal dose coverage.  
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Figure 16. Simplified clinical segmentations, where the red represents the PTV, the blue represents 

the CTV, and the green represents the spinal cord. 

Using these segmentations, a ground truth DVH can be determined. For the ground truth DVH, the 

CTV and the PTV are contained within the 15mm radius from the point source, 100% of their 

structures receive the threshold dose value of 0.67. As the whole of the PTV is located closer to the 

point source with a maximum distance of 10mm, 100% of the PTV receives a dose of 1. Since the 

spinal cord is located beyond the 15mm radius no percentage of the spinal cord should receive the 

threshold dose.  

Thermal dose coverage can also be visually assessed by looking at the shape of the isodose contours 

generated. These contours should be spherical in shape and display no whole or gaps in thermal 

dose coverage.  

Evaluation of Thermal Dose Coverage 

For each case, the output of the voxel-based mesh was assessed. The threshold value was set to 

0.67, representing the dose at 15mm of 1.5cm from the point source, and the volume of thermal 

damage was recorded and compared to the ground truth. Additionally, after generating 
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segmentations for the PTV, CTV, and spinal cord, a DVH was generated and visually analyzed 

based on the known ground truth.  

3.1.2 Results 

CT scans for 6 patients were obtained and divided into smaller volumes (containing a minimum of 

3 vertebrae) to yield a total of 14 cases for analysis. The testing workflow was successfully 

completed in all 14 cases. For each dataset, the CT scans were cropped to a region of interest, tissue 

segmentation was performed, a label map was generated, probe parameters were capable of being 

set, and the placement of the probe to a desired location and orientation was possible. The 

information determined in the Probe Parameters and Placement stage matched the information 

documented in the plan text file.  

In all cases, dose analysis was successfully performed. Thermal dose volumes were capable of 

being generated and displayed, the segmentation and calculation of thermal damage was performed, 

and DVHs and isodose contours were created. The calculated volume of thermal damage is shown 

in Table 1. The ground truth volume for thermal damage was the volume of a sphere with a radius 

of 1.5cm. Positive differences denoted volumes greater than the ground truth.   

Table 1. The volume of thermal damage produced using a threshold value of 0.67 and the difference 

between experimental and ground truth volumes, defined by a radius of 1.5cm. 

 
Volume of thermal 

damage (cm3) 

Difference from ground 

truth (cm3) 

Average + standard deviation (cm3) 15.38 + 0.33 +1.24 + 0.33 

Minimum (cm3) 14.70 +0.56 

Maximum (cm3) 15.96 +1.82 

 

For all DVHs generated, 100% of the PTV received at least the threshold value of dose of 0.67, 

while 0% of the spinal cord received the threshold level of dose. In all cases 100% of the CTV 

never obtained the threshold dose value of 0.67 (Figure 16). Additionally, 100% of the PTVs never 
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received a dose value of 1 as outlined by the ground truth (Figure 17). In all cases, the isodose 

contours displayed the expected circular dose levels with no spatial gaps in all cases. 

 

Figure 17. A) Segmentation of critical structures representing the PTV (red), CTV (blue) and the 

spinal cord (green), B) DVH generated using a simplified prescribed dose function and simulated 

critical structures. The first purple line represents the threshold value for 15mm and the second 

represents the threshold value at 10mm. 
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3.1.3 Discussion 

Vertebral metastases are commonly present in many cancer patients. RF ablation is a clinically 

utilized thermal therapy for the treatment of vertebral metastases. RF ablation is a local and 

minimally invasive form of treatment that causes necrosis of surrounding tissues. The use of RF 

ablation in soft tissues, such as the liver, is common and several different TPS have been developed 

to plan these procedures. However, current treatment planning for RF ablation of vertebral 

metastases has been limited to the analysis of 2D images for defining the vertebra of interest and 

the potential for transpedicular access. To address the lack of comprehensive RF treatment planning 

for vertebral metastases, this thesis focused on designing a TPS implemented on the open source 

platform 3D Slicer. Functionality testing was used to determine that the TPS was capable of 

performing as expected.  

For each case, the procedural setup module of the TPS successfully performed each step of the 

testing workflow. Tissue segmentation was the most time-consuming step as manual editing was 

required. A more automated segmentation method could be explored to reduce the time required to 

perform segmentation. However, user involvement cannot be fully eliminated as automated 

segmentation algorithms are prone to inaccuracies and often require editing. The generation of the 

3D spine model added further time to this stage of the workflow. The procedural setup module 

generated the label map and plan files required for the external dose engine for all cases.  

For the thermal dose analysis module, all steps in the testing workflow were completed in all cases. 

It was possible to visualize the dose over underlying anatomy, define damage boundaries based on 

a threshold dose value, calculate the volume of thermal damage, and generate dose volume 

histograms and isodose contours. The shape of the isodose contours and the volumes of thermal 

damage complied with what was expected from the simplified dose function. 

The calculations for thermal damage were slightly larger than the expected ground truth in all cases. 

Several reasons could account for this discrepancy. The first being that when segmentation is 
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performed for the calculation of the volume of thermal damage, entire voxels are included that 

could stretch beyond or not reach the 15mm boundary defined by the ground truth. The 

segmentation process classifies each voxel in the image. Therefore, the spacing of each voxel will 

play a role in the determination of an accurate damage volume. This effect can be seen by using a 

sphere model with a 15mm radius to represents the ground truth. When the model is displayed in 

the 2D slices, it is possible to see the areas where the segmentation goes beyond or does not reach 

the 15mm boundary (Figure 18).  

 

Figure 18. The pink circle represents the ground truth boundary and the blue is a segmentation of 

the thermal damage volume. 

Additionally, the difference in thermal damage calculations could result from the creation of the 

label map meant to represent the RF probe’s tip. The target point is used to generate a model of a 

sphere, with a 1mm radius, centered at the probe’s tip position which is then converted to a 

segmentation for generation of the label map used in the Danielsson Distance Image Map filter. If 

the probe tip is not centered within a specific voxel the label map will be irregular in shape, and as 

a result the distance map will not be able to generate a thermal dose volume with perfect spheres 

(Figure 19). When this occurs, some voxels will be portrayed as closer to the probe tip and given a 

larger dose value. This will increase the amount of damaged volume being calculated. Although 

the functionality of the thermal dose analysis module performs successfully, resampling the dose 
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volume to a smaller voxel size and the generation of a more accurate and target location label map 

could allow for more accurate calculations of thermal damage.  

 

Figure 19. The green represents the label map for the target point used in the Danielsson distance 

image map filter. 

Upon visual assessment of the DVH generations, it was expected that both the PTV and CTV would 

show 100% of their structures obtaining the threshold value of 0.67. The PTVs behaved as expected 

but the CTVs showed between 95% and 100% of their structures receiving the threshold dose. 

Additionally, the DVHs did not show 100% of the PTVs obtaining a threshold dose of 1, defined 

by being 10mm from the tip of the probe. The DVHs were generated using bin sizes of 0.2. As a 

result, the values of 0.67 and 1 are never explicitly reported (Figure 20). SlicerRT’s DVH 

generation functionality was used to for this TPS. Since SlicerRT’s functionality has been validated 

and undergoes testing and nightly builds to ensure its accuracy. Therefore, generating a DVH with 

a smaller bin size and a smaller voxel size could allow for DVHs to better visually correspond to 

the ground truth.  

 

Figure 20. PTV Values used to generate a DVH for a treatment plan generated using the simplified 

prescribed dose function, CTV Values used to generate a DVH for a treatment plan generated using 

the simplified prescribed dose function. 
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The designed TPS was capable of completing the testing workflow for all cases, however, there is 

a limitation of this system in how it will interact with the clinical external dose engine being 

developed at the Sunnybrook Research Institute. The clinical external dose engine requires that a 

text file containing the RF system parameters be provided along with the label map, and the external 

dose engine will output an unstructured grid of dose values. Ideally, the information could be 

communicated through the use DICOM-RT. DICOM-RT objects are capable of containing 

information for critical structures, plans, and doses. This would also make it possible for the system 

to communicate with various commercially available systems for radiation therapy. 

3.2 Usability and Acceptance Testing 

RF ablation treatment planning using simulation and predictions of dose is currently non-existent 

in the clinical workflow for the treatment of vertebral metastases. As such, the acceptance of the 

TPS for RF ablation of vertebral metastases and the clinician(s) responsible for treatment planning 

need to be established. Spine surgeons and interventional radiologists could deliver RF ablation for 

vertebral metastases. However, due to the close resemblance to treatment planning for radiation 

therapy, medical physicists and radiation oncologists could also play a key role in treatment 

planning for RF ablation. Usability and acceptance testing could provide insight into the potential 

adoption of the TPS.  

3.2.1 Methods 

For this usability assessment, participants had the opportunity to interact with the TPS and were 

asked to respond to a series of statements (Table 2). Initially, participants were shown how to use 

the software and were allowed to ask questions. Following an initial introduction with the software, 

participants were asked to create a treatment plan, for a patient with a vertebral metastasis, using 

the TPS and the simplified dose engine explained in section 3.1. Statements 1 through 11 were 

responded to using a Likert Scale, where 1 was they strongly disagreed and 5 was they strongly 
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agreed. In statement 12, users were asked to circle the clinicians that they believed would need to 

be involved with treatment planning for RF ablation of vertebral metastases.  

Table 2. Usability and Acceptance Questionnaire Statements 

Number  Description 

1 My overall initial experience with the Radiofrequency (RF) ablation Treatment 

Planning system (TPS) was positive. 

2 I believe that the TPS could help determine safe and effective RF ablation treatment. 

3 The TPS was easy to use. 

4 I believe all steps in the TPS are necessary. 

5 I believe that a TPS is a useful addition to current clinical practice for the RF ablation 

of vertebral metastases. 

6 I am in favour of adopting this system into a clinical RF ablation workflow for 

vertebral metastases. 

7 The 3D visualization was beneficial for determine placement of the RF ablation 

probe. 

8 I was able to easily place the RF ablation probe. 

9 The use of a dose volume histogram (DVH) helped me in determining a safe and 

effective RF ablation treatment. 

10 The use of isodose contours helped me in determining a safe and effective RF ablation 

treatment. 

11 I believe that a combination of people is necessary for planning RF ablation 

treatments. 

12 I believe a surgeon / radiologist / radiation oncologist / clinical fellow / physicist/ 

technician is best suited to perform RF ablation treatment planning for vertebral 

metastases. 

3.2.2 Results 

A total of 5 clinicians participated in the usability testing. The clinician breakdown was 2 spine 

surgeons, 1 medical physicist, 1 interventional radiologist, and 1 radiation oncologist. The usability 

of the system can be seen in Figure 21.  
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Figure 21. Usability questionnaire results. 
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When asked who the clinicians believed would be best suited for performing treatment planning, 

surgeons were selected the most followed by radiation oncologists (Figure 22).  

 

Figure 22. Graph of the clinicians that could be responsible for the RF ablation treatment planning 

of vertebral metastases. 

3.2.3 Discussion 

New technologies and changes to medical workflows always face resistance in the medical field. 

There are several steps that must occur for a system to become adopted into routine clinical use 

[44]. Cresswell and Sheikh identify the required steps to be adoption, deployment, diffusion, 

implementation, infusion, integration, normalization and routinization [44]. Adoption is defined as 

the acceptance and incorporation of the technology into everyday practice. It is crucial that when 

new software is developed, it is easily adopted by clinicians and can benefit clinicians who may or 

may not have expansive experience or knowledge of the procedure or the technology. Several 

criteria that are crucial to clinical adoption include: usability, intuitiveness, speed, accuracy, and 

acceptance. The speed and accuracy of a system can be determined using functionality and clinical 

testing procedures. However, usability, intuitiveness, and acceptance components are assessed 
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using qualitative means. Qualitative studies provide insight into situational and personal 

experiences to be addressed [45]. When testing a new TPS, it is important to allow clinicians, of 

varying experience and fields, to provide feedback [46]. A positive user experience is essential for 

adoption of technology into a clinical workflow.  

The usability testing performed, provided insight into initial user experiences with the software and 

the clinicians willingness to adopt a TPS for RF ablation of vertebral metastases. The results of the 

usability questionnaire showed a positive trend in favour of adopting a TPS. There was also a 

consensus among the clinicians participating that a TPS for RF ablation of vertebral metastases 

would be a useful addition to the clinical workflow. This positive experience shows that there is 

the possibility of adoption of such a system into a clinical workflow.  

In addition to a clinician’s willingness to accept the system, the system needs to be intuitive and 

easy to use. The easier it is to use the TPS the more likely the system could be adopted. Clinicians 

performing the usability testing found that the system was easy to use after an initial experience 

with the system.  

3D visualization was included to provide clinicians with more spatial information about the 

anatomy and help place the probe in desired locations. The usability questionnaire revealed that 

clinicians found the use of 3D visualization was useful in determining the desired placement of the 

probe with respect to patient anatomy. Additionally, clinicians found the visualizations of dose to 

be helpful in evaluating the plans thermal dose coverage.  

Due to the lack of a current TPS for RF ablation of vertebral metastases, the responsibility of who 

uses the TPS is not established. The usability questionnaire found that a combination of clinicians 

would be necessary for RF ablation treatment planning for vertebral metastases. Surgeons and 

radiation oncologists were determined to be the most necessary for RF ablation of vertebral 

metastases. However, the coordination of multiple clinicians could be problematic. A combination 
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of different clinicians would involve not only the coordination of multiple people but also multiple 

departments. There would need to be clear distinctions as to what aspects of the planning procedure 

belong to which clinician, and how the information would be transferred between departments. For 

example, surgeons could be responsible for determining the initial placement of the probe, and 

radiation oncologists could be responsible for determining the effectiveness and safety of the 

designed plan.  

This usability study was unable to evaluate a realistic time constraint for determining a single 

treatment plan due to the lack of a clinical dose engine. The acceptable time for treatment planning 

can vary greatly. In a study comparing a standard radiation therapy TPS to a TPS utilizing multi-

criteria optimization for glioblastomas found that the standard system performed at an average of 

156 minutes with clinicians contributing 5 minutes and the TPS utilizing multi-criteria optimization 

performed at an average of 12 minutes with clinicians contributing 8 minutes [47]. These results 

were determined excluding the time necessary to segment clinically relevant structures such as 

treatment volumes and organs at risk. A shorter planning time would be more favoured by clinicians 

and could allow for the possibility of re-runs to be performed when modifications to the plan are 

necessary [47]. This system would increase the time required for planning of RF ablation for 

vertebral metastases. Therefore, it will be necessary to evaluate the amount of time needed to 

generate a single plan and determine if that time is clinically acceptable. The use of a TPS for RF 

ablation of vertebral metastases in real time, such as planning for pedicel screw placement, or at 

times prior to treatment, such as with radiation therapy, will need to be assessed.  
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Chapter 4 

Conclusion and Future Work 

4.1 Conclusions 

The goal of this thesis was to design, develop and validate software to act as a TPS for the delivery 

of RF ablation to vertebral metastases. The system needed to fulfill requirements for the import of 

patient specific information, procedural setup, and dose analysis. The TPS was designed to work 

with an external thermal dose engine. The system was tested with a simplified thermal dose 

function to determine the functionality of the system. The first module designed was able to input 

patient imaging scans, perform tissue segmentation and allowed for procedural parameters of time, 

power, and coolant temperature to be set, and for placement of the probe. The second module 

developed was able to analyze results from a dose calculation program both quantitatively and 

qualitatively. Clinicians were able to interact with the designed TPS to determine the systems 

usability and acceptance. The feedback from the usability and acceptance testing showed a positive 

trend in favour of adopting the TPS for treatment planning of RF ablation for vertebral metastases. 

By combining the benefits from a robust TPS with intra-procedural navigation, translation of the 

plan into the physical intervention could improve the delivery of RF ablation to patients by 

decreasing complications and improving pain reductions and local tumor control. 

4.2 Future Work 

The current software shows many pathways for future work. The development of a clinical external 

dose calculation engine is currently ongoing and validation testing will need to be performed. This 

would need to first be done in porcine models and later in cadaver models to establish accurate 

predictions of tissue destruction the time required to generate a single plan. Lastly, the system will 

need to be tested in a clinical patient application study. 
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The results of the treatment planning system could be integrated with surgical navigation systems, 

such as those employing optical tracking, to increase accuracy and effectiveness of delivery. The 

integration of the plans generated by the TPS and a surgical navigation system should be explored 

and tested in phantom and clinical settings. In addition to determining if the treatment plans can be 

followed with regards to the RF probe’s tip position and orientation, the accuracy of the simulation 

can be examined by comparing the simulated damage volume to the actual damage volume. After 

dose calculation has been validated and is clinically acceptable, another avenue for future work is 

exploring treatment plan optimization. By adjusting the position and orientation of the probe, or by 

adjusting the time parameter many consecutive plans could be generated and evaluated to then 

present clinicians with the best possible outcome that would optimize treatment.  

Another avenue for future work is that there are many different commercially available probes that 

perform RF ablation. Each of these probes would produce different dose results. As the current 

system was designed for an internally cooled and bipolar RF system, other RF ablation probes may 

need to be investigated. For example, when using a multi-tined probe there will need to be a way 

of defining tip locations for each tine.  

Lastly, there is the potential for this TPS to work in combination with radiation therapy planning 

and to extend beyond RF ablation. Radiation therapy treatment planning workflows are already 

established in for clinical settings. To combine RF ablation treatment planning with radiation 

therapy planning there will need to be functionality to allow for the flow of data between these 

workflows and systems. The integration of functionality from SlicerRT allows the TPS to receive 

information, such as patient imaging, radiation therapy dose structures, and segmentations of 

clinical structures, from commercially available radiation therapy treatment planners and there 

would need to be functionality developed to export compatible data types back to commercial 

radiation therapy planning systems. There are also other thermal ablation modalities that could be 

incorporated into the system. Modalities such as laser ablation, cryoablation and microwave 
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ablation follow similar protocols for the treatment of vertebral metastases. These other modalities 

are all local therapies that are delivered through a thin linear applicator. Microwave ablation would 

be very similar to RF ablation in that both waves dissipating through the body belong to the 

electromagnetic spectrum. Both microwave ablation and RF ablation would rely on tissue 

properties for thermal and electrical conductivity and would need to be delivered in a transpedicular 

approach. Although laser ablation would rely on a transpedicular approach, it would require 

knowledge of the photothermal properties of different tissues. Information about the thermal 

capacity of tissues in a freezing environment would need to be known for cryoablation.  
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