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ABSTRACT 

This work presents a comprehensive characterization of the dosimetric and 

position measurement characteristics as well as clinical implementation of a novel four-

dimensional in vivo dosimetry system, RADPOS. Preliminary dose and position 

measurements were first conducted to evaluate any deviation from known characteristics 

of metal-oxide semiconductor field-effect transistors, MOSFETs, and electromagnetic 

positioning systems when they are used alone. The system was then combined with a 

deformable tissue equivalent lung phantom to simulate respiratory-induced tumour 

motion and lung deformation and to evaluate the potential use of the system as an 

effective quality assurance tool for 4D conformal radiotherapy. The final phase of testing 

involved using the RADPOS 4D in vivo dosimetry system in two different clinical trials. 

The first involved characterizing the breathing patterns of lung cancer patients throughout 

the course of treatment and measuring inter-fraction variations in skin dose. Within this 

framework, the feasibility of general use of the RADPOS system on patients during daily 

treatment fractions was also assessed. The second trial involved a modified RADPOS 

detector that contained a MOSFET array, allowing for dose measurements at five 

different points. This detector was used to measure dose and position in the prostatic 

urethra throughout seed implantation for transperineal interstitial permanent prostate 

brachytherapy. 

It has been found that the dosimetric response is similar to that of a 

microMOSFET, when used alone, aside from a slightly higher variation in angular 

response. Position measurements can be obtained with an uncertainty of ± 2 mm when 

the detector remains within a specific optimal volume with respect to the magnetic field 
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transmitter and when interfering metal objects are kept at least 200 mm away. Combining 

the RADPOS system with a deformable lung equivalent phantom allowed for efficient 

quality assurance of 4D radiation therapy, as agreement between dose measurements and 

treatment plan calculations was within 5% for both free breathing and adaptive treatment 

deliveries and position measurements were accurate and consistent between the CT and 

treatment delivery rooms. The two clinical trials demonstrated that the RADPOS system 

can be used during daily treatments without any disruption to the treatment schedule or 

discomfort to patients. The lung patient study found significant deviations in external 

surface motion which emphasize a need for continued position monitoring. Average 

measured dose values were in agreement with treatment plan dose calculations for the 

majority of points. The second clinical trial highlighted deviations from calculated 

treatment plan values as well as changes in position due to needle placement, swelling, 

and other internal motion as well as changes due to the TRUS probe. These changes were 

found to be significant in several cases and should therefore be quantified to evaluate 

influence on dose distributions. 
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Irradiated target volume (ITV) Volume receiving a significant dose, based on normal 
tissue tolerance doses. 
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Chapter 1 

INTRODUCTION TO THE RADPOS SYSTEM 

1.1 INTRODUCTION 

1.1.1 Cancer trends and treatments 

The Canadian Cancer Society predicts that in the year 2011, an average of twenty 

Canadians will be diagnosed with some type of cancer every hour.'11 This totals over 

175,000 new cases by the end of the year, a number that is expected to increase 

dramatically with our aging population.*11 The effects of aging and population growth on 

the number of new cases of cancer each year are shown in figure 1.1. This expected 

increase highlights the need for effective treatment, to reduce recurrences and associated 

health care costs. 
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Figure 1.1 Trends in new cases for all cancers and ages, for a) males and b) females. The bottom curve 
shows increase in cancer rates due to changes in cancer risk or diagnostic practices, the middle curve shows 
changes attributed to population growth, while the top curve shows changes due to the aging population.[1] 
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There are currently three main methods of treatment for cancer: surgery, 

chemotherapy, and radiation therapy. Patients often receive more than one type of 

therapy throughout their disease, with approximately fifty percent of patients undergoing 

surgety, thirty percent receiving chemotherapy, and thirty percent having radiation 

therapy treatments. Radiation combats cancer cells by damaging a cell's DNA, 

destroying its ability to reproduce. It is also capable however of damaging healthy cells 

through the same mechanisms. Radiation treatment plans aim to deliver highly conformal 

dose to the tumour while at the same time sparing surrounding healthy tissues and 

modern radiation therapy technology is in principle capable of delivering such complex 

treatments.121 Unfortunately, the patient is not a static object and although sophisticated 

immobilization devices and breathing techniques are employed, some movement of the 

tumour exists not only between different treatment fractions (inter-fraction movement), 

but also during a single treatment (intra-fraction movement).13"51 

1.1.2 Uncertainties in patient treatment 

Intra-fraction movements can lead to insufficient dose delivered to the treatment 

target and can also result in an overdose of nearby healthy organs.13"51 The largest 

contributors to intra-fraction movement are breathing and cardiac motion, which affect 

mainly organs in the abdomen and thorax.13,61 The planning target volume, PTV, which 

encompasses an extra margin around the clinical target volume, is used to account for 

uncertainties due to patient positioning and organ motion. 
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Clinical target 
volume (CTV) 

volume (GTV) 
Gross tumour 

Planning target 
volume (PTV) 

Figure 1.2 Various tumour and target definitions used throughout the treatment planning process. 

The definition171 of the planning target volume is however limited by the presence 

of nearby organs at risk and other healthy tissue.18'95 Imaging systems, such as ultrasound, 

x-ray, infrared cameras, portal imaging and computed tomography, can be used to 

determine tumour position prior to daily treatments, and necessary adjustments can be 

made to the patient position at that time.'7'10-161 This reduces the risk of set-up errors, 

which can have significant consequences on delivered dose.'171 It does not, however, 

account for motion throughout the duration of the treatment, which can be between 15-45 

minutes for some image-guided intensity-modulated radiation therapy, IMRT, 

treatments.'18'191 Continuous monitoring of target and patient position during irradiation 

can provide valuable information for more complex methods of radiotherapy delivery, 

which rely on real-time position data, and can identify action levels when the patient or 

target has moved too much.'20"221 
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Another important part of accurate dose delivery is the measurement of radiation 

delivered to the patient. Several problems with computer optimized treatment planning 

systems have been identified, such as inaccurate dose calculations near the surface and at 

other interfaces between different materials.'23, 241 In addition, the treatment machine 

output may vary during treatment delivery. In vivo dosimeters capable of providing quick 

and accurate dose information can be a valuable asset to quality assurance of treatment 

delivery. Real-time dose measurements can identify errors while the patient is still on the 

treatment table so corrections to the patient position or treatment plan can be made much 

earlier than with dosimeters that require long processing times, like thermoluminescence 

dosimeters, TLDs. 

To this end, a new four-dimensional (4D) in vivo dosimetry system that combines 

real-time position monitoring with simultaneous dose measurement has recently been 

developed. The device is called Radiation Positioning System, RADPOS, and it merges 

two technologies: an electromagnetic positioning device coupled with a metal-oxide 

semiconductor field-effect transistor, MOSFET, radiation detector. Initial 

conceptualization of the device took place at The Ottawa Hospital Cancer Center before 

the work presented here began, however continued improvements to both the detector 

and software have been carried out since that time. Development of the RADPOS system 

has been in collaboration with Best Medical, Ottawa ON, where manufacturing of the 

device has taken place. The RADPOS system has been patented and is commercially 

available in Canada.'251 
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1.2 RADPOS SYSTEM DESCRIPTION 

A schematic of the RADPOS (Best Medical Canada, Ottawa, ON) is shown in 

figure 1.3. The probe consists of either a high sensitivity (TN-1002RDM) or standard 

sensitivity (TN-502RDM) microMOSFET dosimeter (Best Medical Canada, Ottawa, ON) 

and an Ascension 3D Guidance medSAFE electromagnetic positioning tracker 

(Ascension Technology Corporation, Burlington, VT), which are both mounted on a long 

flexible wire. To avoid radiation attenuation and disturbance, the positioning sensor, 

attached to the probe wire, is separated by 8 mm from the MOSFET dosimeter, as shown 

in figure 1.4. The position coordinates of the detector are determined by monitoring the 

response of the sensor to a pulsed 3D magnetic field. This field is generated by a 3D-

Guidance direct current, DC, magnetic field transmitter which must be attached to the 

treatment couch, stationary with respect to the patient/phantom coordinate system. The 

RADPOS probe is connected to a mobile MOSFET reader (TN-RD-16), a 3D-Guidance 

preamplifier and a 3D-Guidance medSafe electronics unit which are controlled by a host 

computer using either a direct connection or wireless technology. This allows the user to 

sample and view dose and position information outside the treatment room in real-time 

while the patient is on the treatment couch. 
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RADPOS detector DC magnetic field 
transmitter 
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MOSFET reader 3D Guidance position 
tracker 

Host PC 

Figure 1.3 Schematic of the RADPOS dosimetry system. 

Figure 1.4 RADPOS detector. The MOSFET dosimeter is at die tip of the wire and the positioning sensor 
is located 8 mm away. Several of die detectors also have a marker at the end of die wire, above the 
MOSFET, that is visible on CT images. 
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1.2.1 MOSFET dosimeter 

P-channel enhancement MOSFETs consist of a negatively doped (n-type) silicon 

substrate, on top of which lies the source, gate and drain terminals, as seen in figure 1.5. 

The source and drain terminals are built on top of a region of positively-doped (p-type) 

silicon while the gate terminal is separated from the n-type silicon substrate by an 

insulating layer of silicon-dioxide. The substrate region directly below the silicon dioxide 

is called the channel. The voltage applied to the gate controls the conductivity of this 

channel. When a negative gate voltage, VG, is applied, free electrons are repelled from the 

channel, leaving an electron-depleted region, and positive charge carriers are attracted 

from the substrate into the channel, making it more conductive. When a sufficient 

number of positive holes builds up, the substrate in the channel changes from n-type to p-

type, creating an inversion layer which connects the source, gate and drain. The voltage 

required to create this inversion effect and induce a conducting channel is called the 

threshold voltage, Vo,. 
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Source Gate 
Drain 

SiOj 

p - Channel 

Figure 1.5 MOSFET structure. Diagram adapted from M Soubra, J Cygler, and G Mackay, "Evaluation of 
dual-bias-dual-metal-oxide-silicon semiconductor field effect transistor detector as radiation dosimeter," 
Med Phys. 21,567-572 (1994).1261 

For use as a dosimeter, a MOSFET is bonded to a long flexible cable with 

approximately 1 mm of epoxy, which acts as a guard against contamination, moisture, 

and heating. When the MOSFET is exposed to ionizing radiation, electron-hole pairs are 

created in the insulating silicon-dioxide layer. Some of the electrons will travel to the 

gate and some will recombine with the holes. The holes that have not recombined with 

the electrons will drift to the oxide-substrate interface where some of them will become 

trapped. The extra interfacial charge will cause a shift in the negative voltage that must be 

applied between the gate and source terminals to create the conducting channel and to 

achieve the same current flow as before the irradiation, as seen in figure 1.6. This change 

in the threshold voltage, from before irradiation to after, AVo,, is proportional to the 

amount of dose delivered to the MOSFET. 
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Figure 1.6 Change in threshold voltage of MOSFET with exposure to radiation. 

The sensitivity of a MOSFET detector can be improved by increasing the amount 

of holes at the interface. This can be done by applying a positive gate bias during 

irradiation, which will increase the number of electrons collected at the gate, decreasing 

the amount of recombination and therefore increasing the number of positive holes 

leftover at the oxide-substrate interface. In addition, the positive gate bias pushes the 

holes toward the oxide interface. Another method is to increase the thickness of the oxide 

layer, which increases the number of electron-hole pairs created during irradiation; 

however, this improved sensitivity decreases the lifetime of the sensor. 

The external dimensions of the MOSFETs used in the RADPOS detectors are 

3.5x1.0x1.0 mm3, with a sensitive volume of 0.2x0.2x5x10"4 mm3 for the standard 

sensitivity MOSFETs and of 0.2x0.2xlxl0'3 mm3 for the high sensitivity MOSFETs. The 



standard sensitivity MOSFETs have a nominal calibration coefficient of 1 cGy/mV while 

the high sensitivity MOSFETs have a nominal calibration coefficient of 0.33 cGy/mV. 

The RADPOS probe is connected to a mobile MOSFET reader (TN-RD-16), which 

records the threshold voltage of the dosimeter. The software that has been created 

specifically for the RADPOS system allows the user to sample the dose either manually 

after irradiation is complete or automatically at user-defined time intervals for dynamic 

measurements. 

1.2.2 Positioning system 

The electromagnetic positioning sensor used with the RAPDOS system is a small 

cylinder 6.5 mm in length and 1.3 mm in diameter. The position coordinates of the 

detector are determined by monitoring the response of the sensor to a pulsed 3D magnetic 

field generated by a 3D-Guidance DC magnetic field transmitter. The transmitter 

contains three coils, each at a 90° angle to the other two. When current is passed through 

the windings, magnetic fields with precisely-known characteristics are created along the 

x, y and z axes. The transmitted magnetic field of each axis has a trapezoidal magnitude 

consisting of a short build-up period (250 jis), a steady-state period (approximately 2 ms), 

and a fall-off period (250 us) followed by a period where the transmitter is turned off (2 

ms). The steady-state period exists so that eddy currents in nearby metals can decay and 

sensor output can stabilize. This pattern is repeated sequentially for the three windings. 

The transmitted magnetic field, which falls off according to the inverse cube of 

the distance from the transmitter (1/r3), is measured by a three-axis ring core fluxgate 

magnetometer sensor1271 located along the RADPOS wire. An algorithm is then used to 

convert the resulting values to the x, y, and z coordinates as well as the azimuth, 
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elevation and roll angles of rotation of the RADPOS probe. Similar to the dose 

measurements, this position information can be sampled either manually or 

automatically. Position coordinates can be logged with a frequency of up to 20 Hz. 

Numerical data as well as graphical display are available with the software and can be 

viewed on the host computer. 

The axes of the coordinates outputted by the RADPOS software are determined 

by the orientation of the transmitter, figure 1.7. For all woric done in the presence of a 

treatment unit, the transmitter was positioned so that the x, y, and z axes corresponded to 

the cross-plane, in-plane, and depth axes of the machine, respectively. This corresponds 

to the left/right, superior/inferior, and anterior/posterior axes of a patient, as shown in 

figure 1.8. The transmitter must be placed at a specific distance from the RADPOS probe 

to ensure the highest accuracy in the position monitoring. In this work, the transmitter 

was consistently placed 20 cm from the probe, however the extension of this optimal 

range has been investigated and is presented in Chapter 2. 

f 
+Z 

Figure 1.7 The RADPOS DC magnetic field transmitter and coordinate system. 
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Figure 1.8 Coordinate systems of a) the patient, b) the RADPOS system, and c) the radiation beam. The 
RADPOS axes (x,y,z) are defined by the placement of the transmitter, which has been kept consistent with 
respect to the patient (left/right, superior/inferior, and anterior/posterior axes) and the radiation beam 
(cross-plane, in-plane, and depth axes) throughout all testing. 
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1.3 THESIS OUTLINE 

This thesis covers the work done to bring a prototype of the RADPOS system 

from initial testing to implementation into clinical routines. Before a new tool can be 

used for treatment verification, the dosimetric and position accuracy must be well-

characterized. Chapter 2 reviews preliminary tests that were carried out in the lab using 

both static and dynamic water-equivalent phantoms. Measurements were made with the 

RADPOS probe to determine any deviation from the behaviour of a regular MOSFET 

detector as well as to test the limitations of the position monitoring system. Once initial 

testing was complete, the system was taken to Montreal for a collaborative project with 

scientists from McGill University, as described in Chapter 3. The RADPOS system was 

used in conjunction with the McGill group's deformable lung phantom to simulate both 

free breathing and adaptive radiation treatment deliveries. The RADPOS system was 

used to verify delivered dose and motion of a simulated tumour while imitating a real 

patient treatment. After the initial testing described in Chapter 2, Health Canada granted 

conditional approval for use of the system on patients. Chapters 4 and 5 cover clinical 

trials that involved using the RADPOS system to measure patient motion and dose during 

external beam treatment for lung cancer (Chapter 4) and transperineal interstitial 

permanent prostate brachytherapy implants (Chapter 5). Aside from quantifying intra-

and inter-fraction variations in patient motion and dose, the feasibility of general use of 

the RADPOS system on patients during daily treatment fractions has also been assessed. 
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Chapter 2 

EVALUATION OF A NOVEL 4D IN VIVO DOSIMETRY 

SYSTEM 

2.1 INTRODUCTION 

2.1.1 In vivo dosimetry 

Radiation therapy is a complex process involving many steps, each with its own 

potential for error. Once the decision is made to treat a patient with radiation, a set of 

images is acquired and target volumes and organs at risk are contoured by a radiation 

oncologist. A treatment plan is then created to achieve the prescribed dose limits using 

various beam configurations. The treatment planning system uses complex dose 

calculation algorithms to calculate the total dose distribution within the patient. On each 

day of treatment, the patient is set-up on the treatment couch in the same way as when the 

images used for planning were acquired. It is becoming common practice to image the 

patient again while on the treatment couch to improve patient positioning accuracy. A 

fraction of the treatment plan is then delivered using a linear accelerator. The gantry of 

the machine rotates around the patient to achieve the desired beam angles and then 

delivers the appropriate amount of radiation in each position. 

Radiation therapy departments have detailed quality assurance programs in place 

to address potential errors in this patient treatment process. Typical quality assurance 

programs involve routine tests of machine output stability, positioning lasers, treatment 
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planning calculations, and data transfer methods. In vivo dosimetry is also an important 

part of quality assurance as it involves verification of the actual dose delivered to the 

patient and can identify random as well as systematic errors in treatment planning and 

patient set-up. 

Several different types of detectors are available for in vivo dosimetry 

measurements including thermoluminesence dosimeters, diodes, and optically stimulated 

luminescence dosimeters.128, 293 In 1994, the first publications describing the use of 

MOSFETs for in vivo dosimetry appeared in literature and since then, many more 

publications have investigated their dosimetric properties and potential for clinical use.[26, 

30] Because of the high dose gradients present with many complex treatments, dosimeters 

with high spatial resolution are needed to accurately measure a region of homogeneous 

dose. Therefore, the small active volume of MOSFETs (<0.5 mm width and 25|xm 

thickness) minimizes the inaccuracy that can arise from having large dose gradients 

across the detector volume. The software used with the RADPOS system allows for real

time read-out so information regarding delivered dose can be collected while the patient 

is still on the treatment couch. 

As mentioned above, the dosimetric properties of MOSFET detectors have been 

studied extensively126, 31 393 and their performance capabilities are well known. This 

chapter presents preliminary testing performed using the combined MOSFET-

electromagnetic positioning detector, RADPOS. Where possible, results have been 

compared to known capabilities of MOSFETs, when used alone, to determine any 

deviation in behaviour. 
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2.1.2 Positioning systems 

Patient position can vary over the course of a treatment fraction due to movement, 

inaccuracies in positioning, and bodily functions such as breathing and digestion.^31 This 

can cause actual delivered dose to deviate from treatment plan calculations. Knowledge 

of patient movement can allow for monitoring of large shifts in position, as well as enable 

motion compensation techniques. One type of device that can be used to track patient 

position without requiring invasive procedures or delivering extra dose is electromagnetic 

positioning detectors. These systems rely on the detection of transmitted magnetic fields 

to calculate the position of a sensor in space. The sensors can be placed on the surface of 

the body or inside regions of interest to track displacements in real-time. 

Several electromagnetic positioning devices exist on the market today, including 

the Ascension (Ascension Technology Cooperation, Burlington, Vermont), Aurora (NDI, 

Waterloo, Canada) and Calypso (Calypso Medical Technologies, Seattle, Washington) 

systems.140"421 The performance capabilities of these systems have been well characterized 

and several have been used in various radiotherapy scenarios. The positioning sensor 

used in the RADPOS detector is the Ascension microBirdJ40' As described in Chapter 1, 

this positioning system uses a pulsed DC magnetic field driven by quasi-static square 

wave currents. This technology is an improvement over earlier versions of Ascension 

detectors which used alternating current, AC, magnetic fields. Interference from metals 

continues to be a problem today; however it was an even greater problem with the earlier 

AC-based prototypes due to eddy field noise from nearby materials.1401 When a conductor 

is in the presence of time-varying magnetic fields, such as those used in early 

electromagnetic positioning systems, a voltage difference can be induced across the 

conductor. This can cause an electric current to flow within the conductor, which in turn 



creates a magnetic field of its own. This induced magnetic field, often called an eddy 

field, will be summed with the transmitted magnetic field of the positioning system, 

introducing error into the estimation of position coordinates of the sensor. The use of DC-

based systems avoids this problem since measurements are made only once the magnetic 

field has stabilized. 

Another primary source of error for electromagnetic positioning systems comes 

from the presence of ferromagnetic materials. When an external magnetic field is applied, 

a field is induced within ferromagnetic objects. This induced field can distort the 

transmitted steady-state magnetic field of the positioning system, affecting position 

coordinate calculations. The effect will be manifested as a shift in the reported position 

coordinates of a stationary detector when a distorting material is placed nearby. Studies 

have shown that electromagnetic positioning systems are more affected by materials with 

a high permeability, which is a measure of the extent to which a material will create a 

magnetic field of its own when in the presence of an external field.'40,42] 

The degree of interference caused by materials commonly used in the clinic is 

important to understand in order to minimize noise and improve the accuracy of position 

measurements. The effects of various materials on the RADPOS system have been 

investigated and are reported in this chapter. Other characteristics of the RADPOS device 

have also been investigated and are compared to previously reported results from the 

positioning sensor when used alone as well as from other similar systems to evaluate its 

potential for clinical use. 
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2.2 MATERIALS AND METHODS 

2.2.1 Dosimetric measurements 

Before the RADPOS detectors were used for dose measurements they were first 

calibrated in a 6 MV linear accelerator beam. One at a time, each detector was positioned 

at a depth, d^p^, of 5 cm, in a solid water phantom with the MOSFET part at center of 

the beam and a 17.3 cm slab of solid water was used for backscatter. The calibrations 

were done at an SSD of 100 cm. A Farmer ionization chamber, type NE 2571 (Nuclear 

Enterprises, UK) was positioned with its center at a depth, dionchamber, of 11.3 cm in the 

solid water phantom, 6.3 cm below the MOSFET location. One-hundred monitor units, 

MUs, were delivered using a 6 MV beam and both RADPOS and ion chamber readings 

were taken during each trial. TG-51 protocol1431 and percentage depth dose, PDD, curves 

were then used to determine the dose to water at the position of the RADPOS, A 

calibration coefficient, CF (cGy/mV), was determined for each detector by calculating 

the ratio of the calculated dose delivered, t0 the change in threshold voltage, 

cp (c^y/ \ radpos ) [cQy] 
I /mV) Ayi/t [mV] 

Equation 2.1 

For all dosimetric measurements done in this work, the RADPOS detector was 

connected to the MOSFET reader at a standard bias setting of 7 V at least one hour 

before irradiations were done. An initial reading of the threshold voltage was taken and 

then the dose was delivered. The threshold voltage was then read again two minutes after 
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the irradiation. This process was repeated three times and dose values are presented as an 

average of the three trials with an uncertainty equal to one standard deviation of the 

measurements. 

2.2.1.1 Dose profiles 

Dose profiles were measured in-air using an empty RFA300 water tank 

(Scanditronix-Wellhofer, Uppsala, Sweden) and a RADPOS with a high sensitivity 

MOSFET. Measurements were made in ^Co, 6 MV, and 18 MV beams. A water tank is a 

large open top cube that can be filled with water or left empty and is used for quality 

assurance measurements inside the treatment rooms. Two perpendicular rails inside the 

tank allow the user to attach a measurement probe and then move that probe in three 

directions within the tank using a computer control system. This set-up allowed for the 

RADPOS detector to be moved with respect to the beam and also provided an 

independent accurate reading of the position for comparison with the RADPOS readings. 

Once attached to the water tank positioning system, the RADPOS detector was moved to 

the middle of the tank, centered with respect to the beam, with the transmitter 

approximately 200 mm away along the in-plane axis. The position was zeroed and 

defined as the origin using both the RFA300 and the RADPOS softwares. The detector 

was moved 50 mm in the cross-plane direction with respect to the ^Co machine gantry 

using the computer controls of the water tank and the position as indicated by both the 

RADPOS software and the RFA system was recorded. The detector was then irradiated in 

a field size of 5x5 cm2 at a source-detector-distance, SDD, of 100 cm. In a ^Co beam the 

detector was irradiated for 1 min (AVth = 64 mV in the center of the beam), and in 6 and 

18 MV beams, 100 monitor units, MUs, were delivered (AVth = (40-42) mV in the center 
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of the beam), for each trial. This procedure was repeated between the positions +50 mm 

and -50 mm, in increments of 5 mm. The same measurements were repeated moving the 

RADPOS detector in the in-plane direction. The RADPOS detector was then replaced 

with a high quality silicon photon diode (Scanditronix, SN: DEBO102299), and the dose 

profiles were measured again for comparison. 

2.2.1.2 Angular dependence 

To test the dependence of the detector response on angular position, the RADPOS 

probe was positioned at a depth of 1 cm in a polystyrene phantom that allowed it to be 

rotated 360° about an axis perpendicular to the beam. Since many detectors can be 

damaged if used in water, dry phantoms like this that both scatter and attenuate x-rays the 

same way as water, can be very useful. They are also much less cumbersome to work 

with than large water tanks. The RADPOS probe was originally positioned in the bubble-

down orientation, which was considered as 0°. The detector was irradiated in a ^Co beam 

for 1 min in a field of 10x10 cm2 at an SSD of 80 cm (AF^= (62-66) mV). The procedure 

was repeated at each position for angles 0° to 360°, in intervals of 30°. 

2.2.1.3 Field size dependence 

Previous work with MOSFET detectors has suggested a possible correlation between 

calibration coefficient and field size due to changes in detector sensitivity in different 

energy spectra and to variations in the manufacturing of individual detectors.131'32'341 To 

explore this behaviour with the RADPOS dosimeter in a high energy photon beam, two 

detectors, one with a high sensitivity MOSFET and one with a standard sensitivity 

MOSFET, were calibrated in field sizes of 6x6 to 25x25 cm2. The standard sensitivity 

RADPOS had a change in threshold voltage of 90-108 mV and the high sensitivity 
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RADPOS had a change in threshold voltage of 235-273 mV for these irradiations. A 

calibration coefficient, CF (cGy/mV), was determined for each detector and field size as 

described above. The procedure was repeated for field sizes up to 25x25 cm2 and the 

calibration coefficients were normalized to the value for the 10x10 cm2 field to evaluate 

field size dependence of the calibration coefficient. 

2.2.2 Position verification 

2.2.2.1 Noise and accuracy 

The RADPOS system relies on the detection of the shape and strength of a 3D 

magnetic field sent out by the transmitter to correctly determine the position of the 

sensor. The accuracy and resolution of the position readout can therefore be affected by 

excessive electrical noise and background magnetic fields. Electrical noise can create 

magnetic fields which vary with time, and therefore interfere with the detection of the 

RADPOS-transmitted field by causing jumps in the recorded position. The noise and 

stability of the RADPOS system under optimal conditions was evaluated by securing the 

sensor in one position away from any external electrical devices, and taking a readout of 

the position coordinates every 30 s over a period of 60 minutes. 

To test the accuracy of the position measurements, the RADPOS system was 

again set-up inside the empty RFA300 water tank (Scanditronix-Wellhofer, Sweden). The 

origin was then defined at the point 200 mm from the transmitter along the x direction, 

similar to figure 2.1. The detector was moved in increments of 5 mm using the RFA 

system along each of the three axes and the RADPOS measured position was recorded 

and compared to the RFA position after each step. Due to the geometry of the set-up, 

there was variation in the maximum displacement in each direction. The x-axis scan 
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ranged from -50 - 330 mm, the y-axis scan ranged from 0 - 365 mm, and the scan along 

the z-axis ranged from 0 - 300 mm. This set-up was chosen to maximize the distance 

tested, and results were assumed to be symmetric. The scans were done in one direction, 

rather then symmetrically, to maximize the distance tested. The orientation of the 

transmitter and the direction of die scan in each direction is shown in figure 2.1. 

Figure 2.1. Direction of scans in the x, y, and z directions. The origin was defined as a point 200 mm away 
from the transmitter, along the x direction. 

2.2.2.2 Interference 

The presence of magnetic and/or electrically conductive materials can cause a 

systematic shift in the measured position by distorting the RADPOS-transmitted field. 

The magnitude of the distortion caused by a material can depend on the ferromagnetic 

property, the electrical conductivity and the physical shape of the material sample. To 

study the effect of metals and other materials on the RADPOS signal, square samples 

approximately 6 mm in thickness of non magnetic stainless steel, aluminium, lead, brass, 

z = 300 mm 

z 

y = 365 mm 

origin 

x = 330 mm 
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acrylic, lexan and polystyrene, were used. The samples were of sizes 15x15, 20*20 and 

25x25 cm2 for each type of material. The choice of samples studied for interference was 

dictated by materials encountered in the treatment and simulation rooms. First, the 

detector was secured on a stationary slab of solid water, 200 mm from the transmitter, 

along the x axis. The initial RADPOS position was recorded and zeroed, and then a 

sample of one of the materials was positioned vertically at distance a = 200 mm away 

from the transmitter along the x axis, as seen in figure 2.2 

Z 

transmitter 

sample ~7 
'RADPOS 

Figure 22. Set-up for material interference tests. 

The RADPOS position was recorded again with the sample present. This 

procedure was repeated for each sample at distances ranging from a = 200 to 10 mm. The 

effect of each sample material was then tested when placed between the transmitter and 

detector, at various points along line b. Finally, each sample was positioned at distances 

ranging from 10 to 200 mm away from the detector, along line c. At each position, the 

positional error was calculated as a resultant vector length, rerror, of the x, y, and z 

coordinates. 



2.2.2.3 Preliminary clinical evaluation 

Before the RADPOS system was used to study respiratory motion in patients 

during treatment, a dynamic phantom was used to simulate such measurements in a 

controlled lab setting. This investigation evaluated the potential of using RADPOS 

detectors to record external surface motion before integrating such measurements into 

TM 
patients' daily treatments. A Quasar Respiratory Motion Phantom (Modus Medical 

Devices Inc, London, ON, Canada) was used to simulate patient movement motion due to 

breathing in a constant and controlled manner and this motion was measured by the 

detector. One RADPOS probe was secured inside a translation stage which was placed 

inside the phantom and two more detectors were attached to the back of the stage. This 

stage can be moved by a motor in an oscillating motion along the superior/inferior 

(horizontal) direction with a user-defined frequency and amplitude, see figure 2.3. The 

phantom also has a chest wall platform that moves in the anterior/posterior (vertical) 

direction. The amplitude of this platform is approximately one quarter of the motion of 

the translation stage. The user also has more control over the amplitude of the translation 

stage, so for these two reasons initial testing involved using the translation stage. Once 

the RADPOS detectors were in place, the phantom was set to move the stage with an 

amplitude of 40 mm with frequencies ranging from 8 to 20 cycles per minute and the 

motion was measured by the RADPOS detectors throughout several breathing cycles. For 

these trials, the RADPOS system was used in "automatic logging" mode. This allows the 

user to pick a defined time interval, as small as 100 ms, after which the position will 

continually be recorded or to use a "minimum time interval" option, which acquires data 
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as quickly as possible, depending on the computer speed. The "minimum time interval" 

option was used here for the automatic logging. 

Figure 2.3. Quasar Respiratory Motion Phantom™. The phantom has two moving components, the 
translation stage and the chest wall platform. The translation stage moves horizontally, and has been always 
set-up to move in the superior/inferior direction for this work. 

2.3 RESULTS & DISCUSSION 

2J.1 Dosimetric measurements 

2.3.1.1 Dose profiles 

A comparison of the dose profiles measured with the RADPOS system and with 

the high quality Scanditronix silicon photon diode is shown in figure 2.4. MOSFET 

dosimeters have a reproducibility of 3%[37'391, which is similar to the response seen in this 

work when the MOSFET is combined with the positioning sensor into one RADPOS 

probe. Over the entire profile curve, the average absolute deviation between the 

RADPOS and diode relative dose measurements was 5.3, 3.1, and 2.9% of the maximum 

chest wall platform direction of motion 

:ranslation stage 



dose on the central axis for the ̂ Co, 6 MV, and 18 MV beams, respectively. The relative 

response of the RADPOS probe is less than the diode in lower energy spectrum present 

outside the beam as the RADPOS measurements are slightly lower than the diode 

measurements in the penumbra region for the ^Co beam, as seen in figure 2.4. This is 

due to the difference in atomic number between the silicon diode and the silicon dioxide, 

Si02, of the MOSFET dosimeter in the RADPOS. Silicon has an atomic number of 14, 

while the effective atomic number of Si02 is approximately 10. At lower photon energies, 

such as those present outside the field, the photoelectric effect becomes important, with 

an atomic cross section proportional to Z3 8 for low Z materials. Since the silicon diode 

has a larger atomic number, it will have more interactions than the silicon dioxide in the 

RADPOS, leading to the noted over-response.'441 This trend of the higher diode response 

outside of the radiation field was not as apparent in the higher energy beams, which is in 

general agreement with the findings of other groups for selectively shielded silicon 

diodes.[45] Similar results were found for the in-plane dose profiles. 
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Figure 2.4. In-air cross-plane* dose profiles measured with the RADPOS prototype and the RFA300 and 
diode for a) wCo b) 6 MV and c) 18 MV beams. The dashed line in each figure represents diode 
measurements and the solid line represents RADPOS measurements. Error bars represent the standard 
deviation of the data for 3 measurements. The detector was positioned at an SDD of 100 cm. 

2.3.1.2 Angular dependence 

Measurements of the angular response of the RADPOS probe over 360° range in 

a ^Co beam are shown in figure 2.5. The average angular response of the probe over 

360° ranged from -2.6% to +3.6%. The directional dependence of microMOSFETs, when 

used alone, is reported as ± 3% for beam energies 75 kV to 18 MV when measured under 

full build-up conditions.1461 Therefore, the addition of the positioning sensor slightly 

increased the variation of detector response as a function of its orientation. This may be 

due to beam attenuation and/or additional scatter from the positioning sensor towards the 

MOSFET. 
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Figure 2.5. Relative change in the threshold voltage, AVth, of the RADPOS prototype plotted as a function 
of probe angle (bubble down = 0°). Energy: ^Co, field size: 10x10 cm2, polystyrene phantom, SSD=80 cm, 
depth 1 cm. 

2.3.1.3 Field size dependence 

The standard sensitivity detector showed a significant decrease in calibration 

coefficient with increased field size, as seen in figure 2.6. The maximum deviation in the 

measured calibration coefficient was -4.6% for field sizes larger than 10x10 cm2, and 

2.5% for field sizes smaller than 10*10 cm2 for this detector. The high sensitivity detector 

did not show as much of a decrease in calibration coefficient for the large field sizes, with 

maximum deviation of -0.6%. There was however an increase of 2.3% in the calibration 

coefficient for the smaller field sizes. Other work1231 has shown a stronger dependence on 

field size for high sensitivity MOSFETs, which suggests that this behaviour is dependent 
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on the manufacturing of the individual detectors and therefore no general conclusions can 

be made. 
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Figure 2.6. Relative calibration coefficients measured at field sizes of 6x6 cm2 to 25x25 cm2 for standard 
and high sensitivity MOSFETs. 

2.3.2 Position verification 

2.3.2.1 Noise and accuracy 

Noise was calculated using the difference between the root mean squared 

RADPOS position and the initial position, which was (0,0,0). Since the detector was 

stationary through the measurement period, all recorded positions should be zero. Any 

deviations from this value will represent system noise. Over a period of one hour, the 

measured noise was within ±0.11 mm. The position remained stable, as no significant 

drift in any direction was observed during this time. Similar results were also found when 

high sensitivity RADPOS 

-a 

standard sensitivity RADPOS 
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the system was set-up on a treatment couch and the radiation beam was turned on. 

Results from the verification of the accuracy of the RADPOS position are displayed in 

figure 2.7a. 

This figure shows the deviation of the RADPOS measured positions from the 

actual positions, as determined by the RFA system, as a function of the distance from the 

transmitter. In the x (in-plane) and y (cross-plane) directions, an optimal range of the 

probe from the transmitter can be seen as the deviations slightly increased up to a point, 

returned to zero, and then rapidly increased in magnitude. This point was 470 mm in the 

x direction and 215 mm in the y direction. In the x direction, the average absolute 

deviation within the range 150-470 mm was (1.1 ± 0.7) mm with a maximum deviation 

of 2.5 mm. Since the origin was defined as a point 200 mm away from the transmitter 

along the x direction, the range 150 to 470 mm corresponds to a distance from the origin 

of -50 to 270 mm from the origin, as shown in figure 2.7. In the y direction, the average 

absolute deviation within the range 0 to 215 mm was (1.3 ± 0.8) mm, with a maximum 

deviation of 2.5 mm. Along the z (depth) axis the accuracy initially decreased linearly up 

to approximately 200 mm, with a maximum deviation of 4.7 mm, and then fell much 

more rapidly. To achieve accuracy similar to that in the optimal range defined in the x 

and y directions, the detector should remain within 100 mm of the transmitter in the depth 

direction. In this range, 0 to 100 mm, the average absolute deviation is (1.1 ± 0.4) mm, 

with a maximum deviation of 1.7 mm. These values remained consistent with large 

accumulated dose received by the probe, which means no significant radiation damage 

occurred to the positioning sensor. The optimal volume for RADPOS position 

measurements, defined by the coordinates explained above, is shown in figure 2.7b. 
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Within this volume, 3D RADPOS displacements have an uncertainty of <Jradpos_3d= 2 

mm as shown in equation 2.2. 

Earlier studies on other electromagnetic positioning systems have concluded that 

there is a more linear trend in position accuracy with distance from transmitter than what 

was seen here with the RADPOS detector. Results from other groups on optimal range 

from transmitter and expected uncertainties within the region for various systems are 

shown in table 2.1.[27,40-421 Some groups define a specific range along each of the three 

axes, while others only specify an root-mean squared distance, r. When available, the 

root-mean squared positional error within the region, <73d, is given, otherwise the one-

dimensional error, <7ID, is shown. Testing on the Ascension system has shown root-mean 

squared positional errors ranging from -0.5 to 3.2 mm depending on distance from 

transmitter, while for the Aurora system, the root-mean squared positional error can range 

from 0.2 to 5.4 mm for distances up to 600 mm.'27,421 Another type of electromagnetic 

localization system from Calypso Medical Technologies has also been extensively tested 

for position accuracy.1411 The uncertainties in position measurements taken by this system 

range from -0.35 to 0.04 mm for the individual coordinates for transmitter distances of 

80-270 mm.1411 The uncertainties quoted in all of these studies depend on the optimal 

volume as defined by the user. Different applications may require smaller or larger sensor 

distances with respect to the transmitter, so the user could re-evaluate the uncertainty 

within the expected region of motion to have a more accurate representation of expected 

uncertainties. 
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Figure 2.7. a) Difference between RADPOS and RFA positions taken along the x (in-plane) axis, y (cross-
plane) axis and z (depth) axis, b) Boundaries for optimal volume for RADPOS position measurements 
based on data shown in part a of the figure. With die origin defined at a point 200 mm away from the 
transmitter along die x axis, these boundaries extend from x = -SO to 320 mm, y = -215 to 215 mm, and z = 
-100 to 100 mm. 
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<W«_3D = [](U2) + (\32) + (U 2)\nm 

^RADPOS 3D = 2lWIW 

Equation 2.2 

Table 2.1 Sununary of published results on optimal range and uncertainty for various electromagnetic 
positioning systems.[27,4<M2,471 

Study Sgntept 
Optimal distance 
fhMatrattStefttef 

UncertaiBty 
wtthiafitplimal 

votaae 

Cherpak et al., Med 
Phys 2009 (results 
presented in this thesis) 

RADPOS 
(Ascension 
microBird) 

x = 150 to 470 mm 
y = - 215 to 215 mm 
z = -100 to 100 mm 

ffiD= 1.1-1.3 mm 
o"3D = 2 mm 

Manufacturer 
specifications 
(Ascension Technology 
Cooperation) 

Ascension 
microBird 

x = 200 to 360 mm 
y = -200 to 200 mm 
z = -100 to 100 mm 

<T3D = 1.4 mm 

Schneider and Stevens, 
Proceedings of SPIE 
Medical Imaging 2007 

Ascension 
microBird 

x = 200-500 mm 
y- -100-100 mm 
z = -150-150 mm 

<T3d =1.3 mm 

Hummel et al., Med 
Phys 2005 

Ascension 
microBird 

r = 200 mm <T3d = < 3.2 mm 
(for r < 300 mm) 

Milne et al., 
J. Biotech 1996 

Ascension 
Flock of Birds 

r = 225 to 640 mm 
<T3D = 0.5-1.0 mm 

(1.8 % of step 
size) 

Hummel et al., Med 
Phys 2005 

NDI Aurora 
error proportional 
to distance 

<T3d = < 5.4 mm 
(for r < 300 mm) 

Hummel et al., Med 
Phys 2002 

NDI Aurora 
x = 0-400 mm (1) 
x = 0-600 mm (2) 

<T3d = 0.2 mm (1) 
<T3d = 1.0 mm (2) 

Baiter et al., 
Int J Radiat Oncol Biol 
Phys 2005 

Calypso x = 80 to 270 mm <TID = -0.35-0.04 
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2.3.2.2 Interference 

The presence of polystyrene, lexan and acrylic caused no measureable effect on 

the perceived position of the RADPOS detector for all sample sizes. Aluminium, lead, 

and brass caused shifts of varying degrees in the perceived position depending on the size 

of the material and its proximity to the system. The positional error was greatest when the 

samples were placed between the detector and the transmitter, along line b, figure 2.2, 

closest to the transmitter. Compared to the other materials, aluminium caused the greatest 

error, distorting the position by 154.2 mm when the 25x25 cm2 sample was placed within 

20 mm of the transmitter, along line b. Figure 2.8 shows results for the 25x25 cm2 

samples of the interfering materials along line c, at various points away from the detector. 

Aluminium 
E 60 

•.Brass 

Lead\ 

Steel — 
- - ~— 

150 

0 t-Aa 
0 SO 200 100 

distance between sample and RADPOS /mm 

Figure 2.8. Results from metal interference test with 25^25 cm2 samples that caused an effect on the 
RADPOS position (aluminium, brass, lead, steal). 
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Results for all sample sizes followed the same trends as the magnitude of the 

perceived position shift decreased with decreasing sample size. For all samples, the 

distortions were reduced to an insignificant amount (within measurements uncertainty) 

when the separation between the detector and sample was 200 mm. Non-magnetic 

stainless steel (Grade 304) caused a distortion of less than 2 mm when placed within 10 

mm of the detector; therefore it can provide a reasonable alternative to other metals if 

required. When the samples were placed along line a, at various points away from the 

transmitter, the distortion followed the same fall-off pattern as seen in figure 2.8. The 

magnitudes of the distortions were slightly less than what is seen in figure 2.8, with a 

maximum positional error of 52 mm when the largest aluminium sample was within 10 

mm of the transmitter. Since the only restriction on the placement of the transmitter is its 

distance from the detector, one should choose the transmitter position so that it is away 

from any potentially interfering materials and so that no such materials lie along the line 

collinear with the two pieces of equipment. Also, the distortion caused by a sample 

depends on the sample's physical orientation and shape, as the shift in position was much 

less when the sample was placed horizontally, with the large face of the square in-plane 

with the table top. The ferromagnetic property and electrical conductivity of a metal are 

the greatest indications of the magnitude of the distortion a sample will cause, as this can 

predict the magnitude of the interference with the magnetic field sent out by the 

transmitter. This interference will therefore alter the magnetic field detected by the 

sensor, distorting its perceived location. 

Other studies have investigated the effect of metal interference on various 

versions of the 'Flock of Birds' electromagnetic tracking system.127, 401. Cylindrical 
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samples (12 mm diameter and 125 mm long) of aluminium, cobalt chrome alloy (Co-Cr-

Mo), mild steel (1018), stainless steel (SST 316 L) and titanium alloy (Ti-6A1-4V), meant 

to mimic the shape and size of common upper-extremity orthopaedic implants have been 

used, as well as rods of stainless steel (SST 303 and SST 416), aluminium and brass that 

were 50 mm long and had a diameter of 12.7 mm.'27,405 Both studies tested the materials 

at various positions along a line collinear with the detector and transmitter and compared 

the induced root-mean squared positional error (see equation 2.2) from each material. 

Both studies reported that a significant effect (p <0.001) was found only from the 

specific steel samples (mild steel (1018) and stainless steel (SST 416)) that had the 

highest magnetic permeability. In both studies the distortion was greatest when the 

samples were placed near the sensor. For the shorter rods, the error reached a maximum 

of 5.26 cm when it was in contact with the sensor.11401 For the longer steel rods, the error 

ranged from approximately 9 mm, when the sample was placed adjacent to the 

transmitter, to more than 50 mm, when it was placed adjacent to the detector.'271 The steel 

samples with a lower magnetic permeability (SST 303 and 316) as well as titanium, 

cobalt chrome, aluminium and bronze had negligible effects.'27'401. 

The second study mentioned above also compared the interference seen with the 

microBird system to the effect of the different materials on another electromagnetic 

positioning system, Aurora™ (Northern Digital Inc., Waterloo, Ontario).'271 The Aurora 

system showed smaller overall errors, however in contrast to the microBird system, 

distortion was at a maximum when the rods were close to the emitter, rather than the 

sensor.'271 Other studies have tested different medical tools such as metallic loops, wire 

guides, optical tracking tools, a drill, pliers, and a needle holder for interference with the 
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Aurora system at various distances away from the transmitter. It was shown that these 

tools, including the metallic devices, can be used in close proximity to the detector 

without notable effects on the position accuracy. The drill did however cause root-mean 

squared positional error of approximately 2 mm when placed within 6 cm of the 

transmitter.1421 
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2.3.2.3 Preliminary clinical evaluation 

The RADPOS system was able to accurately measure the sinusoidal motion of the 

Quasar phantom's translation stage within ± 0.3 mm of the manually-set amplitude of 40 

mm. Using the 'minimum time interval' setting, the system recorded a position 

measurement once every 30-40 ms, which provided ample information to track the 

movement of the insert. Once it was noted that the RADPOS system could accurately 

measure consistent sinusoidal motion, various sample patient breathing files were used to 

drive the phantom in a pattern more representative of actual patient motion. Figure 2.9 

shows comparisons between RADPOS measurements and two of the sample patient files 

that were used. The first plot shows data originally collected from a patient who 

displayed 'deep breathing' while the second plot was for 'irregular breathing'. It can be 

seen that when the phantom is at its lowest points in each cycle (seen on the plots as local 

minima), the RADPOS-read measurements slightly deviate from the patient file 

positions. This characteristic was investigated and appeared to be due to interference with 

the motor of the phantom, which contained metallic components. When the phantom is in 

the lower portion of the breathing cycles, it is closest to the motor and thus the 

interference is greater. A 5 cm block of acrylic was placed on top of chest wall platform 

to increase the distance between the RADPOS and the motor, however some residual 

effects remained. Even with this slight interference, the correlation between the RADPOS 

measurements and the patient data was 0.99 for the deep breathing pattern and 0.95 for 

the irregular breathing pattern. 
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Figure 2.9. Respiratoiy motion produced by the Quasar phantom, as measured by the RADPOS detector. 
The phantom was moving according to sample patient files that displayed a) deep breadiing and b) irregular 
breathing. 
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2.4 CONCLUSIONS 

Results of the preliminary tests indicate that the RADPOS system can be used for 

simultaneous position and dose measurements in ^Co and high-energy beams from linear 

accelerators. Over the entire profile curve, the average absolute deviation between the 

RADPOS and diode relative dose profile measurements was 5.3, 3.1, and 2.9% of the 

maximum dose on the central axis for the ^Co, 6 MV, and 18 MV beams, respectively. 

The angular response of the probe over 360° range is on average within 1.6%, with a 

maximum deviation of ± 4%, which is slightly higher than when microMOSFETs are 

used alone.1371 The maximum deviation in the measured calibration coefficient for 

standard sensitivity MOSFETs was -4.6% for large field sizes however the high 

sensitivity detector showed less of a change in response. 

The position verification is stable within 0.21 ± 0.07 mm over a period of an hour 

and can be used with the highest accuracy when interfering metals are at least 200 mm 

away. The optimal operating range for the detector is a volume defined by the following 

points (with respect to the transmitter): 150-470 mm along the x-axis, ±215 mm along 

the y-axis, and ±100 mm along the z-axis. Within this volume, the uncertainty on 3D 

RADPOS displacements is ± 2 mm. Preliminary clinical evaluation using a dynamic 

phantom to simulate patient motion due to breathing has shown the potential of the 

RADPOS system to accurately measure displacements similar to chest wall movement. 
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Chapter 3 

4D DOSE-POSITION VERIFICATION IN RADIATION 

THERAPY USING THE RADPOS SYSTEM IN A 

DEFORMABLE LUNG PHANTOM 

3.1 INTRODUCTION 

3.1.1 Treatment of a moving target 

Tumour motion can cause artifacts in image-acquisition and limitations in 

treatment planning and delivery.1171 During treatment delivery, tumour motion can cause 

a decrease in target dose, as the tumour moves with respect to the beam. This presents a 

particular challenge in 3D conformal radiotherapy and IMRT where the beam is 

specifically shaped to irradiate as little healthy tissue as possible. Organ motion can also 

cause an increase in dose to surrounding healthy tissues as they move into regions of high 

dose. Clinical evidence has shown the benefit to local control of the disease and to 

survival when higher dose levels are used.148'491 The use of higher dose levels must 

however be weighed against the increase in risk of complication to the healthy lung 

tissue, which has been shown to correlate with the mean lung dose.'50"551 

Several methods have been developed to address these issues, with the goal of 

maximizing target dose while minimizing further complications. The first and most 

widely used method is inclusion, where treatment margins are increased relative to the 

actual tumour size.'561 This allows for the tumour to be covered with the prescribed dose 



throughout its predicted range of motion; however it can also lead to increased irradiation 

of healthy tissues, and therefore to a higher risk of toxicity. In addition, it assumes that 

the patient breathing pattern and tumour motion stay the same during the entire course of 

treatment, which frequently is not the case.16' 56-585 Another method is to use gated beam 

delivery.1593 In this case, radiation delivery is limited to when the target is within a certain 

range, where the tumour position is most stable and reproducible. The latest treatment 

methods developed involve real-time tumour tracking, where the beam is dynamically 

repositioned to account for tumour motion. The beam remains on the entire time, which 

increases the efficiency of treatment delivery, making for shorter treatment times than 

with gated radiotherapy. This type of treatment is called 4D radiotherapy and is defined 

as "the explicit inclusion of the temporal changes of anatomy during the imaging, 

planning and delivery of radiotherapy".*601 Gating and 4D delivery methods are believed 

to provide the best opportunity of reducing tumour margins in cases of significant 

motion.'591 

3.1.2 Verification of delivery methods 

With the recent increase of such delivery methods, the verification of different 

aspects of radiotherapy involving motion management is critical.'171 Four-dimensional 

deformable phantoms have recently been introduced to simulate lung tissue deformation 

and tumour motion due to breathing during imaging and treatment delivery.161"741 The 

combination of such phantoms with in vivo dosimeters can be used to model patient 

breathing patterns and verify the accuracy of lung tumour treatments. 

Other four dimensional phantoms have been created for verification of 4D 

radiotherapy, including both rigid and deformable models.161'741 Niotsikou et al., 
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developed a lung phantom made out of bottles with accordion-type flexible and 

collapsible sides, mounted in a plastic thoracic cavity.[69] This phantom was used to 

compare treatment plan calculations and film measurements when the phantom was set to 

move with varying amplitudes. The goal of the study was to investigate the effects of 

fractionated radiation therapy on a moving anthropomorphic lung phantom and it was 

found that dose blurring occurred when the phantom was set to move with larger 

amplitudes. Vinogradskiy et al., combined a deformable phantom first described in 

Followill et al., with TLDs and film for verification of 4D dose calculations and found 

that results were within clinical standards.166, 70' 71] In these studies it is assumed that 

position information of the dosimeters can reliably be determined from pre-treatment CT 

simulation. 

This chapter describes the combination of the RADPOS 4D in vivo dosimetry 

system with a deformable tissue equivalent lung phantom to simulate respiratory-induced 

tumour motion and to evaluate the potential use of the combined system as an effective 

quality assurance tool for 4D conformal radiotherapy.'47' 751 As the phantom simulated 

motion and deformation of lung tissue and a tumour during various stages of breathing, 

the RADPOS system was used to verify position and dose in real-time during treatment 

delivery. When ultimately applying this work to fully dynamic motion, the combined 

phantom-RADPOS dosimetry system could be extended to the quality assurance of 

conformal 4D treatment deliveries, providing feedback on the accuracy of the treatment 

delivery as well as any changes in dose to the target or simulated lung tissue due to 

changes in tumour position and breathing pattern. 
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3.2 MATERIALS AND METHODS 

3.2.1 4D deformable phantom 

The deformable phantom used for this project was developed by Serban et al., and 

consists of a balloon, which is surrounded by water and mounted in a Lucite cylinder.'[75] 

The balloon is filled with natural yellow sponges which are dampened to simulate the 

density of lung tissue. A small sphere made of a thermoplastic elastomer, Dermasol, is 

positioned inside the balloon and used as a tumour. The balloon is compressed and 

decompressed by a piston, which moves up and down along the superior/inferior 

direction. This emulates diaphragm motion in the body which causes 3D non-isotropic 

motion and deformation of the lung tissue. Figure 3.1 shows a schematic of the 

deformable phantom and also illustrates the contraction of the balloon due to the motion 

of the piston. This contraction/expansion of the balloon causes the tumour to move inside 

the phantom with a direction and magnitude that depends on the tumour's original 

position. 



49 

Tumour. 

Detector 1 
(inside tumour) 

Detector 3 
(on couch) 

Detector2 
(inside lung) 

Piston travel 

Transmil 

Coronal view 

(CT zero) 

Treatment couch 

Transverse view 

Figure 3.1. Schematic of the 4D deformable lung phantom and RADPOS detectors used in this work. 
Detectors 3 (on couch) and 4 (CT zero) remained stationary and were used as reference points throughout 
the experiment. The thick arrow showing piston travel is also used to indicate the deformation of the 
phantom balloon (shown as the dotted outline) for various breathing phases. 

The range of motion of the piston has been broken up into 8 states based on a 

previous breakdown of the breathing cycle.1561 As the piston moves the phantom from one 

extreme to the other (peak of inhale, POI, to peak of exhale, POE), the magnitude of the 

balloon deformations are 4 mm along the anterior/posterior axis, 5 mm along the 

left/right axis, and 20 mm along the superior/inferior axis. These deformations lead to 

changes in the mean density of the lung region of the phantom from (0.19 ± 0.12) g/cm3 

for POI to (0.24 ±0.12) g/cm3 for POE.t?5] The phantom motion in the superior/inferior 

direction is similar to the deformation of the lung in real patients due to movement of the 
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diaphragm. Preliminary work has shown that the diaphragm can move 11 to 25 mm from 

POI to POE which can be simulated by the 20 mm superior/inferior motion of the 

phantom.117,751 Three particular piston positions (breathing states) were used in this study: 

1) end of exhale, EOE, which is when the piston is at its highest point, and the balloon is 

therefore at maximum compression, 2) middle of inhale, MOI, when the piston is at the 

mid-point, and 3) end of inhale, EOI, when the piston is at its lowest point and the 

balloon is at maximum decompression. 

3.2.2 Position verification 

3.2.2.1 CT scanner 

To study the reproducibility of the displacement of the tumour and lung tissue as 

the piston is moved to each position, the phantom was set-up on the couch of a Philips 

AcQSim CT scanner with two RADPOS detectors positioned inside the balloon, one 

directly inside the tumour and another one outside of the tumour, in the sponge 

simulating lung tissue, as shown in figure 3.1. To serve as reference position monitors, 

two more RADPOS detectors were placed outside the phantom, one on top of the Lucite 

cylinder and another on the treatment couch. The position of these reference detectors 

remains constant throughout different phantom breathing phases. Since the position of 

these detectors can be determined visually, their location in the CT or linac coordinate 

system is accurately known. 

The piston was originally in the EOE position, so all RADPOS detector positions 

were zeroed at this position. The piston was then shifted to move the phantom into the 

other breathing states used for this work: MOI, and EOI. At each state, the position 

coordinates of all RADPOS detectors were recorded, and the displacement between states 



of the two detectors inside the phantom was calculated. The piston was then moved back 

to the EOE position and the procedure was repeated five times to verify that the position 

of the RADPOS detectors when the phantom was in a specific state did not drift or 

change significantly after the piston was moved to other positions. 

The RADPOS system is an electromagnetically-based positioning system, 

potentially affected by proximity of metal objects, as investigated in Chapter 2.f471 This 

effect was observed when the phantom approached the CT bore and the reported detector 

positions deviated from expected values. To quantify this effect, readings were taken with 

the phantom in each of the three states at various couch positions, from when the center 

of the phantom was almost two metres away from the CT bore to when it was in the 

middle of the bore, as shown as phantom positions 1 and 2 in figure 3.2. The positions of 

all RADPOS detectors, including the reference detectors on the outside of the phantom, 

were recorded at each horizontal couch position and compared. 
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phantom 

Figure 3.2. Deformable lung phantom on the couch of the CT scanner. To investigate interference from the 
CT on the RADPOS-read positions, the couch was moved to position the phantom as far as 2 m away from 
the CT bore to when the phantom was in the middle of the bore. 

Three CT scans of 3 mm slices were then taken of the phantom in each of the 

three breathing phases: EOE, MOI, and EOI. The position of the RADPOS detector 

inside the tumour was determined by locating the positioning coil, which is visible on the 

scan, and approximating the location of the MOSFET detector, which is 8 mm from the 

end of the coil further down the probe wire. These positions were recorded and analyzed 

to determine the displacement of each RADPOS detector as the piston moved the 

phantom from one state to the next. This procedure was followed twice with the tumour 

at two different locations, the first time with the tumour at a more superior position, 

further away from the piston, and a second time with the tumour closer to the piston of 

the phantom. 



3.2.2.2 Linac 

After the displacement of the detectors was measured with the phantom on the CT 

couch and scans were taken, the phantom was moved to the treatment room and placed 

on the couch of a Varian Clinac 6EX linac. The configuration of RADPOS detectors and 

transmitter was preserved with respect to the phantom. The piston was again moved to 

the EOE, MOI, and EOI positions, and the RADPOS positions were recorded. The 

position and displacement of each detector between the phases was measured and 

compared to those measured with the phantom on the CT couch. 

To deliver different beam configurations, the linac gantry must rotate about an 

axis parallel to the treatment couch, as shown in figure 3.3. As the gantry rotates, the 

distance between the linac components and the RADPOS transmitter and detectors 

changes. To determine any effect the gantry angle had on the RADPOS-read positions, 

the gantry was rotated to six different positions ranging from 0-360° with the phantom 

and RADPOS detectors on the linac couch. At each gantry position, the RADPOS-

measured position coordinates of the detectors were recorded and results were compared 

to determine any interference related to the position of the gantry. 
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Figure 33. Gantry rotation about an axis parallel to the treatment couch. 

3.2.3 Dosimetric verification 

3.2.3.1 Free-breathing experiment 

To evaluate the dosimetric characteristics of this system, the deformable phantom 

and RADPOS system was used in two radiation delivery scenarios. The first was a 

simulation of a free-breathing delivery. For this experiment, the treatment plan was 

created based only on the tumour and phantom geometry when the piston was at one 

position, which is just a static snapshot of the full phantom motion. The treatment was 

then delivered while the phantom "breathed normally", i.e. with the piston moved to 

generate the full phantom motion. 

The treatment plan was created using one of the CT data sets taken with the 

phantom in the EOE phase, with the RADPOS detectors in the positions described above. 
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The treatment plan was created using the XiO (CMS) planning system, and consisted of 3 

beams angled: 0°, 120°, and 240°. A clinical prescription of 2 Gy to the centre of the gross 

tumour volume, GTV, was assigned to be delivered in one fraction. A simplification of a 

patients' breathing pattern was modelled by dividing the phantom motion into two 

breathing states, EOE and EOI, and having the phantom spend an equal amount of time 

in both states. The treatment was delivered in two parts, with the phantom in EOE for the 

first half, and then moved to EOI for the second half. The two parts of the treatment were 

delivered consecutively with the two detectors remaining in the same position, one inside 

the tumour and another inside the sponge (lung) region of the phantom for the entire 

treatment delivery. The two reference detectors also remained in position. After each 

beam was delivered, RADPOS dose measurements were made and these values were 

compared to the treatment plan dose values at the point of each detector. 

3.2.3.2 Adaptive delivery experiment 

The second delivery scenario was a simulation of an adaptive treatment, which 

involves modifying the treatment according to the tumour motion during delivery. In this 

case, specific treatments plans were created and delivered based on various stages of the 

phantom motion. This involved creating three different treatment plans using the EOE, 

MOI, and EOI CT datasets. To simulate a delivery where the treatment beam could 

follow the tumour, the phantom was set-up on the treatment couch and after the piston 

was moved to each breathing phase position, the treatment plan specific for that phase 

was delivered. The RADPOS-reported positions of the detector inside the tumour, 

relative to the reference detector, were noted for each phase position of the phantom. A 

ball bearing (bb) was also placed at the location of the reference detector, CT zero, so this 
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point was easily located on the CT scan. The relative shifts from this point were then 

used to locate the position of the detector on the treatment planning system. It was at this 

point that the treatment planning system calculated dose was compared to dose 

measurements. 

3.3 RESULTS & DISCUSSION 

3.3.1 Position Verification 

3.3.1.1 CT scanner 

The reproducibility of the positions of the RADPOS detectors inside the phantom 

is shown in figure 3.4. For all trials, the position of each detector in a given phase 

remained within 0.9 mm of the other positions recorded for that detector and phase. There 

was no significant drift in the position of Detector 1, which was inside the tumour, over 

time as the piston was moved then returned to a given phase. The position of Detector 2, 

which was placed inside the sponge region of the phantom, shifted slightly in each phase 

over time. Detector 1 was securely mounted inside the tumour, while Detector 2 was 

positioned among the sponge and not attached to any rigid material. 
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Figure 3.4. Reproducibility of RADPOS positions with the piston in EOE, MOI, and EOI states for a) 
Detector 1, inside the tumour and b) Detector 2, inside the lung tissue. For each detector, the positions were 
zeroed at die original EOE position. The average and standard deviation of the position at each stage is 
shown on the plot. For all trials, die position of each detector in a given phase remained within 0.9 mm of 
the other positions recorded for that detector and phase. 
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It should be noted that the inherent reproducibility of the deformable phantom 

when moving through different phases, was shown to be within image resolution of 

0.7x0.7x1.25 mm3 and positional reproducibility of the RADPOS system is better than 

0.21 ± 0.07 mm.'751 We therefore conclude that the shift observed on Detector 2 is within 

the reproducibility of the system, however, attaching the detectors inside the phantom 

more securely to the sponge may eliminate potential problems and allow the positions to 

be more reproducible. 

The relative displacement of each detector between the EOI-MOI, MOI-EOE, and 

EOE-EOI phases was calculated from the RADPOS-measured coordinates at each couch 

position. Over the full range of horizontal motion of the couch, the RADPOS-measured 

displacements remained constant within an average of (0.4 ±0.1) mm for both detectors 

with no deviation greater than 0.8 mm for the detector inside the tumour and 0.9 mm for 

the detector inside the lung tissue of the phantom. 

The displacement of the detector inside the tumour between phases, as measured 

by the RADPOS system, was compared to the information on the CT images. The 

position of the detector was determined by examining each of the three scans taken of the 

phantom and recording the coordinates where the positioning sensor appeared to be 

located. The displacement between the three phases was then calculated and compared to 

the RADPOS-measured displacements, as seen in table 3.1. The agreement between the 

RADPOS measurements and the CT images was within 1.5 mm and 2.5 mm for the first 

and second detector locations, respectively. Considering the uncertainty of the RADPOS 

system (ORADPOS_3D=2.0 mm) and the uncertainty due to the slice thickness of the CT 

scans (cct=1.5 mm), the larger value seen for the second trial may have been due to 
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interference from the piston driving rod, since the detector was closer to it than during the 

first trial. 

Table 3.1. RADPOS displacement vector magnitudes in the three piston positions (EOE, MOI, EOI) 
measured by the RADPOS system on the CT couches and as determined from the CT image set. 
Measurements were taken twice, the first time with the tumour at a more superior position, further away 
from the piston (location 1), and a second time with the tumour closer to the piston of the phantom 
(location 2). 

Detector 1: Iaskte (amour 

rRAj»e«<*w) rtfafvinm) 

EOE-MOI 

MOI-EOI 

EOI-EOE 

4.3 5.8 

3.0 2.9 

7.4 8.7 

12.0 9.5 

9.9 11.9 

21.8 21.4 

3.3.1.2 Linac 

For the RADPOS system and deformable phantom to act as a potential quality 

assurance device in 4D radiation therapy, the coordinates reported by the system must be 

preserved between simulation and delivery. To verify this, the displacement vectors of 

the two RADPOS detectors inside of the phantom were calculated as the piston was 

moved between the three phases on both the CT and linac couches, and the results are 

shown in table 3.2. The displacements measured by the RADPOS system in both 

locations were on average within (0.7 ± 0.3) mm, with a maximum deviation of 1.0 mm. 

Since the uncertainty of RADPOS-measured displacements within this range is ± 2.0 

mm, the system can provide relative displacement measurements in the treatment room, 

in proximity to the linac, that are consistent with measurements made in the CT scanner 

room. Therefore, the relative coordinates taken on the linac and CT couches can be 

accurately linked. It is also important to note that the absolute position readings of the 
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detectors taken on the linac couch were consistent with the absolute readings taken on the 

CT couch, with the couch far from the bore, where the electromagnetic interference is 

minimal. 

Tabic 3.2. The displacement vector magnitudes of the two detectors inside the phantom measured by the 
RADPOS system on die CT and linac couches. The displacement vector for each trial is shown (ex. 

rcr \x
ct +ycr +zcr ) ju wel] ^ the difference between the measurements made on the two different 

couches =V(*cr-•*»«*) +0tr—
vancf +(zct~zhmk) j 

'> 1 

• 11 Win <ni t Tm^IIii liUMiiftm 

rcrCmm) iw(mm) Ar(to»i) rcr(&») tw(>n«3 

EOE-MOI 

MOI-EOI 

EOI-EOE 

6.5 6.8 0.4 

7.5 6.9 0.7 

14.1 13.3 0.9 

4.7 4.8 0.2 

5.2 4.5 0.9 

9.9 8.9 1.0 

The effect of gantry angle on the RADPOS-measured positions both relative to 

the transmitter (in absolute terms) and relative to a reference detector (relative terms) 

were investigated. Figure 3.5 shows the effect of the linac gantry angle on the RADPOS-

measured relative positions. The gantry angle affected the readings of the four detectors 

by varying magnitudes; however the induced shifts followed approximately the same 

pattern as the gantry was rotated. Hie two reference detectors on the outside of the 

phantom, closest to the gantry, were affected the most, with absolute shifts up to (1.3 ± 

0.1) mm and (2.2 ± 0.2) mm at a gantry angle of 250°. Despite this, as indicated in figure 

3.5, the variation of detector position when measured relative to a reference detector is 

strongly reduced as all detectors qualitatively vary in the same manner, albeit not with the 

exactly same magnitude. The difference of the relative position of the detectors in the 
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phantom averaged over the EOI, MOI and EOE states is no more than 1.1 mm compared 

to the relative position at gantry angle 120°. The reason for the shift in reported absolute 

position was again interference to the electromagnetic transmitter caused by the 

proximity to the gantry. 

2.0 

1.0 

x coordinate 
z coordinate 
y coordinate 

-2.0 
300 360 240 0 60 120 180 

gantry angle /degrees 

Figure 3.5. Difference of relative RADPOS position readings at various angles from reading at gantry 

angle (GA) = 120°, (eg. ^ - Xnf GA )- )) for the detector inside the tumour. 

Data shown are averaged over all three phases (EOE, MOI, EOI), and error bars represent the standard 
deviation of die averaged values. 

33.2 Dosimetric Verification 

3.3.2.1 Free-breathing experiment 

The goal of this part of the study was to show that the dynamic lung phantom can 

be used to simulate intra-fraction tumour motion of a lung cancer patient, simplifying the 

breathing motion in this case into two distinct states, EOE and EOI, and having the 

phantom spend equal time in both states. The RADPOS system can then be used as a 



quality assurance tool for a given treatment plan, providing dose and position information 

for the tumour as well as for other regions of interest. Figure 3.6 shows the beam eye 

view of the tumour volume (GTV) with the anterior 0° beam for the treatment plan with 

the phantom in a) EOE phase and b) EOI phase for the free-breathing experiment. Figure 

3.6 also shows the corresponding dose volume histograms, DVH's (panel c and d), for 

the two halves of the treatment delivery with the dashed curve representing the dose to 

the lung and the solid curve representing the dose to the tumour. The DVH for the EOE 

phase, the phase for which the plan was created, shows that 100% of the tumour volume 

is getting 95 cGy. From figure 3.6a, it can be seen that this is when the tumour is 

perfectly centred in the beam. Figure 3.6b shows the beam eye view for the EOI phase, 

where the tumour is partially out of the beam. This caused a decrease in the dose to the 

tumour since the beam was not modified to account for this motion. The corresponding 

DVH curves in figure 3.6c and d show this degradation of dose to tumour with 100% of 

volume only getting approximately 10 cGy in figure 3.6d, rather than 95 cGy as planned. 

The dose to the lung was virtually the same in the EOI phase as for EOE, so there is less 

dose to the target due to a partial geographic miss while the surrounding healthy tissue 

receives no additional sparing. 
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Figure 3.6. The beam eye view for treatment delivery with the anterior 0° beam for a) 1st state: phantom in 
EOE phase (position used for planning) and b) 2nd state: phantom in EOl phase (tumour now partially out 
of primary beam). Dose volume histograms are also shown for die two halves of the treatment: c) EOE and 
d) EOl. The dashed curve shows the dose to the lung and the solid curve represents die dose to the tumour. 
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The dose measurements from the three individual beams taken by Detector 1 (inside the 

tumour) and Detector 2 (inside the lung region) are shown in table 3.3 along with the 

treatment plan values. The location of the detector on the CT scan used to determine 

treatment plan values was approximated by locating the positioning coil, which is visible 

on the scan, and approximating the location of the sensor, which is 8 mm from the end of 

the coil along the direction of the probe. The absolute difference in measurements for 

individual beams ranges from -2.2 to 4.2 cGy. In some cases this results in a large 

percentage difference due to the low absolute value, for example the 0° and 240° beams 

for Detector 1 measurements in the EOI phase. The total dose reported by RADPOS 

agrees within 4 % and 5 % of the treatment planning doses in the tumour and the lung 

portion of the phantom, respectively. These differences are reasonable given different 

sources of uncertainty such as RADPOS positioning and dose uncertainties, the 

uncertainties associated with the treatment plan dose values, and the linac output 

reproducibility. It was estimated that these combined uncertainties amount to about 5 %. 
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Table 3.3. RADPOS-measured dose values and treatment plan doses for the EOE and EOI phases of the 
free-breathing experiment. Data are shown for a) Detector 1: inside the tumour and b) Detector 2, inside the 
lung portion of the phantom. 

Fkaae Beam 
Dose(cGy) Difference (RAOTOS - TP) 

Fkaae Beam 
RADPOS Treatment Plan cGy % 

EOE 0° 

EOE 120° 

EOE 240° 

41.7 37.5 

37.4 36.0 

35.3 36.5 

4.2 10.6 

1.4 3.9 

-1.2 -3.3 

Total 114.4 110.0 4.4 4.0 

EOI 0° 

EOI 120° 

EOI 240° 

9.4 12.7 

12.4 12.5 

14.7 12.3 

-3.3 -30.2 

-0.1 -0.4 

2.5 18.1 

Total 36.5 37.5 -1.0 -2.6 

b) 

StMW ': ~ i-
D«ii0(«Gy) 

StMW ': ~ i-
RADPOS TrwtdaeiitPlan 

•»  '  '_ j  * -» .  

eGy % 

EOE 0° 

EOE 120° 

EOE 240° 

14.4 14.5 

19.9 21.8 

32.0 32.4 

-0.1 0.9 

-1.9 9.4 

-0.4 1.4 

Total 663 68.7 -2.4 -3.6 

EOI 0° 

EOI 120° 

EOI 240° 

5.5 5.0 

4.9 7.1 

29.1 29.5 

0.5 9.4 

-2.2 -37.7 

-0.4 -1.3 

Total 39.5 41.6 -2.1 -5.3 



3.3.2.2 Adaptive delivery experiment 

For the adaptive delivery, the tumour was always within the beam, similar to 

figure 3.6a. This is because the treatment plan was tailored to suit each breathing phase, 

so the beam moved to compensate for the tumour motion. Table 3.4 shows the RADPOS 

dose measurements taken by the detector inside the tumour during the adaptive delivery 

experiment. Measurements were taken after all three beams of each treatment plan were 

delivered. The relative coordinates of the RADPOS detector inside the tumour were used 

to determine the point at which treatment plan dose values were compared, as described 

in the Material and Methods section of this chapter. The RADPOS-measured dose values 

were within 1.5% of the treatment plan values, which is well within the estimated 

experimental uncertainties. This agreement is better than the results from the free-

breathing experiment, where the treatment plan was created for the EOE phase, and then 

delivered to both the EOE and EOI phase. The largest discrepancies between dose 

measurements and treatment plan calculations were found for the free breathing treatment 

of the EOI phase, which could potentially be due to the fact that the tumour had moved 

partially out of the beam in this position, through a high dose gradient area. This resulted 

in a much lower dose at the measurement/calculation point. The high dose gradient along 

with increased uncertainty of MOSFET measurements at low doses could have caused 

the measurements and dose calculations to be more vulnerable to slight inaccuracies in 

positioning and to limitations in the treatment planning calculations. For the adaptive 

experiment, a separate treatment plan was created for each phase so the tumour was 

centered in the beam for each delivery. This resulted in higher measured/calculated doses 

which lead to smaller statistical uncertainties. 
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Table 3.4. RADPOS-measured dose values for the EOE, MOI, and EOI phases of the adaptive treatment 
experiment. Data are shown for Detector 1, inside of the tumour. 

Phase 
Do»(«Gjr) Difference (rabpos-TP) 

Phase 
RADPOS Treatant Plan ' cGy "" •/• 

EOE 

MOI 

EOI 

62.7 63.3 

64.2 64.5 

67.8 66.8 

-0.6 -1.0 

-0.3 -0.5 

1.0 1.5 

Total 194.7 194.6 0.1 0.1 

3.4 CONCLUSIONS 

The viability of a system consisting of RADPOS detectors and a deformable 

tissue-equivalent lung phantom to act as a quality assurance tool for four-dimensional 

radiation therapy has been investigated. The positional accuracy of the RADPOS 

detectors was estimated to be within 2.5 mm and relative displacement measurements 

were preserved between CT simulation and radiation delivery to within an average of (0.7 

± 0.3) mm. This shows that the relative coordinates of the detectors inside the phantom as 

reported by the RADPOS system are in agreement with detector coordinates derived from 

CT images. These relative coordinates were also preserved upon dose delivery from a 

free breathing and adaptive treatment plan. The system was subjected to radiation 

delivery in free-breathing and adaptive radiotherapy scenarios. For the free-breathing 

delivery, the total dose reported by RADPOS agreed to within 4 % and 5 % of the 

treatment planning doses in the tumour and the lung portion of the phantom, respectively. 

The RADPOS-measured dose values for the adaptive delivery were within 1.5 % of the 

treatment plan values, which was well within the estimated experimental uncertainties. 

This work has shown that the deformable lung phantom-RADPOS system can be an 
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efficient quality assurance tool for 4D radiation therapy serving as an end-to-end 

verification instrument. The combined system can be used to simulate patient motion and 

verify the accuracy and reproducibility of treatment techniques. 
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Chapter 4 

REAL-TIME MEASUREMENTS OF PATIENT MOTION AND 

DOSE DURING EXTERNAL BEAM RADIATION THERAPY 

TREATMENTS FOR LUNG CANCER 

4.1 INTRODUCTION 

4.1.1 Lung cancer and respiratory motion 

Malignant lung disease is the leading cause of death due to cancer, responsible for 

over one-quarter of all cancer deaths.111 It is the second most common cancer among both 

men and women and is out-ranked in prevalence only by prostate cancer for men and 

breast cancer for women.'11 It is projected that there will be 25,300 new cases and 20,600 

deaths from lung cancer alone among Canadians in the year 2011.[11 Radiation therapy is 

used for both curative and palliative treatment of lung cancer, with cure possible in stages 

I—III non-small-cell lung cancer, NSCLC, and in limited-stage small-cell lung cancer, 

SCLC.'761 Local failure and distant metastases remain a concern however for lung cancer 

patients of all stages.'761 

Studies have shown benefits to local control with elevated dose, but high dose 

levels must be limited to the target only and not compromise nearby healthy tissues.13'771 

Respiratory-induced tumour motion is a main concern in radiation treatment planning of 

lung cancer patients which limits the prescription of higher dose levels.131 Several studies 

have aimed to quantify lung tumour motion and a general consensus is that the principal 



component of motion is in the superior-inferior, SI, direction, with a study by Chen et al. 

reporting motion amplitude of lung tumours as high as 50 mm.'7"1 A report on the 

management of respiratory motion in radiation oncology by Task Group 76 recommends 

that tumour motion be measured whenever respiratory motion is perceived to be a 

concern. If the tumour motion is greater than 5 mm, respiratory motion compensation 

techniques should be employed to increase normal tissue sparing and to avoid partial 

geographic miss of the tumour.'171 One method to compensate for respiratory motion is to 

plan according to a maximum-intensity projection of the target from a 4DCT scan. 

Respiratory correlated 4DCT is used during treatment planning to define treatment 

volumes based on the displacement of the tumour during the scan. While this process 

assumes that the patient's breathing pattern (and therefore tumour motion) measured on 

the day of the planning CT remains relevant throughout the entire treatment process, it 

has been shown that this assumption is not always valid.'77,79,801 Tumour motion can be 

unpredictable and vary over the course of treatment as well as during a single fraction'771 

resulting in increased irradiation of healthy tissue, a geographic miss of the target or 

both.'811 Image-guidance systems such as cone-beam computed tomography, CBCT, can 

be used to verify patient position before treatment begins. This reduces the risk of set-up 

errors, which can have large consequences on delivered dose.'821 It does not, however, 

account for intra-fraction motion throughout the duration of the treatment, which can be 

between 15-45 minutes for some image-guided IMRT treatments.'181 Treatments on the 

Cyberknife unit can be even longer; lasting more than 3 hours.'831 
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4.1.2 Motion monitoring 

Tumour motion during treatment can be directly measured by implanting fiducial 

markers into the tumour. The movement of these fiducials can then be tracked using 

fluoroscopy, which delivers extra dose to the patient. The implantation of fiducials is also 

associated with higher levels of patient morbidity.1841 It is more practical in the clinic to 

measure a surrogate for tumour motion. Commonly used methods of external motion 

measurement during treatment include spirometry,1851 infrared markers,'861 and 

electromagnetic positioning systems.'771 A spirometer is a device that measures air flow 

in and out of a patient's mouth. This provides an indirect measure of lung volume but no 

quantitative measurements of position changes. Infrared markers can be placed on a 

patient's chest and are used in conjunction with cameras inside the treatment room to 

measure external surface motion. Qualitative information can be extracted; however the 

markers must be continuously visible to numerous cameras to enable 3D data collection. 

Electromagnetic positioning systems measure a detector's response to a 

transmitted magnetic field to calculate 3D position displacements. They provide similar 

data to optical tracking systems, however they benefit from several advantages such as 

low cost, ease of calibration, and quick set-up.'771 The major disadvantage of such 

systems is the interference caused by metals, as described in detail in Chapter 2. Special 

corrections have to be applied when metallic materials are in close vicinity to the 

transmitter or position sensorP7' 471 Optical marker-based systems do not suffer this 

disadvantage. 

Numerous studies have been dedicated to the correlation between external 

markers and internal target motion'56'86-931 and while the relationship is not consistently 

simple and linear, it is believed that sufficient evidence exists to support external 
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measurements. The wide range of findings on this topic suggest that one cannot 

necessarily assume external excursion equals internal excursion; however external 

motion measurements can provide a means of detecting changes in overall breathing 

patterns and possible deviations from data collected at the time of a planning CT.156'86-931 

External motion measurements can also be used to coach the patient to breathe in a more 

consistent manner, which has been shown to improve treatment reproducibility .[94J 

Until this point, the investigation of performance characteristics of the RADPOS 

system was conducted using only phantoms.[88'891 The goal of the study presented in this 

chapter was to use the RADPOS 4D in vivo dosimetry system to characterize the 

breathing patterns of lung cancer patients throughout the course of treatment and to 

measure inter-fraction variations in skin dose. Within this framework, the feasibility of 

general use of the RADPOS system on patients during daily treatment fractions was also 

assessed. 

4.2 MATERIALS AND METHODS 

4.2.1 Phantom study 

Interference with the CT bore can cause shifts and increase noise in the position 

data collected on patients during the 4DCT scans. Correction methods have been 

investigated to reduce these effects; however results were not ideal for comparison 

between the RADPOS and Philips Bellows systems in all patient cases due to time 

needed to collect the data, and limitations in system-set-up. Since the Philips Bellows 

system only records data during the scan, it was decided to use a 4D phantom to simulate 

motion due to breathing in a constant and controlled manner. The phantom used was the 

Quasar respiratory motion phantom (Modus Medical Devices, Inc., London, ON, 



Canada). The phantom was first positioned on the CT couch and the Phillips Bellows belt 

was attached around the body of the phantom and a RADPOS detector was positioned 

directly on the insert, Figure 4.7. A CT scan was performed while a component of the 

phantom (an acrylic insert) moved in a specific sinusoidal pattern with an amplitude of 1 

cm. As this insert moved the Philips Bellows belt expanded and contracted, recording the 

pattern of motion. The motion was also recorded simultaneously by the RADPOS system. 

For comparison with another commercial device, the same procedure was 

repeated using the Varian Real-time Position Management, RPM, system. This system 

uses a block with optical markers and a system of cameras to record vertical motion. The 

block was placed on top of the chest wall platform of the phantom adjacent to a RADPOS 

detector, as shown in figure 4.7. The same motion pattern was repeated and recorded 

using both the RPM and RADPOS systems and the measured signals were compared. 
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b) 

Figare 4.7. Set-up for phantom motion measurements with the RADPOS and a) the Philips Bellows belt 
and b) the Varian RPM system positioned on top of the Quasar phantom chest wall platform. 
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The RADPOS, Philips Bellows Belt and Varian RPM optical marker systems all record 

displacement with independent timestamps. This meant that steps had to be taken to 

synchronize the signals from the different systems. At either the beginning or the end of 

the recording period, the phantom motion was stopped, while the recording continued. 

This created a flat line signal that occurred at the same point in time regardless of the 

system used for recording. Once the data were plotted according to the time stamps of 

each system, the time when the flat line began was identified and the difference between 

these times from each system, Wi, was used to shift the time stamps from the RADPOS 

system, see figure 4.8. 

• )  ' A * . { R A D P O S ) - ( R P M ) = ( R A D P O S )  

b) t, (RADPOS) - (RADPOS) = t, (.RADPOS) 

Equation 4.1 

14.0 

- Bellows 

40.0 

time/s 

Figure 4.8. Example of how the RADPOS data were shifted to correspond with the RPM data according to 
Ihe time at which the flat line signal began. 
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4.2.2 Clinical study 

Subjects for this clinical study were recruited from a population of patients 

scheduled for 4DCT simulation and external beam treatment for histologically-confirmed 

lung cancer. Candidates were referred by their physicians and eligibility was determined 

by assessing treatment strategy and schedule. Data were collected for 10 patients, 

including four males and six females, aged 51-86 years, at time of 4DCT and for an 

average of 9 treatments (range of 6-15). The diagnoses included four upper lobe (Patients 

1, 4, 5 and 8) and one lower lobe (Patient 6) right lung/bronchus tumours, one upper lobe 

(Patient 10) and two lower lobe (Patients 2 and 9) left lung/bronchus tumours, one main 

bronchus right side tumour (Patient 7) and one thymoma (Patient 3). This project was 

approved by the Ottawa Hospital Research Ethics Board and all patients gave informed 

consent before participating in the study. The consent form can be found in Appendix A. 

Patients did not feel uncomfortable with the measurements and all were willing to 

continue participation in the study. 

Measurements were taken at the time of 4DCT and again throughout treatment. 

Each 4DCT scan was performed on a Philips Brilliance Computed Tomography scanner, 

Koninklijke Philips Electronic N.V. Before the 4DCT, three RADPOS sensors were 

positioned on the patient's skin aligned in the superior/inferior direction with the 

dosimeters in the 'bubble-down' orientation. Detector 1 was placed under the Philips 

Bellows device as this is a point where large displacement can occur. The Philips 

Bellows device is currently used in this clinic to measure breathing patterns to sort 4DCT 

data into appropriate breathing phases. Detector 2 was positioned on the skin directly 

above the tumour. Detector 3 was placed at a reference point 7 cm inferior to the 

suprasternal notch (the CT reference isocenter) since this point is well defined within the 
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patient and machine geometry. After an initial scout scan, the tumour position was noted 

to help ensure that the Detector 2 sensor position would be within the treatment field. 

Any necessary adjustments to the original placement of this detector were made before 

the scan was continued. A fourth detector was placed on the CT couch as a reference. The 

transmitter was attached to the couch within the recommended range from the 

detectors.1471 The geometry of this set-up can be seen in figure 4.9. The three-dimensional 

position coordinates of the RADPOS sensors as well as abdominal displacement 

measured by the Philips Bellows device were recorded throughout the scanning process. 

The points where Detectors 1, 2 and 3 had been positioned were then marked with 

tattoos, so that the detectors could be accurately repositioned during treatments. Since 

this study aimed to characterize breathing motion from the time of the planning CT until 

the end of treatment, detector positions had to be chosen before treatment planning 

occurred and remained consistent throughout treatment. For routine in vivo dosimetiy 

use, detector positions could always be chosen once the treatment plan was completed to 

ensure dose measurements were taken in specific regions of interest. 
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Figure 4.9. Placement of RADPOS detectors during 4DCT and treatment delivery. 

The interference effects of the CT bore on the RADPOS-read detector positions 

have been studied and are described in Chapter 3.1951 Proximity to the CT bore was found 

to cause a systematic shift in the RADPOS-read positions, the magnitude of which varied 

with the location of the detector. To measure the patient's breathing pattern with minimal 

interference, the CT couch was pulled far from the bore once the scans were completed 

and the displacement of the detectors was recorded for approximately two minutes while 

the patient breathed normally. For use during treatments, the threshold voltage of the 

MOSFETs was also read before and two minutes after treatment and the surface dose was 

calculated using previously determined calibration coefficients. Measurements were 

repeated as often as possible throughout the course of a patient's treatment. 
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For all patients in this study, the largest displacement was measured with Detector 

1 (lower abdomen) in the anterior/posterior, AP, direction, which was the z axis of our 

system. This data set was then used for numerical analysis and day to day comparisons of 

amplitude and period since the larger amplitude gives a better signal to noise ratio. 

Position information was however collected from all three detectors on the patient's 

body, and these data could be useful in other applications or analyses. For each treatment 

fraction, the daily average amplitude measured by Detector 1 in the anterior/posterior 

A 

direction, zm, and daily average period, Tm, were calculated. Amplitude was determined 

by finding the inhale and exhale positions for each breathing cycle and calculating the 

average of all inhale-exhale differences. Period was calculated using the time that inhale 

and exhale points occurred. Student t tests were used to compare these average values ( 

zDl and Tm) for each treatment day with the same measurement made at the time of the 

4DCT, zDliDCT , to determine if there was significant variation. The null hypothesis of the 

test was that the data sets were equivalent and an a value of 0.05 (95 % confidence limit) 

was used as the cut off for significance. 

To investigate the extent of trends in breathing motion over time once treatment 

began, the correlations between the amount of days since the 4DCT, blADCr, and the 

A 

daily average amplitude, zDl, and period, Tm, as well as the standard deviations of the 

daily amplitude, <j2^ and period, aTm measured during treatment were calculated. The 

number of measurements taken for each patient is defined as n and r values are reported 

as r(n-2). While the standard deviation reflects the general daily variation, specific 

irregularities such as coughing can be seen in the maximum and minimum amplitude, 
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AZdi , and period, Aro) measured each day. These values were also calculated for each 

patient and treatment day. 

To compare dose measurements with the treatment planning system calculations, 

treatment plans were analyzed to find the location of the RADPOS detectors on the 

original CT scans. One of the advantages of the RADPOS system is that each detector 

contains a position sensor that is visible on the CT image. This helped eliminate 

uncertainties due to inhomogeneities in the anatomy where the location of the detector 

was questionable by visual inspection alone. Calculation voxel size was 

2.5* 2.5x 2.5 mm3 so in some cases the detector location took up multiple voxels and an 

average and standard deviation for the calculated dose, £)„ ± cr^, was determined. 

4.3 RESULTS & DISCUSSION 

43.1 Phantom study 

When used to measure simulated breathing motion on a 4D Quasar phantom, the 

RADPOS system agreed well with the Phillips Bellows and Varian RPM systems, which 

are currently accepted for clinical use. The correlation between the RADPOS 

displacements and those measured by the Bellows and RPM systems were 0.9S and 0.99, 

respectively. Since the Varian RPM system measures quantitative motion in the vertical 

direction, direct comparisons could be made with the displacement measurements 

recorded by the RADPOS system. A Mann-Whitney statistical test was performed and it 

was found that the RPM measurements were significantly higher than the RADPOS 

measurements, which reflects the interference seen at the peak of the sinusoidal curves 

(nl = n2 = 4000, p < 0.05 two-tailed). Comparing the absolute values however, it was 

found that the RADPOS-measured displacements were on average within 0.05 mm of 
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those recorded by the Varian RPM system. The displacement shown in these plots is only 

in one dimension (z), so the uncertainty on RADPOS measurements within this range is 

±1.1 mm. These tests show the potential for the RADPOS system to act as a continuous 

check of patient motion and as an alternative to external optical markers used during 

treatment in respiratory gating methods proposed in other work.'96' 
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Figure 4.10. Measurements of a 4D phantom's periodic motion by the RADPOS system and a) Phillips 
Bellows and b) Varian RPM with synchronized time. 

4.3.2 Clinical study 

4.3.2.1 Clinical experience 

Daily set-up of the equipment was completed quickly and did not interfere with 

regular patient scheduling. On the first day of treatment the gantry was rotated a full 360° 

with the transmitter in place before treatment began to ensure that a collision would not 

occur during cone-beam CT or treatment. The placement of the transmitter was 

determined by the tumour and detector locations, treatment fields, as well as patient size. 

No interventions due to patient movement or changes in breathing pattern were made 

during these patient treatments as this was only a preliminary clinical study; however, in 

future scenarios tolerance limits for motion could be defined and easily monitored outside 

of the treatment room using the RADPOS detectors and graphical display. 



4.3.2.2 Position measurements 

Inter-fraction variations 

The average amplitude for the ten patients over the course of treatment ranged 

from (4.8 ± 2.3) to (8.9 ± 1.4) mm. Absolute values of measured amplitude are difficult 

to compare between studies done in different clinics due to varying instruments, 

measurement techniques, and most importantly detector placements. Speed or period of 

breathing is however much easier to relate across different studies. The average period 

over all measurement days ranged from (2.6 ± 0.9) to (3.6 ± 1.2) s for the ten patients in 

this study and the average period over all measurements and patients was (3.2 ± 1.6) s. 

These values are consistent with similar work, for example a study that followed ten 

patients throughout treatment using optical markers.1971 The range of patient-specific 

breathing periods found was (1.88 ± 0.82) to (4.38 ± 0.41) s, with an overall average of 

(3.71 ±1.03) s.I97] 

The maximum day-to-day variations in average amplitude and period for each 

patient ranged from <,zDXmxx-zDXmin) = 1.4 to 8.6 mm and (fDlmn -fDlmia) = 0.2 to 1.8 s. 

Daily variations were patient-specific, as some patients displayed large differences 

between breathing patterns measured during the 4DCT and treatment, while others 

displayed no consistent trend. Results from the Student t tests comparing amplitude and 

period measured during treatment to those measured at the time of the 4DCT are 

presented in table 4.1. For the majority of treatment fractions, amplitude measurements 

differed significantly from measurements made at the time of the planning CT for six of 

ten patients. This number increased to nine of ten patients when the period of breathing 

was compared. A possible reason for this might be the use of the Phillips Bellows belt 
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during the 4DCT, which could restrict anatomy and change the nature of breathing 

motion. Healthy volunteers did not however report any restrictions to breathing caused by 

the Bellows belt. Another factor could be elevated anxiety levels due to the unfamiliar 

environment or the increased time period between the 4DCT and the start of treatment, 

which was an average of 13 days with a range of 8-21 days, compared to the time 

between daily fractions. Once treatment began, inter-fraction variations decreased as 

breathing patterns appeared to be more consistent from day to day. Figure 4.11 shows 

statistical plots of the amplitude and period data which display the measurement at time 

of the 4DCT, the treatment-averaged value, along with the 75th and 25th percentile of 

measurements made during treatment for each patient. 
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Table 4.1. Results from Student t test comparing average amplitude and period measured during treatment 
to values measured at the time of the 4DCT. Results with a p-value less than a= 0.05 are considered 
significant and are shown in bold. 

AarttMe Period 
i'* "*** I 1 "i •; * • ; • . * • 

Tiraeftiflfti ftvetton t-val«e p-valne 
2 1/4 -5.64 0.00 -12.2 0.00 
2 2/5 0.72 0.48 19.88 0.00 
2 3/6 -4.10 0.00 22.26 0.00 
2 AH -1.91 0.08 16.68 0.00 
2 5/22 -6.64 0.00 23.35 0.00 
2 6/24 -2.53 0.01 15.83 0.00 

11 1/2 -6.99 0.00 3.56 0.00 
11 2/3 -2.49 0.02 8.17 0.00 
11 3/5 0.95 0.35 6.31 0.00 
11 4/12 -5.66 0.00 2.48 0.01 
11 5/13 18.08 0.00 4.25 0.00 
11 6/17 0.63 0.53 -1.07 0.29 
11 7/19 2.49 0.02 -3.26 0.00 

12 1/7 -1.38 0.18 6.58 0.00 
12 2/8 0.35 0.73 7.55 0.00 
12 3/9 2.15 0.04 10.80 0.00 
12 4/10 -0.90 0.38 8.68 0.00 
12 5/15 0.87 0.39 8.39 0.00 
12 6/16 3.19 0.00 6.99 0.00 
12 7/17 1.25 0.28 8.84 0.00 -.«f 

14 1/2 -9.87 0.00 8.23 0.00 
14 2/3 -7.78 0.00 4.97 0.00 
14 3/5 0.99 0.33 1.91 0.06 
14 4/6 -5.30 0.00 1.08 0.28 
14 5/9 -3.07 0.01 2.25 0.04 
14 6/11 930 0.00 3.46 0.00 

- f „r ... 

18 1/8 27.8 0.00 -3.42 0.00 
18 2/10 22.9 0.00 -4.64 0.00 
18 3/11 18.3 0.00 0.58 0.57 
18 4/13 17.5 0.00 0.91 0.38 
18 5/16 16.6 0.00 0.35 0.73 
18 6/18 26.5 0.00 2.59 0.01 

19 1/7 -3.12 0.00 1.36 0.18 
19 2/8 -2.47 0.02 2.54 0.01 
19 3/15 -3.82 0.00 6.08 0.00 



86 

19 4/22 -2.75 0.01 2.54 0.01 
19 5/23 3.71 0.00 7.98 0.00 
19 6/28 -3.72 0.00 -2.20 0.03 
19 7/30 -335 0.00 -5.67 0.00 
19 8/31 -4.02 0.00 -6.47 0.00 

20 1/5 -3.55 0.00 -10.12 0.00 
20 2/6 -1.96 0.07 -10.08 0.00 
20 3/7 -2.03 0.06 -10.24 0.00 
20 4/22 0.64 0.53 -11.72 0.00 
20 5/23 -1.09 0.29 -11.95 0.00 
20 6/24 -0.97 0.35 -11.49 0.00 
20 7/26 1.06 0.31 -11.07 0.00 
20 8/27 -1.20 0.25 -11.80 0.00 
20 9/28 0.00 1.00 -11.97 0.00 
20 10/30 2.21 0.04 -12.12 0.00 
20 11/31 0.90 0.38 -10.92 0.00 
20 12/32 -0.38 0.71 -12.74 0.00 
20 13/33 -1.17 0.26 -12.61 0.00 

21 1/1 2.11 0.04 -2.46 0.02 
21 2/2 1.15 0.26 -4.67 0.00 
21 3/4 2.50 0.02 1.01 0.31 
21 4/5 2.66 0.01 -1.29 0.20 
21 5/6 0.89 0.38 1.29 0.20 
21 6/7 2.71 0.01 -3.03 0.00 
21 7/8 1.66 0.11 -3.63 0.00 
21 8/10 2.01 0.05 -7.66 0.00 
21 9/11 0.48 0.63 -5.45 0.00 

•- • :v •' • - :. • •- - ; . * 
22 1/2 -0.54 0.59 1.04 0.30 
22 2/3 2.76 0.01 1.31 0.20 
22 3/4 0.11 0.91 0.27 0.79 
22 4/5 -1 0.33 -1.65 0.11 
22 5/6 0.84 0.41 -0.61 0.55 
22 6/7 0.88 0.39 0.60 0.55 
22 7/8 1.25 0.22 -0.52 0.61 
22 8/9 2.12 0.04 -1.91 0.06 
22 9/10 1.12 0.27 -1.26 0.21 
22 10/14 -4.14 0.00 0.97 0.34 
22 11/15 -4.16 0.00 2.10 0.04 
22 12/16 -1.49 0.15 -0.95 0.35 
22 13/18 0.85 0.40 -2.55 0.01 
22 14/19 -1.75 0.09 -239 0.02 



22 15/20 -13.9 0.00 -2J2 0.02 

24 1/1 -3.79 0.00 -3.59 0.00 
24 2/4 -4.19 0.00 -3.48 0.00 
24 3/16 -3.19 0.01 -3.64 0.00 
24 4/18 -5.96 0.00 -5.00 0.00 
24 5/19 1.51 0.15 -4.69 0.00 
24 6/21 -1.3 0.22 -6.81 0.00 
24 7/22 -2.11 0.05 -7.70 0.00 
24 8/23 -4.5 0.00 -6.24 0.00 
24 9/24 -0.57 0.57 -5.36 0.00 
24 10/26 -2.74 0.02 -5.65 0.00 
24 11/27 -6.54 0.00 -6.00 0.00 
24 12/29 -2.56 0.02 -5.05 0.00 
24 13/32 2.59 0.02 -5.46 0.00 
24 14/33 -6.77 0.00 -7.38 0.00 
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Figure 4.11. Statistical plot of the daily average a) amplitude in die anterior/posterior direction, zDl, and 

b) period, TDi, measured by Detector 1 during treatment fractions compared to the same measurement 
A 

taken during the 4DCT (zmADCT and Tm 4DCT ). 



The fractions when the amplitude of breathing motion is greater during treatment 

than during the planning CT indicate times when the tumour could potentially move 

partially out of the treatment field. If a patient breathes more deeply than was originally 

anticipated during planning, there is potential for a partial geographic miss since the 

tumour could move through a volume greater than that encompassed by the treatment 

margins. When the tumour moves less than during the 4DCT (zDl<zmADCT), healthy 

tissue could receive more dose than expected, leading to compromised pulmonary 

function or other health side effects. 

Results of the correlation calculations between the amount of days since the 

4DCT,A/4Dcr, and the daily average amplitude,!^, period, fm, and standard 

deviations, alm and , measured during treatment are shown in table 4.. Calculations 

were compared to the critical r values for the specific degrees of freedom at a confidence 

limit of 90 % (a=0.1), and values that were found to be significant are shown in bold. 

One common result was the significant negative correlation between period and days 

since planning CT found for six patients, Patients 2,4,6, 7,9 and 10. This trend indicates 

a tendency for the rate of breathing to increase as time goes on. 
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Table 4J2. Results of the correlation analysis between the number of days since a patient's 4DCT, A/4£)CT, 

and daily average amplitude, zDl, daily average period, Tm, and standard deviations of these values, 

<TZoi and <T. Moderate to very strong correlations (0.4<|r|>1.0) are show in bold. 

Patient Number of 
measurements 

Correlation coefficient 
r (n-2) with &ttDCT Patient Number of 

measurements A 
*Dl 

A 

D\ 
crT *D\ 

1 6 -0.1 -0.5 0.3 0.4 
2 6 -0.5 -0.9 0.3 0.2 
3 7 -0.6 0.2 0.1 0.5 
4 6 -0.8 -0.7 -0.9 -0.7 
5 6 -0.1 0.8 0.2 0.7 
6 8 0.1 -0.6 0.0 -0.4 
7 13 -0.7 -0.9 -0.1 -0.2 
8 9 0.3 -0.5 0.9 0.0 
9 15 0.6 -0.5 -0.3 0.3 
10 14 -0.3 -0.6 0.4 -0.6 

It was originally hypothesized that breathing may slow down over time due to 

patient relaxation; however this has not been found to be the case. These findings agree 

with an earlier study by a group that measured breathing motion characteristics of lung 

cancer patients at the beginning of treatment and again within one week of the last 

treatment. All nine patients enrolled in that study had significant increases in both 

frequency and amplitude of respiration based on spirometry measurements and in two 

patients the vital capacity increased by more than 30 %.[98] 

Intra-fraction variations 

Intra-fraction variations in breathing patterns, measured by the standard 

deviations of the daily amplitude, <JZm and period, aT^, were also found to be very 

patient-specific. The correlation of these values with the amount of days since a patient's 

4DCT, A/4ZXT, was calculated to investigate whether there were any patterns in the 

consistency of patients' breathing motion as treatment progressed (table 4.2). While the 
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standard deviation reflects the general daily variation, specific irregularities such as 

coughing can be seen in the maximum and minimum amplitude, A , and period, Arci, 

measured each day. Statistical plots of these values are displayed in figure 4.12. 

Variations of = 5.6 to 24.1 mm and ATm = 2.7 to 11.9 s were seen during single 

measurement days with Patient 6 having the largest irregularities in both amplitude and 

period. These values correspond to differences of 93 to 364% and 79 to 263% of the daily 

average amplitude and period, respectively. Patient 6 was the sole patient with a lower 

lobe right bronchus/lung tumour. 
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Figure 4.12. Statisical plot of a) Az^ = (daily max amplitude - daily min amplitude) and b) ~ (daily 

max period - daily min period) measured Detector 1 during treatment fractions compared to the same 

measurement taken during the 4DCT ( AIj}| adct , Atdi,4dct )• 

A study by Juhler-Nottrup et al., 2007, looked at intra- and inter-fraction 

variations in breathing patterns using external optical markers placed on the bony part of 

the chest wall.1891 Measurements were made on eleven patients during thirty treatment 

fractions and it was found that the mean amplitude measured during one session 

corresponded on average to less than half of the full motion extent throughout the course 

of treatment. It was therefore concluded that margin reductions based on one planning 

session are unsafe and respiratory-induced tumour motion measured at the time of a 

planning 4DCT should be considered as only an estimation of motion expected during 

treatment.'79' 891 Opposite conclusions have been drawn by Bosnians et al., 2006 and 

• At. D1.4DCT 
of daly At values En 
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M 25* parcwitite of daly At values 

1  2 3 4 5 6 7 8 9  1 0  
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Redmond et al., 2009 who both investigated tumour excursion using multiple CT scans 

throughout the course of treatment.'99,1001 Gross-tumour-volume excursions were found to 

be stable between all scans so it was concluded that tumour motion at the time of 

simulation is a valid predictor of excursion later in the treatment.199'1001 

Based on the frequent deviations from amplitude and period measured during the 

planning 4DCT, we must agree with conclusions by Juhler-Nottrup et al., 2007.'89] To 

this end, the RADPOS system can be used throughout treatment to monitor breathing 

patterns and if large deviations are noted, a second planning CT could be done to 

reevaluate tumour margins as treatment progresses. The RADPOS system can also be 

used to provide feedback to the patient to breathe consistently with the breathing patterns 

measured during the 4DCT. 

Cross-correlation analysis 

A cross-correlation analysis was done to quantify the similarity of the 

displacements in the anterior/posterior direction measured simultaneously at the three 

locations on each patient's body (Detector 1: lower abdomen, originally underneath the 

Philips Bellows belt, Detector 2: above the patients' tumour, and Detector 3: CT 

reference isocenter) and to study how this relationship changes over time. To account for 

differences in phase between data collected at two different locations, one of the datasets 

was shifted in steps of 0.05 s, and a correlation coefficient, p(i), was calculated for each 

step. The maximum correlation coefficient, pw, was determined and the corresponding 

shift or 'lag time', w, was noted. The calculation algorithm was written using Matlab 

code and verified using the package's standard cross correlation function 'xcov'. Killoran 

et al., 2008, performed a similar analysis of data collected from the same number of 



94 

patients by two infrared detectors on the patients' skin, one at the xyphoid (similar to 

Detector 1 in this work) and one near the treatment isocenter (similar to Detector 3).[101] 

In the work presented here, the additional detector placed over the tumour, Detector 2, 

provides another breathing measurement at a point in the center of the treatment field, 

where the largest skin dose will be delivered and measured. For each measurement day, 

there are three correlation coefficients that must be considered: 

o Detectors 1 and 2: pn 

o Detectors 1 and 3: pn 

o Detectors 2 and 3: p23 

It is important to note that while the position of Detectors 1 and 3 were similar for each 

patient, the position of Detector 2 was determined by the individual tumour location and 

therefore varied from patient to patient, as displayed in figure 4.13. In all cases Detectors 

1 and 3 were located along the central axis, or midline, of the patient and in all but one 

patient, Patient 3, Detector 2 was off-axis. The results, averaged over all measurements 

and patients, are shown in figure 4.14. 
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Figure 4.13. Example of detector placement on patients with different tumour locations including a) upper 
lobe left lung/bronchus tumour b) upper lobe right lung/bronchus tumour c) lower lobe left lung/bronchus 
tumour. 
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Figure 4.14. Results of the cross correlation analysis of data collected simultaneously by the three detectors 
on each patient. Figure a) shows the results with zero lag, p(0), while b) shows die maximum cross 
correlation coefficient, pnux for each data pair. 

Several patterns can be identified by comparing the treatment-averaged 

correlation coefficients for individual patients. For seven patients, pn (0), p13(0)and 

p23(0) were all within ±0.08 of each other for that specific patient. This means that with 

zero time shifts, the displacements of the three detectors were either uniformly well 

correlated or poorly correlated for each of these patients. Once differences in phase were 

accounted for by shifting the data and finding p^, eight patients fell into this category. 

Only two of these patients (Patients 2 and 7) had a strong correlation between all three 

detectors, while four patients (Patients 3, S, 8 and 9) had all moderate correlations. The 

remaining two patients in this category (Patients 1 and 6) had very weak to weak 
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correlations. No patterns concerning tumour location/placement of Detector 2 and 

correlation results were noted. 

The magnitude of the lag or time-shift needed to find indicates the extent to 

which the breathing patterns measured at two locations are out of phase. Since Detectors 

2 and 3 were typically located on the patient's upper chest within close proximity to each 

other, it was expected that the motion measured by these two detectors would be more 

closely linked to each other than with Detector 1. Although this was not seen in the 

magnitude of the correlation coefficients, all but one patient, Patient 1, had an average 

(hi)max that was 3 to 18% smaller than the average (iu)max or (i 12) max- This indicates that 

while the displacements of Detectors 1 and 3 might be slightly or significantly better 

correlated with each other than with Detector 2, the measured breathing patterns are more 

out of phase, possibly due to the distance between the detectors or to other patient 

movement not related to breathing. 



98 

Link between external surface motion and internal target motion 

Many studies have been dedicated to the correlation between external markers 

and internal target motion.156,86"88'102'1031 It has been demonstrated that anterior-posterior 

internal motion is most strongly correlated with the motion of a detector placed on the 

upper chest.'1041 Kini et al. 2001 found that chest wall movement could be used to predict 

tumour motion to within 3 mm when compared to fluoroscopic movies and Vedam et al. 

2001, and 2003 used similar methods to predict diaphragm motion from external 

measurements using Varian's RPM system.156,86187] External motion measurements must 

however be used with a clear understanding of their limitations. The wide range of 

findings on this topic suggest that one cannot necessarily assume external excursion 

equals internal excursion; however external motion measurements can provide a means 

of detecting changes in overall breathing patterns and possible deviations from data 

collected at the time of a planning CT.[56,88,89,91,93,105] 

A limitation in the use of surrogates is that phase offsets between the motion 

measured at different points have been found to change over the course of treatment.'56,771 

One study has looked at the effect of phase shifts between the two detectors on binning of 

4DCT data and it was found that choosing the motion of one detector over the other to 

determine breathing phase would significantly influence 4D reconstruction 35 % of the 

time.I,0,J While the external markers were not a direct measurement of tumour motion, it 

was concluded that if two external markers are not well correlated with each other, they 

cannot both be well correlated with the internal target. If a 4DCT is only used as a 

measure of tumour excursion one detector may suffice, but if gated therapy is intended 

then several detectors may be needed to accurately define breathing phase.11011 
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4.3.2.3 Dose measurements 

The dose measurements taken by Detectors 2 and 3 are shown in figure 4.15. 

Detector 1 also collected dose information; however the location of this detector was far 

away from the treatment field and doses were negligible (< 5cGy). Detector 2 was inside 

the treatment field, typically close to the centre, while Detector 3 was at the CT reference 

isocenter. In several cases, i.e. Patients S, 7, and 8, Detector 3 was also within or close to 

the treatment field. The standard deviation of the average dose measured by the RADPOS 

detector at each point ranged from 2.5 to 11.1 cGy (2.8 to 9.2 %) at the site of the tumour 

and from 3.0 to 13.7 cGy (7.7 to 14.0 %) at the CT reference isocenter. Figure 4.15 

displays a comparison between the daily RADPOS dose measurements, 

J^RAnpm ± » where <rn comes from the standard deviation of the detector KAUrUO ^RADPOS VRADPOS 

calibration coefficient (approximately 3 %), and the calculated treatment plan dose, 
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Figure 4.15. Daily RADPOS dose measurements, ^RADP0S ± ^d
kadpos ^ compared to the calculated 
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treatment plan dose, ^TP ± **Drr . For each measurement site, the average treatment plan dose, TP, is 
A 

shown with the horizontal black line, and the upper and lower limits of ^TP ± ^Dtt are shown by the blue 
and red dashed lines respectively. 

The average values for each point were in agreement with treatment plan dose for 

all but three points. For two of the points the delivered dose was less than 50 cGy, a 

threshold below which the uncertainty on standard sensitivity MOSFET measurements 

increases. This amplified measurement uncertainty along with inaccuracies in treatment 

plan calculations near the air-surface interface could cause the measurements and dose 

calculations to be more vulnerable to slight inaccuracies in positioning, limitations in the 

treatment planning calculations, and machine output variations. 
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4.4 CONCLUSIONS 

The RADPOS system can be used to monitor inter- and intra-fraction variations in 

breathing patterns and to measure surface dose without any disruption to the treatment 

schedule or discomfort to patients. Significant deviations in external surface motion have 

been found throughout the course of treatment that agree with similar studies done 

elsewhere and which emphasize a need for continued position monitoring. The RADPOS 

system allows for real-time interpretation of quantitative displacement measurements that 

are in agreement with clinically-accepted systems, as well as simultaneous measurements 

of delivered dose. For the study described here, dose was read at the end of each 

treatment fraction which allowed for comparison with treatment plan values as well as 

day-to-day consistency. The system does however lend itself to real-time dose 

measurements, a feature that will be used in future applications. While external surface 

motion measurements do not provide a direct measure of internal tumour motion, 

valuable information about the consistency and nature of breathing can be obtained which 

can be of great clinical value. 
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Chapter 5 

REAL-TIME MEASUREMENT OF URETHRAL DOSE AND 

POSITION DURING PERMANENT SEED IMPLANTATION FOR 

PROSTATE BRACHYTHERAPY 

5.1 INTRODUCTION 

5.1.1 Prostate cancer 

Cancer can form in the prostate when ceils mutate and begin to multiply out of 

control. The disease can remain unnoticed for long periods of time; however it is often 

eventually signified by pain, difficulty in urinating, erectile dysfunction, and other 

symptoms.1106, 1071 Cancer Statistics Canada reports that prostate cancer is the most 

common type of malignancy diagnosed in males and ranks third for most deaths, behind 

only lung and colorectal cancers.111 With a growing emphasis on prostatic-specific 

antigen (PSA) based early detection testing,11081 combined with our aging population, the 

frequency of cases is expected to grow.'1,1093 

There are several treatment options for patients diagnosed with localized prostate 

cancer including radical prostatectomy, active surveillance, hormonal therapy, external 

beam radiation therapy, and brachytherapy.[ 1101 Studies have shown that active 

surveillance is an appropriate choice for older patients with low volume prostate cancer 

who have a life expectancy of less than 10 years.'1101 Based on the stage of the cancer and 

the patient's age and overall health, it may instead be decided to pursue surgery or 
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radiation therapy to actively treat the disease.'"01 Radiation therapy is often prescribed in 

early stages to stop the spread of disease or in late stages to reduce pain. One method of 

radiation therapy commonly used to manage prostate cancer is transperineal interstitial 

permanent prostate brachytherapy (TIPPB). This technique involves treating the tumour 

with radiation from iodine-125 or paladium-103 seeds that are permanently placed inside 

the prostate. This allows for intra-prostatic doses higher than what is achievable with 

external beam radiation therapy and also has the convenience of a single-day out-patient 

procedure.1'111 The prostate gland is located behind the pubic bone in front of the rectum 

and directly below the bladder, as shown in figure 5.1. It also surrounds a portion of the 

urethra, referred to as the "prostatic urethra". Due to the close proximity of these organs 

at risk, side effects of the procedure can include sexual dysfunction, urinary symptoms, 

diarrhea and rectal bleeding.11101 

Rectum Bladder 

Pubic 
bone 

Enlarged 
prostate 

Urethra 

Figure 5.1. Pelvic anatomy. (National Kidney and Urologic Diseases Information Clearinghouse, NIH-06-
3012, Bethesda MD 2006) 
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Current practice involves 3D anatomy-based dosimetric planning using ultrasound 

images taken on the day of seed implantation. At this clinic, images are taken and the 

treatment plan is created while the patient remains on the treatment couch. This 

procedure is called 'intra-operative planning' and it improves position reproducibility 

between the time of imaging and implantation compared to pre-planning, where imaging 

used for creation of the plan and implantation are done on separate days. Once the 

treatment plan is complete, needles are loaded with the appropriate number of seeds to 

achieve the desired configuration. The transperineal insertion of the needles into the 

prostate is carefully done under the guidance of real-time ultrasound images and a 

template that is located above the trans-rectal ultrasound (TRUS) probe, see figure 5.2. 

template 

»radio 

TRUS probe 

Figure 5.2. Set-up for transperineal interstitial permanent prostate brachytherapy (TIPPB).11121 
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Once a needle is at the correct longitudinal position, the seeds are inserted into the 

prostate and the needle is retracted, as shown in figure S.3. This procedure is repeated 

until all seeds have been put in place. At that time, the final location of the seeds inside 

the prostate is assessed and additional seeds may be added based on the estimated dose 

distribution. Once the procedure is complete, the patient spends a short time in recovery 

and can leave the hospital the same day. The seeds remain implanted permanently, and 

after one month a follow-up CT scan is done to assess the position of the seeds at that 

time and evaluate deviations from the planned dose distribution. 

TRUS probe 

Figure 5-3. Transperineal radioactive seed implantation guided by transrectal ultrasound (TRUS). 

5.1.2 Prostate motion 

Delivered dose to the target volume and nearby organs at risk can deviate from 

factors can lead to inadequate dose coverage of the target or compromised sparing of 

organs at risk. Dose to the urethra, bladder and rectum are of particular concern due to the 

organs' proximity to the prostate. Swelling and movement of the prostate are also 

loaded 

planned values due to uncertainties in needle placement and seed migration.'1131 These 
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significant problems since such changes can affect internal anatomy and dose distribution 

by making it difficult to place the seeds in the desired pre-planned positions. 

Prostate motion during external beam radiation therapy has been widely 

studied,'114"1211 however measured data from TIPPB procedures are much less common. 

Intra-operative planning involves creating the treatment plan on the actual day of 

treatment without moving the patient between imaging and needle insertion. This is a 

recent advancement in TIPPB practices which reduces the concern of inter-fraction or 

day-to-day motion compared to previous methods where planning and implantation 

occurred on different days. Intra-fraction motion however, remains a primary concern as 

studies have shown large magnitudes of both periodic and random motion of the prostate 

over short time intervals.'1221 The causes of such motion can include breathing, cardiac 

and gastrointestinal functions.'1221 Patients are also under the influence of light anesthesia 

during the procedure which can result in reduced inhibitions and involuntary patient 

movement. 

Prostate size and location can be determined using trans-rectal ultrasound, 

fluoroscopy, MRI or CT. I123'126! Electromagnetic positioning systems have recently been 

used to evaluate motion but thus far only during external beam treatments.1'271 Several 

studies have looked at prostatic edema or swelling due to the implantation procedure 

using various imaging techniques to image the prostate before and after implantation.'123" 

1261 Sample sizes ranged from 10 to 61 patients and the magnitude of motion was 

characterized in the left-right, anterior-posterior, and superior-inferior directions 

separately. It was found that the prostate expands very little in the left-right direction and 

substantially in the other two directions. Reports on the time course of edema have 
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varying conclusions, including indications that the prostate expands exponentially 

throughout the course of implantation and other reports that the expansion is more linear. 

The magnitude of expansion measured ranged from 5 to 65 % of total prostate 

volume.1128"13'1 Another study has looked specifically at the rotation of the prostate due to 

needle insertion and found that the prostate had relatively large rotations during 

implantation in both the saggital and coronal planes.'1321 The rotations only correlated 

with needle insertion in the coronal plane, as rotations in the saggital plane occurred 

randomly. Motion and deformation of the prostate during implantation have also been 

quantified using axial ultrasound images and a median change of 1.5 cm (range of 0.0 to 

3.0 cm) in the base position of the prostate was reported.'1241 The same study also found a 

median deformation of 6.8 mm and median displacement of 1.9 mm in the x-y 

(transverse) plane. Shifting of the prostate can potentially result in poor seed distribution 

in the base of the prostate, compromising the dose distribution in this region. 

As mentioned above, electromagnetic positioning systems have previously been 

used to measure prostate motion, however to date all measurements have been taken 

during external beam radiotherapy.1'271 The study described in this chapter involved 

placing the RADPOS detector inside a urethral catheter during permanent prostate 

brachytherapy implantation to track displacement in real-time throughout the procedure. 

The effects of needle insertion, placement of the transrectal ultrasound probe, and patient 

motion were monitored to evaluate deviations in internal anatomy from time of initial 

ultrasound imaging. 
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5.1.3 In vivo dosimetry for prostate brachytherapy 

While seeds cannot be removed once they are in place, in vivo dosimetry is useful 

to identify patients who may be at an increased risk for complications due to higher than 

expected dose values.'1331 Real-time in vivo dosimetry has the added potential of 

providing feedback during the implant procedure regarding whether the dose rate is 

approaching threshold values and revisions to placement of subsequent seeds are 

needed.11341 It can also signal when an underdosage of the target volume might occur, 

allowing the physician to add more seeds if necessary. Final dose distribution is evaluated 

using a CT scan performed one month after implantation, when prostate edema is 

believed to be resolved.11331 A report by the AAPM Task Group 64 suggests that using a 

half life of 9.3 days for prostatic edema, the prostate should return to 12.5% of its original 

size by day 28 post-implant.'1091 RADPOS dose measurements have the benefit of 

signaling higher than expected dose values to the urethra before this scan is performed 

and therefore alerting the physician to possible treatment complications. 

The use of MOSFETs for in vivo dose measurements inside the urethra has been 

limited. A feasibility study first used a single high sensitivity micro-MOSFET 

(TN1002RDM) inside a Foley catheter during permanent implant procedures and moved 

it in increments of 1 cm along the urethra to characterize the dose rate at various points 

for five patients.'1331 Maximum urethral dose rates for different patients ranged from 10-

16 cGy/hr, which corresponded to a total absorbed dose of 205 to 328 Gy. Another group 

collected similar readings using a high-sensitivity linear MOSFET array with five 

individual MOSFET dosimeters in 29 patients.'1351 Data were collected for one hour 

while the patients were in post-operative recovery and compared to dose rates calculated 

from the post-implant CT scan. Measured dose rates ranged from 7.3 to 19.9 cGy/hr, 
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depending on the location of each MOSFET. These values correspond to a total absorbed 

dose of 150-409 Gy. The differences between individual MOSFET dose measurements 

and calculated treatment plan dose rates ranged from 0 to 25.3%, and the overall 

correlation between the two sets of values was 0.992. These studies demonstrated the 

feasibility of using MOSFET linear arrays for evaluation of initial dose rate to the 

prostate and urethra after implantation. 

A method for monitoring urethral dose during the implant procedure has been 

developed to evaluate planned seed distribution.'1343 A MOSFET array was placed in the 

urethral catheter as described above and measurements were taken during seed 

implantation. For the latter half of implantation, the urethral dose rate was calculated and 

compared to the maximum tolerable dose rate. Based on the measurements and potential 

impact on prostate coverage, placement of subsequent needles was reconsidered. 

Measurements taken during the implant procedure, with the trans-rectal ultrasound probe 

in place, were also compared to those taken post-operatively, with the TRUS probe 

removed. Good agreement was found indicating that the presence of the ultrasound 

probe and resulting changes to internal anatomy do not disturb measured dose inside the 

urethra. 

The new in vivo dosimetry tool, RADPOS, combines MOSFET dosimetry with an 

electromagnetic positioning sensor for simultaneous measurement in real-time of dose 

and spatial position.'471 The detector has recently been modified to include a MOSFET 

array rather than a single MOSFET to allow for dose monitoring at five different points 

along the detector axis. This modified RADPOS detector has been used as part of a 

clinical trial that was the first to measure both urethral dose and internal motion 
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concurrently during permanent seed implants for prostate brachytherapy using a single 

probe. 

5.2 MATERIALS AND METHODS 

Data were collected for a total of 17 patients. The project was approved by the 

Ottawa Hospital Research Ethics Board and all patients gave informed consent before 

participating in the study. The consent form signed by participants can be found in 

Appendix B. The RADPOS probe, shown in figure 5.4, contains five high sensitivity 

MOSFETs (Best Medical, Ottawa, ON, Canada) and a high bias supply setting was used 

for all measurements. The RADPOS probe was secured inside a Foley catheter which 

was then inserted into the patient's urethra. The detector is waterproof; however plastic 

wrap was secured around the part of the wire not inside the catheter for additional 

protection. Sterilization procedures were conducted before and after each use. The 

magnetic field transmitter was then positioned on the treatment couch within the 

recommended range of the detectors.147^ 

Figure 5.4. RADPOS detector with MOSFET array. 
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Before implantation began, a fluoroscopy image was taken to verify the detector's 

position. Fluoroscopy images were also taken both before and after TRUS probe removal 

with the RADPOS probe and all seeds in place. The positions of the MOSFET dosimeters 

could be inferred using the marker located at the end of the RADPOS wire which is 

visible on the images, as shown in figure 5.5. The MOSFETs are located 2 cm apart, 

beginning 0.8 cm away from the marker, and the position sensor is located between the 

third and fourth MOSFETs. These five dose points will be referred to numerically 

starting with MOSFET 1 which is closest to the marker and therefore closest to the 

bladder. MOSFET 5 would be furthest from the bladder. Although probe position varied 

slightly between patients, this set-up generally resulted in one dose point inside the 

bladder (MOSFET 1), two or three dose points within the prostatic urethra (MOSFETs 2-

4), and one or two dose points at or inferior to the apex of the prostate (MOSFETs 4-5). 

Figure 5.6 displays the typical position of the RADPOS array with respect to pelvic 

anatomy. 

I 
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Figure 5.5. Fluoroscopy image taken during implant procedure. RADPOS marker can be seen inside the 
Foley catheter balloon. 

Foley catheter 

marter 
bladder -

prostale 
MOSFETs 

urethra 
position 

Figure 5.6. Typical position of RADPOS array with respect to pelvic anatomy during TIPPB procedure. 
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Spatial coordinates of the RADPOS detector were read every 0.5 s throughout the 

duration of the procedure (1-1.5 hr) including treatment planning and implantation. The 

timing of events such as needle insertion and movement of the trans-rectal ultrasound 

(TRUS) probe was noted. An initial MOSFET reading was taken once all seeds had been 

implanted and then again ten minutes later. The TRUS probe was then removed and 

another ten minute reading of the MOSFETs was completed. The change in threshold 

voltage of each MOSFET was multiplied by a MOSFET-specific calibration coefficient 

to get the dose over ten minutes in centigray, D(10min). Due to the geometry of the five 

MOSFETs and radiation protection concerns, the MOSFETs were calibrated using a 100 

kVp orthovoltage beam rather than actual iodine-125 seeds. The mean beam energy was 

30 keV, which is the approximate energy of the x-rays emitted from the seeds. Equation 

5.1a and b were then used to calculate dose rate in centigray per hour, D0, and total 

integral dose in gray, D. In equation 5.1b, Ty represents the half-life of the seeds, 

which for the iodine-125 used in these procedures is 59.4 days or 1425.6 hours. 

a) D 0 =D{ 10min)x6c<%. 

b) Z) = (£>0xl.44x7'1/)/100 Gy 
72 

Equation 5.1 
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5.3 RESULTS & DISCUSSION 

5.3.1 Dose measurements 

The maximum total integral dose for each patient in the prostatic urethra ranged 

from = 89-195 Gy for all patients followed. An accepted maximum dose for this 

organ is 200 Gy,[134] so the measurements did not indicate any potential overdose. 

Irritation of the urethra is the main cause of symptoms following prostate brachytherapy, 

so it is valuable to confirm that delivered dose does not exceed this limit.'133' The 

expected dose profile along the urethra was determined from treatment planning 

calculations. Based on the position of the marker (which is visible on the images) the 

locations of the MOSFETs were deduced and dose measurements were compared to the 

appropriate treatment plan values. An example of this comparison is shown in figure 5.7, 

with distance from the RADPOS marker plotted along the x axis. For this patient, the 

maximum dose measured by the RADPOS was within 7.3 % of the treatment plan value 

at the same point. MOSFETs 1 and 3 (the left and middle dose points) also show good 

agreement in the lower dose regions. 

The initial procedure involved dose measurements only after the TRUS probe had 

been removed, however comparisons showed measurements were systematically lower 

than the calculated treatment plan values. Figure 5.8 shows the differences between the 

total integral dose calculated from RADPOS measurements and from treatment plan 

calculations for these initial patients. To account for the small dose values measured by 

the dosimeters located beyond the limits of the prostatic urethra, the differences for all 

measurement points were normalized to the maximum treatment plan value for each 

specific patient. For example, the maximum treatment plan value among the five dose 
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points for Patient 1 was at the location of MOSFET 2, DTP2. The plotted values for 

Patient 1 are therefore as follows: 

^1 =[(^7V1 — Dradposi)/DTP2\x 100 

^2 =[c^7?>2 _ ^RADPOSl )/^rP2 ] X ^ 00 

^3 ~ \_(Dm ~ I^RADPOsi V^rra 1*1 00 

^4 — [(^r/>4 ^RADPOSH }/DTP2 ] X 100 

Equation 5.2 

Treatment plan values were not available for the location of MOSFET 5 (most inferior to 

the bladder) since it was consistently located outside of the prostatic part of the urethra, 

therefore data are only shown for MOSFETs 1-4. Another study comparing MOSFET 

array urethral dose measurements with treatment plan calculations for TIPPB found that 

the correlation between the two values decreased with increasing dose.tl35] In that work, 

the agreement between the MOSFETs and treatment plan ranged from 0 to 25.3 % and it 

was proposed that dose measurements could help reconcile the lack of correlation 

between urethral complications and calculated dose that has been noted by several 

investigators.11351 Based on the measurements presented in this chapter, as well as 

previously reported variations between measured and calculated dose,'133"136' it was 

suspected that anatomical changes (especially prostate shape deformation) due to removal 

of the probe could have caused the MOSFETs to shift in position with respect to the 

seeds. For this reason, measurements were taken both before and after the removal of the 

probe for the most recent patients. 
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Figure 5.7. RADPOS dose measurements and calculated treatment plan dose values for Patient 6. 
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Figure 5.8. Comparison of total integral dose calculated from RADPOS dose measurements and treatment 
plan values. For each patient, the differences for all MOSFET locations were normalized to the maximum 
dose measured for that patient. 
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Measurements were taken both before and after the removal of the TRUS probe 

for a total of ten patients. Differences between the two sets of measurements varied 

between patients, and examples of the different types of results found are shown in figure 

5.9. For each plot, the calculated total integral dose for each point is normalized to the 

maximum value with the probe in. The only case where the dose increased when the 

probe was removed was Patient 13, shown in figure 5.9b. The rest of the patients showed 

either a decrease in dose (figure 5.9a) or no difference (figure 5.9c) once the probe was 

removed therefore agreement with treatment plan values was not improved by taking the 

second set of measurements. It did however, highlight the possible differences in dose 

distribution when the probe is removed, an effect that warranted further investigation. 
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Figure S.9. Comparisons of relative dose measurements taken before and after die TRUS probe was 
removed for a) Patient 13, b) Patient 7, and c) Patient 16. In each case, the total integral dose values have 
been normalized to die maximum integral dose for all MOSFETs with the TRUS probe in place specific for 
the patient presented. Errors bars are not visible because they are smaller than the symbols shown. 



Table 5.1 displays the percent difference between the total integral dose values measured 

with the probe in place, Dpr0be, and without the probe in place, Dm probe, for those 

MOSFETs determined to be within the prostate. Variations ranged from -66 % to 36 %, 

and differences of greater than 20 % were seen for four patients, indicating significant 

shifts in seed positions relative to the urethra once the probe was removed. 

Table 5.1. Percent difference between the total integral dose values measured with the probe in place, 
Dpnbe, and without the probe in place, Dnopnbet for those MOSFETs determined to be within the prostate. 

Patient MOSFET Relative change in dose /% 

7 
1 
2 
3 

1.5 
-65.8 
-62.0 

8 
1 
2 
3 

6.0 
3.6 
-5.4 

9 
1 
2 

-1.7 
2.9 

10 1 -4.4 

12 
1 
2 

-7.7 
12.3 

13 
1 
2 
3 

-0.1 
25.5 
23.6 

14 
2 
3 
4 

1.6 
-13.6 
-30.5 

15 
2 
3 

-2.6 
-15.5 

16 
2 
3 

-5.3 
4.8 

17 
1 
2 
3 

-7.8 
-2.8 
36.2 

Average: -4.5 
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Another study has compared urethral dose rates measured during the implantation 

procedure with those measured in the recovery room, once the TRUS probe was 

removed.'1341 It was stated that the two sets of measurements agreed well and differences 

were within the standard deviation of the values. The conclusion was therefore that the 

presence of the TRUS probe did not affect dose distribution. In that study, only average 

values for each MOSFET were compared rather than individual patient measurements. 

For example, rather than comparing the dose measured by MOSFET 1 for Patient X 

during treatment with the dose measured by MOSFET 1 for Patient X in the recovery 

room, all measurements made by MOSFET 1 in the treatment room for all patients were 

averaged and then that average value was compared to the average of all the 

measurements made by the same MOSFET in the recovery room. This method of 

analysis is vulnerable to missing individual cases of large differences. To our knowledge 

no other dose comparisons with and without the TRUS probe have been published. 

5.3.2 Position measurements 

Once the TRUS probe was in place and initial fluoroscopy images were taken, 

patients remained still while the treatment plan was created. Prostate motion during this 

period gives a good indication of behaviour without movement of the ultrasound probe or 

swelling due to needles. Once the treatment plan was complete, the implantation 

procedure began, which lasted on average 30 min (range of 12 to 48 min) from the time 

the first needle was inserted until the last. Throughout implantation, short-term 

displacements due to needle insertion were noted as well as overall shifts, possibly due to 

prostate swelling. An example of prostate movement due to needle insertion is shown for 

Patient 6 in figure 5.10. The grey circles represent the time the physician began inserting 
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a needle. For the case shown in figure 5.10a, the average displacement during insertion 

was within r = 1.1 mm. Figure 5.10b is a close up of the first few needle insertions to 

more clearly show the effect of individual needles. 

Placement of each needle was done under ultrasound guidance, and in some cases 

the needle had to be repositioned more than once, causing increased displacement. This 

was the case for the two instances of large motion in figure 5.10a, which are circled in 

red. Each needle was recorded during implantation, and the two needles corresponding to 

the red circled areas were c3.5 and el .5. The position of these needles within the template 

is also shown. In these two cases, one of the needles was placed deep into the middle of 

the prostate, and the other was near the patient's left posterior side and not as deep. The 

placement of individual needles was analyzed for each patient, and it was found that the 

magnitude of displacement correlated to occasions when the physician had to reposition 

the needle multiple times and not with the actual position of the needle with respect to the 

patient's prostate. 
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Figure 5.10. Position information collected during seed implantation for Patient 6. The root mean squared 

position (r =  J ( x 2 + y 2 + z 2 )  ) is shown by the black line and the grey circles represent needle 

insertion. 
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The range of average displacement in each direction during implantation is shown 

for all patients in table S.2. Also presented in this table is the range of displacements 

measured during treatment planning, as a baseline reference for expected motion. Earlier 

studies of prostate edema done by other groups have found that the prostate expands very 

little in the left-right direction and substantially in the other two directions throughout 

implantation.'123"126' RADPOS position measurements provide data on displacement and 

not overall volume changes, however swelling of the prostate could shift the prostatic 

urethra, and therefore the RADPOS positioning detector, in various directions. The range 

of displacement in the superior/inferior and anterior/posterior directions found in the 

work presented here were both larger than the magnitude of displacement in the left-right 

direction, as can be seen in the table below. 

Table 5.1. Range of average change in position among all patients during treatment planning, during 
implantation, and finally due to removal of die TRUS probe. 

Direction 
Average displacement 

Direction during treatment 
planning 

daring implant 
procedure 

due to TRUS 
probe removal 

x  (right/left) (0.0-0.0) mm (0.0-1.8) (0.1-2.6) mm 

y  (superior/inferior) (0.0-0.0) mm (0.4-3.9) (0.3-8.7) mm 

z  (anterior/posterior) (0.0-0.0) mm (0.0-3.3) (1.2-5.0) mm 

r  =  y j x 2  + y 2  + z 2  (0.3-1.6) mm (1.4-5.1) (1.4-9.7) mm 

Since the RADPOS system provides real-time quantitative position information 

one can see the effect of patient motion or other events on the position of the detector, 

which is secured in the prostatic urethra. An example of position information collected 

during the dose measurement periods is shown in figure S.ll for Patient 8. In this case, 

the change in position due to removal of the rectal probe (at approximately t=4100 s) can 
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be seen in all coordinates with the largest magnitude along the y (superior/inferior) 

direction. As mentioned above, trans-rectal ultrasound imaging is used throughout the 

imaging, planning and implantation procedures. This involves the placement of a probe 

into the rectum which remains in place until seed implantation is complete. No published 

research could be found on the effect of this probe on internal anatomy or prostate 

position. The average displacement due to the removal of the probe is shown in the last 

column of table 5.2. 
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Figure 5.11. RADPOS position measurements for Patient 8 taken after implantation was complete. Black 
squares represent the time of the initial and final MOSFET readings taken for the first measurement period 
(with TRUS probe in place) and the second measurement period (after die TRUS probe was removed). The 
change in position from the removal of the probe can be seen in all coordinates at approximately t = 4100 s. 
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To examine whether the changes in dose (shown in table 5.1) with and without 

the TRUS probe in place correspond with the magnitude of shift in detector position, 

these data were compared for all relevant patients. A significant correlation was not 

found between the two sets of values, however individual anatomy varies greatly so 

movement may need to be analyzed on a case by case basis rather than as a whole. 

Instead of considering total magnitude of displacement of the probe relative to the 

transmitter on the treatment couch, it may be more telling to analyze how positions of 

seeds change relative to the RADPOS detector as the prostate changes shape with 

removal of the ultrasound probe. 

To accurately investigate these changes, 3D CT information taken before and 

after TRUS probe removal would be needed. This is not part of routine practice at this 

hospital as CT data are collected only one month after the implantation. A detailed 

analysis was therefore not possible. Two dimensional fluoroscopy images are taken 

however, allowing for a crude estimation of these relative changes. Three examples are 

shown here in figure 5.12 for Patients 8, 10, and 16. The images show the post-implant 

fluoroscopy image once the TRUS probe has been removed. Superimposed on top of the 

images are the outlines of the seed and probe positions from the fluoroscopy images 

taken while the probe was still in place. Seed outlines are shown as red lines while the 

RADPOS marker (when visible) is shown in yellow. Boney anatomy and TRUS probe 

outlines are shown in black and all geometry has been registered to the pubic arch. Seed 

outlines that are missing were blocked in the image by the TRUS probe. It can be seen 

from these examples, that seed positions have a tendency to shift away from the base of 

the prostate, in some cases by significant amounts, when the probe is removed. Three-
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dimensional analysis would allow for quantification of these shifts and their potential 

affect on dose distribution. However, imaging needed for such analysis is not available in 

our department. 

a) 

b) 
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c) 

Figure 5.12. Fluoroscopy images taken post-implant once the TRUS probe was removed for Patients a) 8 
b) 10 and c) 16. Outlines of seed, probe, and RADPOS mailcer positions from before the probe was 
removed are shown to display displacements. Outlines have been registered to the pubic arch. 

5.4 CONCLUSIONS 

The modified RADPOS detector with MOSFET array is able to provide real-time 

dose information which can be used to monitor dose rates while implantation is 

performed and to estimate total integrated dose. This information can potentially be used 

to guide subsequent needle placement as well as to identify patients who may be at an 

increased risk for complications. Deviations from calculated treatment plan values have 

been noted, therefore in vivo dosimetry should be used to verify actual delivered dose. 

Changes in position due to needle placement, swelling, or other internal motion as well as 

changes due to the TRUS probe can be significant and should be quantified to evaluate 

influence on dose distributions. 
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Chapter 6 

CONCLUSIONS 

This thesis covers experiments done to bring a prototype of the RADPOS system 

from initial testing to implementation into clinical routines. Chapter 2 reviewed 

investigations of the dosimetric and position-measuring capabilities of the system in a lab 

setting before any patient measurements were done. Results indicated that RADPOS dose 

measurements were within 5 % of diode measurements for ^Co and within 3 % for 

commonly used high-energy beams and the angular response was on average within 

1.6 % over 360°. This deviation in angular response is slightly higher than when 

microMOSFETs are used alone, perhaps due to increased scatter from the position 

monitor. Specific calibration coefficients should be determined for each detector, and 

RADPOS probes with a high sensitivity MOSFET should be used when the highest level 

of precision is required. These MOSFETs will however become saturated and therefore 

unusable at lower doses compared to standard sensitivity MOSFETs. It was found that 

the position readout was stable within 0.2 mm over a period of an hour and displacement 

measurements can be obtained with the highest accuracy when interfering metals are at 

least 200 mm away. RADPOS detectors should remain within an optimal operating range 

with respect to the magnetic field transmitter to ensure a consistent accuracy of ± 2 mm 

on 3D displacements. This range is defined by the following coordinates: 150-470 mm 

along the x-axis, ±215 mm along the y-axis, and ±100 mm along the z-axis. 
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A rigid dynamic phantom was first used to simulate patient motion due to 

breathing and preliminary tests showed the potential of the RADPOS system to 

accurately measure displacements similar to chest wall movement. To explore further 

possible clinical applications, the system was then used in conjunction with a deformable 

lung phantom to simulate both free breathing and adaptive radiation treatment deliveries, 

as described in Chapter 3. The RADPOS system was used to verify delivered dose and 

motion of a simulated tumour while imitating a real patient treatment. The accuracy of 

RADPOS position measurements was within 2.5 mm and relative displacement 

measurements were preserved within 0.7 mm between CT simulation and radiation 

delivery rooms. Dose measurements were within 5 % of treatment planning calculations 

for the free-breathing delivery and agreement was within 1.5% for the adaptive delivery, 

which was well within the estimated experimental uncertainties. This work demonstrated 

that the deformable lung phantom-RADPOS system could be used as an efficient quality 

assurance tool for 4D radiation therapy acting as an end-to-end treatment verification 

instrument. 

The RADPOS system was then used in two different clinical trials, reviewed in 

Chapters 4 and 5. The first trial involved measurements on patients undergoing external 

beam treatment for lung cancer. The goal of the study was to quantify intra- and inter-

fraction variations in patient motion and dose as well as to assess the feasibility of daily 

use of the RADPOS system during patient treatments. Significant deviations in external 

surface motion were found throughout the course of treatment that agreed with similar 

studies done elsewhere and which emphasized a need for continued position monitoring. 

The average measured dose values were in agreement with treatment plan dose 
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calculations for the majority of points. It should be noted that when the delivered dose is 

less than 50 cGy, the uncertainty on standard sensitivity MOSFET measurements 

increases. This amplified measurement uncertainty along with inaccuracies in treatment 

plan calculations near the air-surface interface could cause the measurements and dose 

calculations to be more vulnerable to slight inaccuracies in positioning, limitations in the 

treatment planning calculations, and machine output variations. This study also 

demonstrated that the RADPOS system can be used to monitor inter- and intra-fraction 

variations in breathing patterns and to measure surface dose without any disruption to the 

treatment schedule or discomfort to patients. 

The final chapter of this thesis reviews a second clinical trial conducted using a 

modified RADPOS system. Measurements were made using a RADPOS detector with a 

MOSFET array that provided dose measurements at five different points, spaced 2 cm 

apart. The detector was positioned inside patients' urethra during seed implants for 

transperineal interstitial permanent prostate brachytherapy. Position and dose 

measurements were taken during the implantation procedure and for a period of time 

after all seeds were in place. Deviations from calculated treatment plan values were 

noted, leading to the suggestion that in vivo dosimetry should be used to verify actual 

delivered dose. Changes in position due to needle placement, swelling, or other internal 

motion as well as changes due to the TR.US probe were found to be significant in several 

cases and should therefore be quantified to evaluate influence on dose distributions. 
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APPENDIX A 

Patient Information and Consent Form 

h«*up»wfcii 1d. 2008 

Dr—Mtlng motion atedy for Lung Patients: RADPOS me—innenf and 40 
Computed Tomography (u»«i ott ofroa. ohrs aanoBacMiiH) 

MTRODUCTION 
You are being aatod to Ma part In a dMcal Mai (a type of ran fdh aludy). CMcai Mala only induda 
patento who ctiooae to take part. PtaaaaWw your tma to mate your dadaton. TNedocument 
deecribee •» pupoae, procedurea, benaMa, dtecomfofta, liaka and pracauMonaaaaodalBd wHhMa 
atudy. Batata agieolng to partklpBta, It lalmpataHl to wiilwalaul tie atudy. Feel ftee to (tecum It wto 
your Mend* and famly or your famly doctor. Plaaaa aafctia atudy doctor or abidy etaff to ajiptoii any 
woida you dontuidmateHi, and mate earn your qu—ona have been anai—rod to your aetelectlcn 
Dwn^ngvBconNniiDmL 

You ate being aated to pariicfeieto in Ma atudy becauee you have lung cancer aMcfi you and your 
onmloglathawidBddBd to teat wteextomd beam raitellon iiatapy. Aa part of the ptapeWun far your 
beatmant, you «• receive a aanputod tomography (CT) acan, which wa thorn wham yourtunour ia 
localad. You aril ttely waive 40 CT acen which conaiato ofeevaral fenage aeta aeqdaad at dMbiant 
atagaa of your braaHng. TMa wM atear tie phyafctei to oiritee •» tumour, tattig Mb acaount tumour 
(and poaatity other cvgana) moion due to bnMig. Baaed on tie CT acan, ateebnentpteiwabe 
ctfatetod tor you. TNa plan «• be executed during the radWfon twrapy dalvaiy. 

WHY IS THB STUDY BEMG DONE? 
Hie Otteaa Hoaptel Cancer Oentm ia getting ready to introduce a raw boatman! technique tor lung 
cancer pate* cated Oatad RedWton Therapy (GRT). 1MB technique dafivera radMton to each pedant 
el a apecMc moment during the broaMng cycle. In onler to uee Ma near fcaabnant technique, an need to 
tod a rwlalilii waji to maaaiee patent braeMngpatema. 

We have dewelopad a new ayaten cated RADPOS (TTafialiun Po—oninq Syaten) which alowa ua to 
meeauwboditiedoaeofraritelnniecahedendSieeaiectpoaMonofthetdoeecntoebody. biMa 
aludy we wBpoaMon a amad RADPOS prate on your atti to cotectmeaataamanli wtHUi wBbeuaedto 
deecrtba toe ipodfcaoy your cheat aa* or abdomen muveawtien you braaiie- We wM tote 
aaaauramanta aMi tie RADPOS probe diafeig your CT atetiUtan acen end during eedi mdWton 
treatment tadton to aee i your braaMng patten chengaa during your enlfee courae of mdWton ttmapy. 

I RADPOS la tound to be boM eccumta and «MaMe, The Otteaa Hoaptel Cancer Canba may atart 
uabig I aa a atamted braaMng motion movement meaauriag tocMque, ea wa> aa a atandard quatty 
aaaumnce tool tor doaimetiy (catateten of lie amount of mtfatton expoeura a patent gala torn each 
mMherapyteebnent). 
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HOW MANY PEOPLE Will. TAKE PART M THE STUDY? 
About 10 pafianto «• M> part in Mi aludy mi ft «• lie ran only at The Ottan HoapM Cancer Centra. 

DESIGN OF THE STUDY 
Each atudy partkipent w* receive toeir 4Q CT scan and rerttoMnn Iwnpy iu îiwt, as any otier lung 
cancer patent aiuuld. In addfcn, toe RADPOSpwbewW be poaMoned on toair akin to colart 
iifauiwliun about toe cheat waft or obdomonmoMBmentretetod to toojrbreoliiu. RADPOSwM beueed 
during Mia CT eknMton and tor each taabnant tacfcm to eee I breaHng patterns change during tie 

t couree of radMtan toerapy. 

Hie aludy ata»w« then examine the reoufta to Jatomlnu hoar ctoaaly toe RAOPOSresutts compare to 
tos40CT resiJte and fta patent breatotog patent changes during too come of treatment and how 

Hie atudy ehoutd lake about 6 montoe to complete and ttia reeutts ahoidd be known In leee than a year. 

WHAT IS MVOLVED M THE STUDY? 

Once you and your oncologiBt here dadded to proceed wflhradMiontoorapy, you muat come in tar a 4D 
-• * m « — — j, I,. - - —M ai - L. jS - • - — - — as scvi or iw cnmifp. iniMnpioaiNiviRvnî wininpoiiviiaiNiNNMNnwiivvio 

ancotogM to detomtihe where to tocus toe ndWIon. TNe le a standard procedure vMch muat be done 
before enypaiant receives lung radMtontoerapy. 

OniSatort̂ u'SSlrace  ̂treatment tor your lung cancer uelng external beam radaicn therapy. 

Ifcw. nr*. and fawhi 
Real tfene meaauramenti of your bnaHng patem wM be peitonnad wMi RADPOS to the CT Sim aule 
fenmedMely betore and tor during the ecan procedure. TMi wB be done taring a very amafl prabe 
DaaManadanvDwafcin WswflmaAtheixiMflftoeDralialocdkinon vourflkin.TheaamaafabewHbe wiMiwiMVOTi weI waMea wnaas• • TVV OWA vvwait SPOTW INNIFFT am AFFIVMÎ ep NVIMMNI ^^MWS OIMSS* s^v evare PAA^MÎ V ^WS A^W 

potftsmd AT toe MRM (bf flich radWIon InMlnwt lidtofi Thore to no iddNofMl wMton 
flmotaNi «ttt Vie prate and i cmmm no akfti i ~ 

MIL. • M » «» «  ̂ M T... JT ,| - J * TADL , I. ,, UJTK |K-IVV IOCwKXYi Ch TW pfOOw • MaNn W)8 •nKMHKI VN, TW pfDOO «• MO pfuVKJB Ui Mn DO nRXTIMDn 
MMMaOMlMMOfllVll KnOfl pOffK. 
'WK ** * * » M- . - AAJM » • JK_— 4C MWI -ins Hmwi vxn wnm nmhkii) vn pimwuw wi w im iw id mran. 

You wl have tegular folow up vMki wtoi your oncologiat aa any otwr lung patent. TWa aludy wH not 
aSact fie taquancy of your Mtow up viaMa. 

HOW LONG WftJL I BE M THE STUDY? 
Hie reeearehara cen take you off the atudy f you or your doctor toal tot external beam raitallnn la no 
longer the beet treatment tar you. 

You can dwoee not to lake part In Ma atudy or atop taking part at any tone and your doctor wB eonlnue 
to treat you a*h toe beet reaanaawalablB. If you decide to etoppaitK.lpaatiu In toe study, wet 
you to tafe to your doctor M. 

Looal OTT OB-OB RniMdOM«ntMr 1CL200B Paga2af4 
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WHAT ARE THE RISKS OF THE STUDY? 
Aa a partdpent in Ha abidy, tie only procedure addMond to atandanlcaieie the uae of the RAOPOS 
probe during your 40 CT ecan and radMion kuMimate. Than an no known ittaaaaodaladwth tie 
IM artw RAOPOS piabe. 

ARE THERE BENB1TS TO TAMNG PART M THE STUDY? 
tvouaaaatoMwDartkiMaakidv tterewRbeftatvnodrecibanetttowiii. Vtfa hooe tie Mbmarikin aa Vinfl MvWi w ww |npv w vawa vmhv OTW ana hmpj iar wwv ar jvim» vw IVW|NP VW wwipaanait 
learned from Ha aludy wR help otwrpabentawMi lung cancer in tie Mure. 

WHAT OTHER OPTIONS ARE THERE? 
t you daeida not to partdpato in Ma aludy you aril alR receive external baam lactation to kaat yow lung 

WHAT ABOUT C0NFDENT1AIJTY? 
Every eSortwR be made to keep your pereonal atforniaton cortUantal. 

Hie On—a HoapMd Raaearch Etaca Board, which ovaraeea tie atilcel conduct cftaa aludy at The 
Ottawa HotpM Cancer Centre, nd tw OHM HeaNh Roiovch InsttulB may revisw your relevant 
medkal end ebtyteeoHli and receive coded MbrmaKon from your fabwantmedfcallMudyiecatto for 
quriMy aaaurance end dele analysto. TWi inforrnelion nwy Include tool raauKs, raporti oparatona, x-wyi 
or other body acaniaportaialattng to ttwatudy. "They wH keep infc»inatoii about you cmlanllel, to tie fli I Wa "• - ' " • — ma* t _______ onera penieBBu uy appecane ew, n uie loeownQ manner. 

• Your name aril not be tfcctoeed In any report or pubfcatkxi raauMng ton (he atudy or in any 
documanla leaving The Ottawa HoapM Cancer Canln, intaaaiwiukad by law. 

• You wM be jdentled only by a atudy code and birth month id yar. _ 
• Dale of bfcti, eax, gandBr and oteticty wM alao be cotactod tor atattatcal purpoaea. 

WHAT ARE THE COSTS? 
You wR not be paid la tohfciy part In Wa aludy. Thaw wMbe no coottoyoulartheiiaBOftie RAOPOS 
probe. There aw no aikttunal coato of Mtig part In fMo aludy tauchpurtdng and fcawaQctace tie 
RAOPOS meaauramanta wR be Man during your muUhe 40 CT acan and ladaNon teebnenta and you 
wR haw regular Ibtow up viatawth your oncotogWaa any other lung cancer patient 

WHAT ABOUT COMPENSATION? 
in tie event of a meearch-raMad injury or Rneoe, you wtl be provtiod ariti tie appropriate mactcal 
caraMvaabnanL ANhough no toida have been aat aakle to compeneato you in the evant of iqjuy or Mneaa 
related to the aludy keabnent or procedurea, you ore not wwMig your legal righto by agreeing to 
partdpato ki tie aludy. The aludy doctor and Hie Ottawa HoapM Cancer Centre atl haw that legal 

WHAT ARE MY RIGHTS AS A PARTICIPANT? 
Taking part in thie atody is vokaitary. You may chooae not to take part or mey leave tie aludy at any tme 
wthout giving a reaacn. Decking not to tofce part in tie akNjy wR not reaitt ki any penaty or any toaa of 
baneMa to which you are anMtod. Your doctor wRdacuaatotierbeabnenliwMi you and continue to 
beat your cancer wMi tie beat meana avetabta. 

Wb wR tot you about new Infamialiontiot may attoct your heath, wetara, or wMkignaoc to alay In We 
aludy. 

LocalOTTOB-Ce RnM Dmrnbar ia 2008 Pap 3 of 4 
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WHO DO I CALL IF I HAVE QUESTIONS OR PROBLEMS? 
If you experience a research-related Injury and mad mad leal treatment or If you experience any unusual 
symptoms or side effects, you should immedtotely contact your study doctor or tha physician responstole 
for this study. Dr. Gad Parry at 613-737-7700, Ext. 70215. If you naad to contact someone alter ragutar 
clinic hours, plaasa cal 613- 737-7700 and ask for the radiation oncologist on cal. 

This protocol has baan approved by Tha Ottawa Hospital Research Ethics Board. This Board considers 
the ethical aspects of al hospital research projects using human sutyocts. If you have any questions 
concerning this study or your rights as a research subject, you may contact any of the foBowlrtg people: 

• Tha Vice-President of The Ottawa Hospital Cancer Centre, 613-737-7700, Ext. 70268. 
• The Chairperson of Tha Ottawa Hospital Research Ethics Board, 613-798-5966, Ext 14802. 

SIGNATURES 
My signature below means that I haw read this 4-page patient information and conaent form, (or it has 
been read to me). I have had the opportunity to review any questions with my study doctor. I agree to 
partKipete in this study and conaent to the access to my medical records as explained above. A copy of 
this patient information and conaent form will be given to ma. Evan though I have signed this consent 
form I can decide to withdraw from this study and wthdraw permission for information about my progress 
to be collected. If I decide to do this, I wM Inform my study doctor, who will main a written record of my 
decision. 

Patient's Name (Please Print) 

Patient's Signature Data 

Name of Investigator/Person Conducting tfte 
Informed Consent Discussion (Please Print) 

Signature of Investigator/Person Conducting the Date 
Informed Consent Discussion 

Local OTT 0M8 Revbed December 10.2006 Page4oM 
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APPENDIX B 

Patient Information and Consent Form 

Revised January 5. 2010 

4D in Vivo Dosimetry Technique for Prostate Brachytherapy: RADPOS Dosimetry 
and Computed Tomography-Based Dosimetry (Local orr-oe-oe, ohreb «qoo6841-oi hj 

INTRODUCTION 
You are being asked to tike put in a clinical trial (a type of research study). Clinical trials only include 
patients who choose to take pert. Pleaaeteke your time to make your dedaion. This document 
describes the purpose, procedures, benefits, discomforts, risks and precautions associated with this 
study. Before agreeing to participeto, it is important to understand the study. Feel free to dncuaatwlh 
your friends and famiy or your family doctor. Please ask the study doctor or study stair to explain any 
words you dont understand, and make sure your questions have been answered to your satisfaction 
before signing this consent form. 

You are being asksd to perticipete in this study because you hove low risk prostate cancer which you 
and your oncologist have decided to treat with brachytherapy. Brachytherapy is a radiation treatment 
which involves placing radioacthm metertal directly in or near the prolate. Usually, ebout one month 
after the insertion of he radtoectve material, the oncologist wM perform some tests to make sure the 
procedure wss done correctly. Ueuafty this involves taking a oomputod tomography (CT) scan which 
shows where the redtoecUve eeeds ere located in the prostate. Sometimes another procedure, called 
MOSFET (Metal oxide-semiconductor field-effect transistor) b also used. This procedure involves 
inaertlng e ceiheter Into the urethra along wth a probe which measures radiation dose and position in the 
prostate. Both proceduree alow the oncologist to see if en area of the prostate is receiving too much or 
too NWe radMon. TMs process of quality asaurance is caied in vivo 'dosimetry1. 

WHY IS TMS STUDY BE MO DONE? 
At The Ottawa Hospital Cancer Centre, the CT scan is our standard method of dosimetry. Dosimetry Is a 
calculation of the amount of radwtion exposure a petient receives from esch redtotherapy treatment. 
I towover, sometimes the MOSFET procedure is performed as well to complement fro results. The 
problem with tie CT procedure la that it is done a month after the brachytherapy. This meane that if the 
brechytherapy was not done perfectly, we would not knew about it until a month after R was completed. 
Therefore, F changes have to be made to the placement of the radioactive aaeds, the patient must go 
back to the operating room. 

The purpose of this study is to evaluate a newer procedure caled RADPOS. RADPOS Is very simRer to 
MOSFET except that it elso gives the infonnetion about Iho spatial position of the point the doaeia 
measured. It is dona at the seme time aa the brachytherapy, while the patient is sM in the operating 
room. During brachytherapy. there is always a caHietei in the urethra. The RADPOS detector is 
inserted into this catheter immedwtely after the radtosKtive seeds ere inserted, so the oncologist can do 
doaimatry right away. The Idea is that If aomathlng is not quite right, K can be dealt with immediately. 
This study wfl compare the RADPOS technique to the standard CT technique. 

If RADPOS Is found to be both accurate and teasMe, It may become a standard dosimetry quatty 
assurance technique at The Ottawa Hospttal Cancer Centre. 
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HOW MANY PEOPLE WILL TAKE PART M THE STUDY? 
About 10 patients wil take part in flit study and H will be run only at The Ottawa Hospital Cancer Centre. 

DESIGN OP THE STUDY 
Each study participant will receive their brachytherapy treatment as any other prostate cancer patient 
woiid. While the patient is stfl in fie operating room for brachytherapy. RADPOS measurements will be 
performed. 

Approximately 4 weeks alter brachytherapy treatment, study participants wit return to the hosptal for 
dosimetry, as any other patient would. The standard CTdosanetrywi be done, but RADPOS wfl also 
be done tor a second time. The study staffwiN then examine each of scans to determine how dosely 
the RADPOS results compare to the CT results. 

The study should take about 1 year to complete and the results should be known in about 1 H years. 

WHAT IS INVOLVED M THE STUDY? 
Treatment Planning: 
Once you and your oncologist have decided to proceed w*h brachytherapy. you must come In for 
treatment planning'. The procedure is caNed TRUS (transrectal ultrasonography), and involves inserting 
a probe into the rectum, which produces uKraeound waves. This produces an image afthe organs in the 
pelvis which aflcws the oncologist to detarmins where the radioactive materia! should be placed to obtain 
the best results This is a standard procedure which must be done before arty patient receives 
brachytherapy. 

Bfchyttttfuw Tmlmant: 
On this trial you will receive treatment for your prostate cancer using prostate brachytherapy. In prostata 
brachytherapy, radiation therapy b delivered by placing radioactive "seeds" in and around your prostate. 
To treat the cancer, the radioactive seeds emit a very low energy radiation, which is primarily absorbed in 
the treatment area or "target" tissue immsdatsly surrounding the seed. Anywhere from 40 to 130 seeds 
may be implanted throughout the entire prostate. The calculated volume of the prostate determine* the 
exact number of seeds required for treatment. The seeds remain permanently r place after implantation 
although they gradualylaee their radnactivity over time. Over 98% of tfie radnadivity is gone by the 
and of 12 months 

RADPOS wiH be performed during this study. It wil occur in the operating room, immodiatnly alter 
brachytherapy is completed. The RADPOS detector will be inserted into the catheter which was already 
put in place for the brachytherapy. Therefore. Ihis RADPOS reaifng does not involve inserting an extra 
catheter. 

About 4 weeks after your brachytherapy treatment, you wil COM in for dosimrty, to determine the 
quality of the implants You wiH receive the standard CT-based doeimetry, which involves a CT scan, a 
chest x-ray. and a pelvic x-iay. This procedure wiH take approximately 15-20 minutes, and is routine for 
all patients receiving prostate brachytherapy. 

Follow up: 
You wil have regular follow up visits with your oncologist for at least five years. These folow up visits 
are routine for aH brachytherapy patients. 

LOOM OTT 06-oe January 5. 2D10 p«e*2ors 
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HOW LONG WILL I BE IN THE STUDY? 
Tlw researchers can take you off the study for masons such as: 

• You or your doctor no longerfeel that brachytherapy is the best treatment for you 
• Your doctor does not foal that having a catheter ineerted is in your best interest 

You can choosa not to talis part in this study or stop taking part at any time and your doctor wM continua 
to traat you wth tha bast maans available. If you decide to stop participating in lha study, wa ancouraga 
you to talk to your doctor first 

You will have regular follow up with your radiation oncologist for at least five years. If you stop taking part 
in tha study, no further information wiM bs collected as part of this study although your doctor wifl sttt be 
responsible for your medical care. 

WHAT ARE THE RISKS OF THE STUDY? 
As a participant in this study, you are required to undergo some tests and procedures which are 
additional to standard care. The risks associated wih these additional procedures are as follows: 

RADPOS; no known risks 

• Minor discomfort (60%) 
• Pain (requiring non-prescription analgesics) (<5%) 
• Urinary tract infection (<S%) 
• Minor bleeding (20%) 

ARE THERE BENEFITS TO TAKING PART M THE STUDY? 
If you choose to participate in this study, there wW be Kkety no diract benadtto you. However should the 
extra dosimetry procedures intfcate the need for more radioactive seeds to provide a better dose 
coverage, the physician may add extra seeds. 

In general, wa hope that the information learned from this study wil help in post-implant quality 
assurance for prostate cancer in the future. 

WHAT OTHER OPTIONS ARE THERE? 
If you decide not to participate in this study you wil receive the standard CT-based dosimetry following 
your brachytherapy treatment and no immediate or post-impiant dosimetry wih RADPOS. 

You can receive treatment and foHow-up assessment for your prostata cancer without being on this 
study. Please talk to your doctor about these and other options. 

WHAT ABOUT CONFIDENTIALITY? 
Every effort wM be made to keep your personal information confidential. 

The Ottawa Hospital Reeearch Ethics Board, which oversees the ethical conduct of this study at The 
Ottawa Hospital Cancer Centre, and the Ottawa Hospital Research Institute may review your relevant 
medoal and study reoords and receive ooded information from your relevant medicaVstudy records for 
quality assurance and data analysis. This information may include test results, reports operations, x-rays 
or other body scan reports relating to the study. 
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They will keep information about you confidential. to the extent permitted by appicabla laws, in the 
following manner 

• Your name wil not be cfisclosed in any report or publication resulting from the study or in any 
documents leaving The Ottawa Hospital Canoer Centre, unless required by law 

• You wi be identified only by a study code and birth month and year 
• Date of birth, sex, gender and ethnicity wM also bo ooflectod for statistical purposes 

WHAT ARE THE COSTS? 
You wM not be paid for taking part in this study. There wM be no cost to you for the RADPOS detector. 
The additional costs of taking part in this study (parking, travel) are minimal since the RADPOS 
measurements wil be done on Hie same day as your implant and again on the same day as the follow-
up CT scan. 

WHAT ABOUT COMPENSATION? 
In the event of a research-related injury or Mness, you will be provided wth the appropriate medical 
treatment/care. Alhough no funds have been set aside to compensate you in the event of injury or Mness 
related to the study treatment or procedures, you are not waiving your legal rights by agreeing to 
participate in this study. The study doctor and The Ottawa Hospital Canoer Centre still have their legal 
and professional responsiMties. 

WHAT ARE MY RIGHTS AS A PARTICIPANT? 
Taking part in this study is voluntary. You may choose not to tain part or may leave the study at any time 
without giving a reason. Decking not to take part in the study wiH not resut in any penalty or any loss of 
benefits to which you are entitled. Your doctor will discuss further treatments wth you and continue to 
treat your canoer with the best means available. 

We will tell you about new information that may affect your health, welfare, or wMKngness to stay in this 
study. 

WHO DO I CALL IF I HAVE QUESTIONS OR PROBLEMS? 
If you experience a research-related Injury and need medical treatment or If you experience any unusual 
symptoms or side effects, you should immediately contact your study doctor or the physician responsible 
for this study, Dr. Gad Perry at 613-737-7700, Ext. 70215. If you need to contact someone after regular 
clinic hours, please cal 813- 737-7700 and ask for the radiation oncologist on caR. 

This protocol has been approved by The Ottawa Hospital Research Ethics Board. This Board considers 
the ethical aspects of al hospital research projects using human subjects. If you have any questions 
concerning this study or your rights as a research subject, you may contact any of the foflowlng people: 

• The Vice-President of The Ottawa Hoapital Cancer Centre. 613-737-7700, Ext. 70208 
• The Chairperson of The Ottawa Hospital Research Ethics Board. 613-7964555, Ext 14802 
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SIGNATURES 
My signature Mow mains that I hava read this S-page patient Information and eonsant form, (or It has 
baan read to ma). I havs had tha opportunity to ravlaw any quastions wth my study doctor. I agree to 
participate in this study and eonsant to the access to my medfcal records at explained above. A copy of 
this patient information and consent form will be given to ma. Evan though I have signed this consent 
form I can decide to withdraw from this study and wihdraw permission for infomurtion about my progress 
to be coloctod. If I decide to do this, I wM inform my study doctor, who wl main a written record of my 
decision. 

Patient's Name (Please Print) 

Patient's Signature Date 

Name of Investigator/Person Conducting the 
Informed Consent Discussion (Please Print) 

Signature of Investigator/Penon Conducting the Date 
Informed Consent Discussion 
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