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Radiotherapy motion management is important when tumor movement is present 

due to respiration.  One approach to motion management is respiratory gating, which 

synchronizes radiation delivery with respiration.  A temperature based respiration 

sensor was developed that does not require abdominal movement like commonly used 

external fiducial markers.  The sensor tracks breathing cycles by measuring the 

temperature of inspiratory and expiratory air, so it can be used with forced shallow 

breathing (FSB) or thermoplastic body mask immobilization.  The temperature sensor 

was used to track breathing cycles for five volunteers using FSB, and compared to 

simultaneously recorded signals from an external marker.  Temperature sensor 

performance was tested in CT, MR, and linear accelerator environments.  The sensor 

effect on image quality was evaluated for CT and MR. 

The temperature sensor successfully recorded breathing cycles for all volunteers, 

while the external marker had one failure.  Temperature sensor signal in CT and MR 

environments was similar to background signal; however it is recommended the sensor 

be placed outside the linear accelerator radiation field.  Temperature signals were 
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obtained without deterioration of CT or MR images.  These results indicate this device is 

suitable for respiratory gating, and an improvement to external markers. 

Another approach to motion management is to use flattening filter free (FFF) 

beams to reduce beam on time, which aids in breath hold techniques and reduces 

changes over time in breathing patterns.  The interplay effect with FFF beams was 

investigated using an ionization chamber array on a moving platform to simulate 

respiratory motion.  Measured dose distributions were compared to planned dose for 

patient plans using gamma analysis and percent of pixels within 5% and 10% of 

planned dose.  The impact of the interplay effect was observed on dose distributions; 

however deviations were not influenced by high FFF dose rate.  FFF plans were also 

evaluated for lateral targets with homogeneity and conformality indices to compare 

central and off-axis geometry (OAG).  It was shown FFF beams can be used in OAG 

without dosimetric compromise. 

This research contributed to respiratory management techniques with an 

improvement to respiratory gating sensors and by verifying FFF has a role in motion 

management. 
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CHAPTER 1 
INTRODUCTION 

Radiation therapy is the treatment of disease, especially cancer, using high 

intensity ionizing radiation.  Radiation kills cancer cells by damaging their genetic 

material.  Radiation can damage normal cells in addition to cancer cells, so the radiation 

treatment must be carefully planned.  This research focuses on external beam 

radiotherapy, which is the most common form of radiotherapy.  External beam 

radiotherapy typically uses high energy photons in the megavoltage range produced by 

a linear accelerator to treat cancer. 

The goal in radiation therapy is to give a high radiation dose to the target while 

limiting dose to normal tissue.  Localization of the tumor is important to achieve the 

treatment intent and limit toxicity.  The first step in treatment planning is a simulation in 

which a computed tomography (CT) scan is taken of the area to be treated.  This 

process is described in detail by Coia et al. [1].  During the simulation the patient is 

scanned in the same position and immobilization that they will be in for the treatment.  

The patient is immobilized to reduce motion and to aid in reproducibility of the setup.  

The center of the treatment area, or isocenter, is defined and marked as a reference 

point.  CT images are then used to determine the geometry of the radiation beams and 

to calculate the plan dose.   

The technology and integration of advances in radiation therapy continues to 

evolve into clinical practice.  Examples of these advances are dynamic conformal arc 

therapy (DCAT), volumetric modulated arc therapy (VMAT), and image-guided 

radiotherapy (IGRT).  The DCAT technique shapes the radiation field with a dynamic 

multi-leaf collimator (MLC) around the tumor while rotating the gantry around the 
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patient.  VMAT is similar to intensity modulated radiation therapy (IMRT), which uses a 

large number of small beamlets created by the MLC to modulate the dose to the target 

and avoid critical structures.  Both VMAT and IMRT provide more conformal dose 

distributions compared to conventional therapies. During VMAT delivery the gantry 

rotates continuously around the patient, unlike IMRT which uses multiple beams with 

static gantry angles.  Also, during VMAT delivery the dose rate, MLC leaf moving speed, 

and gantry rotation speed vary.  IGRT is the use of two-dimensional (2D) or three-

dimensional (3D) imaging just prior to treatment to pinpoint the treatment area.  The 

common goal of all these techniques is better conformation of the dose distribution to 

the intended target volume and decreased toxicity of the treatment to healthy tissue.  

New technologies have permitted dose escalation and improved tumor control allowing 

for the use of new treatment techniques such as stereotactic body radiation therapy 

(SBRT).  SBRT is a type of radiation therapy in which a few fractions of very high doses 

of radiation are delivered to the tumor.  The benefits for using SBRT in lung cancer 

treatment and technical details are discussed by Timmerman et al. [2, 3].   

One limit to optimal radiotherapy treatments is the positional uncertainty of the 

target volume.  The patient’s respiration which results in internal movement of the target 

is a contributing element to this uncertainty.   This positional uncertainty has required 

adequate margins to encompass the target range of motion which results in a large 

volume of irradiated tissue and potentially increased toxicity.  Respiratory motion 

management is critical in regions of the body where respiration causes tumor 

movement, including most tumor sites in the thorax and abdomen.  Successful 

respiratory motion management can result in decreasing the positional uncertainty 
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caused by respiration, reducing the margin required to encompass the target, and 

minimizing the volume of normal tissue irradiated. 

The amount a tumor moves due to respiration can vary widely, which has been 

demonstrated in a number of motion studies [4-10] and summarized by the American 

Association of Physicists in Medicine Radiation Task Group No. 76 (TG 76) [11].  Lung 

tumor motion data has shown a range of 0 to 34 mm [11].  Barnes et al. found the 

average motion of lower lobe tumors is greater than middle, upper, or mediastinal 

tumors [9].  Also, abdominal organ motion is primarily in the superior-inferior (SI) 

direction [5, 6].  However, it is also well known that individual motion may not follow 

these generalizations.  Stevens et al. found that tumor motion in the SI direction varied 

from 0 to 22 mm with no correlation to tumor size, location, or pulmonary function [10].  

These studies suggest that individual assessment of respiratory motion is beneficial.   

Current State of Motion Management in Radiation Therapy  

There are a number of strategies that have been suggested to account for, or 

control respiratory motion including:  active breathing control (ABC), voluntary breath 

hold (VBH), deep inspiration breath hold (DIBH), respiratory gating, motion-

encompassing methods, forced shallow breathing (FSB) with abdominal compression, 

and real-time tumor-tracking [11].  A brief description of each of these techniques 

follows. 

ABC 

ABC is a technique that uses a ventilator to temporarily immobilize the patient’s 

airflow.  It has been described in detail by Wong et al. [12].  The airflow may be 

interrupted either at inspiration or expiration.  The patient’s breathing is halted during 

the CT simulation scan and again for subsequent treatments.  During treatment, the 
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radiation beam is synchronized to turn on and off with the patient’s halted breath.  

Ideally, the duration of the respiratory cessation is chosen to be comfortable for the 

patient, typically 15 to 20 seconds.  All breath hold techniques minimize CT motion 

artifacts and the motion of the tumor during treatment.  Treatment margins can be 

reduced because respiration motion is lessened.  A drawback of the ABC technique 

however, is discomfort for the patient due to the ventilator and forced airflow 

interruption.  Also, this technique may not be suitable for patients with impaired 

respiratory function. 

VBH 

Like ABC, the VBH technique lessens the effects of respiration by only delivering 

radiation while the patient is holding his or her breath.  In contrast to ABC, VBH allows 

the patient to control the breath hold without the use of a ventilator.  This technique is 

described by Kim et al. [13].  For all breath hold techniques the patient commonly 

receives training prior to simulation and treatment.  The patient holds his or her breath 

at a predetermined phase of the breathing cycle, and the treating radiation therapist 

enables the accelerator beam-on in conjunction with the patient breathing.  If the patient 

is unable to continue holding their breath they may terminate the radiation at any time.  

It is assumed that the breath hold and relevant internal anatomical organs and 

structures are reproducible from one treatment to the next.  

DIBH 

The DIBH technique requires that the patient reproduce the same deep 

inspiration breath hold during the CT simulation scan and while the treatment beam is 

on.  A description of this technique is given by Hanley et al. [14].  Lung inflation levels 

are monitored by a spirometer.  The patient breathes through a mouthpiece connected 
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to the spirometer, and a nose clip is often used to prevent nose breathing with this 

technique.  DIBH is more accurate than VBH because it uses spirometer monitoring.  

However, it may cause more discomfort for the patient and because patient compliance 

is required this technique may not be appropriate for all patients. 

Respiratory Gating 

Unlike breath-hold techniques which require patient cooperation, respiratory-

gated treatments may be performed while the patient is breathing normally.  The 

clinician has the option of using deep-breathing or breath-hold patterns during 

respiratory gating.  This technique is described in detail by Pan et al. [15] and Mageras 

and Yorke [16].  For this technique the patient breathing cycle is tracked using a 

respiration monitor which receives either an external respiration signal or signal from 

internal fiducial markers.   

For simulation, a four-dimensional (4D) CT scan is acquired which takes into 

account movement of the tumor volume over time.  Gating parameters are determined 

prior to the scan based on the respiratory signal.  These parameters include 

displacement/phase, inhale/exhale, and duty cycle.  The respiratory gating system then 

sends a trigger to the CT scanner to acquire a CT slice once per breathing cycle.  For 

treatment, the radiation beam is triggered during a phase of respiration determined 

during the simulation.  Advantages of respiratory gating include the option to allow the 

patient to breathe normally, reduced CT motion artifacts, reduced respiratory motion 

during treatment, and reduced margins.  A disadvantage is that it prolongs the treatment 

time.  Also, this technique requires gating hardware and software and additional training 

for radiation therapy staff. 
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Motion-Encompassing Methods 

Motion-encompassing methods are necessary when other methods that explicitly 

account for respiratory motion are not used during treatment.  This method estimates 

the mean position and range of motion of the tumor during CT simulation so that this 

information can be used during planning.  Motion encompassing methods are useful 

with IGRT methods that do not account for respiration so that the pre-treatment imaging 

will most closely match the images from simulation.  A disadvantage of motion-

encompassing methods is that the radiation dose to the patient from the required 

imaging procedures will be greater than standard CT simulation by a factor of 2 to 15 if 

no efforts are made to reduce the dose [11]. 

There are three techniques that can be employed during CT simulation to 

estimate the range of tumor motion.  First, slow CT scanning can be used to record 

multiple respiration phases per slice [17-19].  From this set of images a tumor-motion-

encompassing volume can be determined.  The disadvantage of this technique is the 

loss of spatial resolution in the CT set due to motion blurring.  Second, the inhale and 

exhale breath-hold CT method can be used, which relies on the patient’s ability to hold 

his or her breath reproducibly [20, 21].  Two scans are taken, one while the patient 

holds their breath at inhale, the other at exhale.  The CT scans are fused to give a 

tumor-motion-encompassing volume. This method reduces the blurring caused during 

slow scanning, but it will prolong the CT scanning time.  Also, the tumor-motion-

encompassing volume obtained using breath holds during simulation may not correlate 

to that of the free breathing condition during treatment.  Third, respiratory gating with 4D 

CT can be used to determine the range of tumor motion and produce a tumor-motion-
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encompassing volume [15, 22-25].  This technique is the most accurate, but also 

requires the necessary equipment and training that respiratory gating entails.   

FSB with Abdominal Compression  

FSB is a technique used to decrease tumor motion and cause it to be more 

reproducible.  FSB uses a compression device that is pressed against the abdomen to 

reduce diaphragm movement during respiration.  The accuracy and reproducibility of 

this technique has been studied [26-28].  Negoro et al. found that use of a pressure 

plate reduced tumor motion for 10 out of 11 patients [26].  For these patients, the range 

of tumor motion was 8 to 20 mm (12.3 mm mean) with no abdominal compression and 2 

to 11 mm (7.0 mm mean) with compression.  

Real-Time Tumor Tracking  

Real-time tumor tracking methods dynamically reposition the radiation beam to 

follow the position of the tumor.  A review of real-time tumor tracking principles is found 

in TG 76 [11].  A number of different methodologies have been suggested for real-time 

tumor tracking.  This technique can use MLC beam tracking, a linear accelerator with a 

robotic arm, or treatment couch based motion compensation.  An example of a real-time 

tumor tracking system is the Synchrony Respiratory Tracking System integrated with 

the CyberKnife robotic linear accelerator (Accuray Incorporated, Sunnyvale, CA).  The 

advantage of real-time tumor tracking is that it eliminates a tumor-motion margin while 

maintaining a 100% duty cycle for dose delivery. 

For successful real-time tracking there must be a mechanism for detecting the 

tumor position.  There are four methods that have been used to accomplish this:  real-

time imaging of the tumor, usually with fluoroscopy; real-time imaging of implanted 

fiducial markers in the tumor; tumor position prediction based on surrogate breathing 
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signals; and non-radiographic tumor tracking, such as an implanted radiofrequency 

device.  A difficulty with real-time tumor tracking that all of these methods have in 

common is compensating for time delays in the beam-positioning response.  Attempts 

have been made to predict the tumor position in advance so that the beam can be 

synchronized with the tumor position in real-time, however it is a complicated challenge 

due to fluctuations in a typical human breathing cycle. 

Improving Motion Management in Radiation Therapy 

Active Approach 

Active approaches to motion management are direct tumor-motion monitoring 

and active beam targeting, for example real-time tumor tracking or the use of respiratory 

gating to synchronize imaging and delivery with respiration.  Currently the most 

commonly used commercially available respiratory gating system is the Varian Real-

time Position Management (RPM) system (Varian Medical Systems, Palo Alto, CA). 

This system uses a reflective box that serves as an external fiducial marker that is 

placed on the patient’s chest or abdomen to track the patient’s breathing cycle.  The 

gating signal from the external marker can be compromised and at times is unusable 

when respiratory abdominal movement is limited.  As part of this work, the number of 

times the RPM system was unable to track a patient breathing cycle was recorded for 

respiratory gating patients at Mayo Clinic Florida.  It was found that over a 14-month 

period the RPM system failed in 11.5% of respiratory gating patients due to limited 

motion.  The Mayo Clinic Florida experience shows that a minimum gating motion range 

of 3 mm is needed for the RPM system to track a breathing cycle.   

There are several reasons the gating motion range may not be large enough to 

be usable by the RPM system.  Some patients are not respiratory gating candidates 
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because there is not enough abdominal movement during normal breathing to be 

accurately tracked by the RPM system.  This is especially true in patients whose 

pulmonary function is compromised due to disease.  Also, respiratory gating is often 

used along with FSB with abdominal compression.  While compression can be 

beneficial to the patient, when it is used with respiratory gating, the external gating 

signal can be compromised.  With the FSB technique, there is often very little 

movement of the external marker, which limits the ability of the RPM system to track the 

breathing cycle.  Additionally, thermoplastic body masks are sometimes used to 

immobilize patients.  This type of immobilization covers the patient’s abdomen and 

prevents movement of an external marker.  External markers cannot be used to track 

the breathing cycle when using thermoplastic body masks, so an alternate tracking 

method is needed.   

Respiratory gating could be improved by the development of a breathing cycle 

sensor for radiotherapy that is not subject to these limitations.  Respiration sensors for 

radiotherapy should also be compatible in a magnetic resonance (MR) environment to 

be consistent with the future direction of radiotherapy incorporating MR into simulators 

and treatment delivery systems.  The RPM system is not compatible in an MR 

environment due to the necessary hardware.  Currently, CT is the standard imaging 

used for radiotherapy simulation and treatment planning.  However, MR imaging is 

desirable in many cases of radiotherapy because it allows superior contouring of the 

tumor and normal structures compared with CT due to its excellent soft tissue contrast 

and multi-planar imaging capabilities.  MR is currently used in radiotherapy treatment 

planning along with CT, usually via fusion of the MR image set to the CT image set.  MR 
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has not been used as the sole imaging modality for planning and dose calculation 

because it lacks electron density information for dose calculation and also has 

documented image distortion issues.  Therefore, it is common process to register or 

fuse the MR data set to the CT data set for treatment planning.  However, the fusion 

process increases the uncertainty of the treatment plan, and requires additional time 

and effort.  Currently there are a number of developments in MR which could increase 

the scope of MR for use in radiotherapy treatment planning.  Due to the growing interest 

in MR simulation and inclusion in treatment delivery systems, there is a need for 

developing a radiotherapy respiration sensor that is compatible with MR. 

Passive Approach 

Passive approaches to respiratory motion management include ABC, VBH, 

DIBH, motion-encompassing methods, and FSB.  Passive methods can be improved by 

reducing the time the radiation beam is on or beam on time (BOT).  Reducing BOT aids 

in the use of breath-hold techniques, by enabling entire beam delivery within a short 

number of breath holds [29].  Also, reducing BOT can reduce changes over time in 

motion amplitude, respiratory period, and baseline location from one breathing cycle to 

another.  A baseline shift is a period of irregular motion involving substantial 

displacement in the mean position of the tumor.  This shift can be temporary or 

permanent.  The likelihood of a baseline shift increases with BOT. Zhao et al. found 

69% of treatments exhibited increased baseline shifts with length of treatment time [30].  

Also, the likelihood of intrafraction patient movement increases with BOT [31].  This is 

especially important in IMRT and VMAT treatments which have longer beam delivery 

times than conventional radiotherapy.  Using decreased BOT to reduce uncertainty in 
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patient movement and potential for baseline shifts allows for tighter margins to reduce 

the volume of normal tissue irradiated.   

One method to reduce BOT is with the use of FFF beams which employ a high 

dose rate by removing the flattening filter (FF) from the path of the beam [29, 32-36].  

Radiation is generated in a linear accelerator by using high-frequency electromagnetic 

waves to accelerate electrons through a linear waveguide.  Details of linear accelerator 

structure and design have been described by Karzmark et al. [37].  For photon mode, 

the electron beam then strikes a target to produce x-rays.  The x-ray intensity is peaked 

in the forward direction because linear accelerators produce electrons in the 

megavoltage range.  A flattening filter of varying thickness across the beam is placed in 

the path of the x-rays.  The flattening filter, usually made of lead, produces an almost 

uniform x-ray fluence over the collimated radiation field.  By removing the FF from the 

path of the beam the dose rate increases significantly along the central axis of the 

beam, and FFF beams can deliver radiation dose in a fraction of the time required by FF 

beams.  As the clinical use of stereotactic radiosurgery (SRS) and SBRT has increased, 

there has been increasing interest in the use of FFF beams.  Dose homogeneity is not 

as important a consideration for SRS and SBRT as it is with large fields or structures far 

off-axis.  This is because the degree of non-uniformity of FFF fields is more prominent in 

larger field sizes and can be negligible in the small fields typically used in SRS and 

SBRT.  Also, BOT reduction is especially beneficial to SRS and SBRT because both 

have longer delivery times than conventional therapy due to the large number of monitor 

units (MU) required to deliver high dose per treatment fraction.  
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Specific Aims of this Research 

The purpose of this research is to improve both active and passive approaches 

to respiratory motion management.  The first aim is an improvement to active motion 

management which focuses on respiratory gating.  The second aim focuses on reducing 

BOT with the use of FFF beams as an improvement to passive approaches to 

respiratory motion management.  Specific aims of the research are discussed in the 

following sections. 

Aim 1:  To develop a respiratory motion management system based on an MR and CT 
compatible noninvasive respiration sensor for use in radiotherapy 

The need for a respiration sensor that is an improvement to currently used 
commercially available sensors prompted the development of a new respiration 
sensor to be used with respiratory gating for radiotherapy.  It was hypothesized 
that a temperature based optical fiber sensor could be used for this purpose.  A 
temperature based sensor provides motion monitoring by measuring the 
temperature of inspiratory and expiratory air to track the breathing cycle.  The 
selection of sensor type was based on the need for a sensor that is compatible in 
ionizing radiation and MR environments, and would not be subject to the 
previously discussed limitations of an external marker.  It is desirable for 
respiration sensors to be reproducible, accurate, and have a quick response.  
Additionally, patient comfort was of great importance.    

Aim 2:  To improve clinical implementation of a new technique currently used for 
passive respiratory motion management 

Part 1.  Dosimetric evaluation of the interplay effect with FFF beams 

The aim of this component of the research was to evaluate the dose delivery 
accuracy using a moving phantom to simulate respiratory tumor motion for non-
gated VMAT treatment of moving targets using FFF beams.  The interplay effect 
has been studied for IMRT and VMAT with flattened beams, and it has been 
shown that dose deviations can be reduced by decreasing the dose rate.  This 
project investigated the impact of the interplay effect when using high FFF dose 
rate for moving targets.  

Part 2.  Use of FFF beams for off-axis targets 

The purpose of this component of the research was to quantitatively characterize 
methods for dose planning and delivery for lateral lesions. Parameters 
associated with implementing FFF treatments in off-axis geometry (OAG) were 
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systematically investigated in this work.  Also, it was hypothesized that rotational 
error will have an increased effect on the dose distribution for OAG compared 
with central axis geometry (CAG). The effect of collimator and couch mechanical 
error was studied with an error uncertainty analysis to determine whether the 
delivery uncertainty in OAG is acceptable in terms of meeting the objectives of 
the treatment plan.   

The following chapters of this dissertation are dedicated to the discussion of each 

of these specific aims in detail.  Each chapter corresponds to a particular project 

outlined above and gives background, methods, and results obtained.   
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CHAPTER 2 
TEMPERATURE BASED OPTICAL FIBER RESPIRATION SENSOR 

Background 

A number of respiration sensors have been investigated including thermistors, 

thermocouples, strain gauges, pneumotachograph, and external markers [7, 38].  Kubo 

et al. found that the temperature sensors showed optimal results in terms of 

reproducibility, accuracy, quick response, comfort, and large signal to noise ratio (SNR) 

[7].  Optic fiber based devices that employ temperature sensing have been shown to be 

successful as respiratory sensors [39-43].  The use of a thermochromic pigment based 

fiber-optic sensor was studied to measure respiratory signals during MR image 

acquisition [39].  It was shown that this sensor was suitable for respiratory monitoring 

inside an MR room.    

The respiratory motion management system proposed for this work requires a 

temperature sensor to track the patient’s breathing cycle and a device to hold the 

temperature sensor in place.  The system developed must hold the sensor in a 

consistent and reproducible position, protect the fiber optic cable from damage, shield 

the temperature sensor from changes in ambient temperature, and be comfortable for 

the patient.  The performance of the sensor system must be tested in ionizing radiation 

therapy environments, including CT simulation and high energy radiation treatment 

rooms.  The sensor must also be tested for compatibility in an MR environment to be 

consistent with the future direction of radiation therapy technology. 

Materials and Methods 

The respiration sensor developed for this work was designed to be an 

improvement to currently available respiration sensors for radiotherapy.  A temperature 
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based respiration sensor was chosen because it is noninvasive, comfortable, and allows 

normal breathing so that it is well tolerated by the patient.  It does not rely on abdominal 

or chest movement like external fiducial markers.  Plastic fiber optic temperature 

sensors were investigated because they have been shown to have high transmission 

rates for fast response times and are feasible in MR environments [39, 41].  Further 

benefits of plastic optical fibers include good flexibility, long length, small size, low 

weight, resistance to harsh environments, and no interference with electromagnetic 

fields.   

The selection criteria for the fiber optic temperature sensor included temperature 

range, size, and response time.  The typical temperature range of inspiratory and 

expiratory air was measured to be between 22 and 35 degrees Celsius.  Sensor size 

was important because smaller sensors have lower heat capacity and therefore better 

response time.  It was desirable to have a response time similar to the RPM system 

which has been shown to be approximately 0.1 second [44].  Three candidates were 

tested before selecting a temperature sensor:  STF Flexible Fiber Optic Thermometer 

for R&D Environments, STB Flexible Fiber Optic Thermometer for R&D Environments, 

and MicroProbe Flexible Fiber Optic Thermometer for R&D Environments (LumaSense 

Technologies, Santa Clara, California).  As part of this work the response time was 

measured for the different temperature probes.  The MicroProbe was selected because 

it had the fastest measured response time (0.2 s).  It has the smallest diameter (0.12 

mm versus 0.80 mm for the STF probe and 0.50 mm for the STB probe) and a 

temperature range of 0-120 degrees Celsius.  Also, because it is thinner than the other 

two it performs better in air. 
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Materials and Experimental Setup 

A respiratory cycle tracking system was fabricated for use in respiratory gating 

for radiation therapy.  The MicroProbe Flexible Fiber Optic Thermometer was used to 

measure the temperature of inspiratory and expiratory air to track the breathing cycle.  

The MicroProbe uses fiber optic thermometry, which uses a phosphor as the sensor.  

The phosphor radiates ultraviolet light, and the rate of decay of the afterglow varies with 

temperature.  A respiratory system was developed consisting of a mask that can be 

attached to a plastic tube to provide comfort for the patient and protect the fiber optic 

cable (Figure 2-1 and Figure 2-2).  This system produces a consistent and reproducible 

position of the sensor and shields the sensing mechanism from changes in ambient air 

temperature.  It also allows for free breathing through either the nose or mouth. 

Respiratory Cycle Tracking with Volunteer Subjects 

The respiration signal was initially tested with 3 healthy volunteers for feasibility.  

Each volunteer was given a mask to wear for the test and instructed to breathe 

normally.  The temperature sensor system recorded the breathing cycle for the 

volunteers and the mask system was well tolerated.  For the next phase, the respiration 

signal was tested with an additional 5 healthy volunteers using FSB with compression 

and compared to simultaneously recorded respiration signal from the RPM system.  

FSB was employed using an in-house compression belt that consists of a blood 

pressure bladder and Velcro strap (Figure 2-3).  The RPM external marker was placed 

on the volunteer’s abdomen, and the signal from the RPM system was recorded 

simultaneously with the signal from the temperature sensor.  
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CT, Linear Accelerator, and MR Compatibility 

The temperature sensor performance was tested in CT, linear accelerator, and 

MR environments.  For the CT testing temperature readings were acquired by the fiber 

optic sensor during a typical CT scan for lung patients (GE Light Speed RT CT Scanner; 

GE Healthcare, Waukesha, Wisconsin).  The ambient room temperature was recorded 

with a calibrated mercury thermometer, and used to calibrate the fiber optic temperature 

sensor. Background temperature was measured for the fiber optic sensor while the CT 

was not scanning.  Measurements were made during scanning with the fiber optic 

sensor at the center of the CT field of view and 10 cm outside the field.  Measured 

temperature and environmental induced fluctuations in the temperature sensor signal 

were compared to background signal.   

To test the sensor in a linear accelerator radiation environment, temperature and 

environmentally induced signal variation were measured with the fiber optic cable 

placed in the direct path of the beam (Varian TrueBeam; Varian Medical Systems, Palo 

Alto, California).  The sensor was at 90 cm source to surface distance (SSD) with a 25 x 

25 cm field size.  100 MU were delivered for 6, 10, and 15 MV beams at 600 MU/min 

(the maximum dose rate available for FF beams).  FFF beams were also delivered 

using the maximum dose rate available for FFF: 1400 MU/min for 6FFF and 2400 

MU/min for 10FFF.  Measurements were made for FFF beams with both 100 MU and 

3000 MU.  During treatment the fiber optic cable would not need to be in the radiation 

field, so measurements were also made with the sensor out of the collimated radiation 

field to simulate the clinical situation.  For these measurements the sensor was at 90 cm 

SSD, and placed 5 cm from the edge of a 10 x 10 field.  3000 MU were delivered for 
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6FFF and 10FFF using the maximum dose rate for each (1400 MU/min and 2400 

MU/min, respectively).   

The respiration signal from the fiber optic sensor was evaluated in an MR 

environment with a healthy volunteer.  The volunteer was setup on the MR scanner 

table and the respiration sensor tracked the breathing cycle of the volunteer while no 

MR scanning was being done.  MR scanning was then initiated and respiration signal 

was recorded for comparison. 

Next the sensor’s effect on image quality was investigated.  Phantom images 

were acquired with an MR (Siemens Magnetom 3T Skyra; Siemens Corporation, 

Washington, D.C.) using the American College of Radiology (ACR) phantom and scan 

protocol for quality assurance (QA) [45].  The temperature sensor was then secured to 

the phantom and the scans were repeated.  ACR QA tests were performed for each set 

of scans.  The ACR QA tests analyzed were high contrast spatial resolution, low 

contrast object detectability, geometric accuracy, image intensity uniformity, SNR, and 

an evaluation of artifacts.  Image intensity was measured using the percentage integral 

uniformity (PIU), which is defined as 
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where high and low refer to high and low signal values in the MR image.   

ACR QA tests for CT were also performed to investigate if the temperature 

sensor had an effect on CT image quality.  First, a CT scan was done with only the QA 

phantom on the table.  Then the CT scan was repeated with the sensor secured to the 

surface of the phantom and turned on.  ACR QA tests evaluated were contrast scale, 

high contrast spatial resolution, low contrast object detectability, uniformity, and an 
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evaluation of artifacts.  Image quality QA tests were analyzed for each scan and 

compared.   

Results 

Test of Respiratory Cycle Tracking with Volunteer Subjects 

The fiber optic temperature sensor system recorded the breathing cycle for all 

five volunteers.  The positions of the peaks and valleys in the volunteer breathing 

phases measured by the RPM system matched those of the temperature sensor within 

an average of 0.16 second.  The RPM system requires adequate displacement of the 

external marker to track the breathing cycle.  For one of the volunteers there was not 

enough displacement and the motion data collected from the RPM system was not able 

to be used for a 4-D CT study.  Sample data for two of the volunteers are shown in 

Figures 2-4 and 2-5.   

Test of CT, Linear Accelerator, and MR Compatibility 

The fiber optic temperature sensor signal and environmental induced fluctuations 

for the CT radiation test are shown in Table 2-1.  The average temperature measured 

by the fiber optic sensor during scanning was less than 0.10 degree Celsius from the 

average background temperature (22.89 degrees Celsius) measured by the fiber optic 

sensor.  Standard deviation in temperature signal was also similar to background. 

The fiber optic temperature sensor signal in the linear accelerator high radiation 

environment is shown in Table 2-2.  The largest difference from the average 

background temperature during beam on was measured with the sensor in the radiation 

field for 10FFF and 3000 MU.  This difference was -0.35 degrees Celsius.  The standard 

deviation of the temperature signal for 10FFF and 3000 MU was 0.45 degrees Celsius, 

which was larger than that recorded for background (0.30 degrees Celsius).  However, 
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when the sensor was placed 5 cm from the edge of the radiation field fluctuations 

decreased (standard deviation of 0.24 degrees Celsius) and the difference from 

average background temperature was 0.11 degrees Celsius.  

The volunteer breathing cycles with and without MR image acquisition are shown 

in Figure 2-6.  No significant difference was seen in the amplitude of the breathing 

cycles (Table 2-3).  There was a slight difference in period that is attributed to actual 

difference in the volunteer breathing cycle since the breathing cycles were not recorded 

at the same time. 

MR scans with and without the fiber optic temperature sensor passed all MR 

imaging QA tests as accepted by the ACR.  Results of the ACR QA tests are shown in 

Table 2-4.  For high contrast spatial resolution, the smallest hole array (0.9 mm) could 

be resolved in both directions on both exams.  All 10 spokes of low contrast objects 

were visualized on both exams (Figure 2-7).  Both scans had similar results for 

geometric accuracy, PIU and SNR.  Small variations between the results with and 

without the sensor fall within the daily variability of QA tests for this scanner.  No 

artifacts were visible that could be attributed to the temperature sensor. 

Both scans with and without the temperature sensor passed all daily CT QA tests 

as accepted by the ACR.  Results of the ACR QA tests are shown in Table 2-5.  Slight 

differences in results of the QA tests are within the range of day to day repeatability 

variation for that CT scanner.  No artifacts were visible that could be attributed to the 

temperature sensor. 

Discussion  

The aim of this component of the research was to develop a respiration sensor to 

be used with respiratory gating for radiotherapy that is an improvement to current 
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commercially available sensors.  A non-invasive temperature based system was 

developed that can track patient breathing cycles for radiation therapy treatment.  The 

mask system developed is comfortable for patient use, disposable, and protects the 

sensor from environmental conditions and changes in surrounding temperature.  The 

mask system was well tolerated by all volunteer subjects.  The fiber optic temperature 

sensor tracked the breathing cycles of all volunteers, and the breathing phase matched 

that measured with the RPM system.   

The motivation for this work was the 11.5% of respiratory gating patients at Mayo 

Clinic Florida who experienced RPM gating failures caused by having a gating motion 

range less than the required 3 mm.  A gating failure was seen by the RPM system 

during the volunteer testing because there was not enough movement of the external 

marker for the breathing signal to be usable for a 4D CT.  Shallow breathing has little 

impact on the measured respiratory signal of the temperature sensor and it is 

anticipated to be usable for 4D CT acquisition. 

Measured temperature and environmental induced fluctuations in temperature 

signal were similar to background in both a CT and MR environment.  The largest signal 

fluctuations occurred when the sensor was located in the 10FFF radiation field from a 

high energy linear accelerator and exposed to a high dose of 3000 MU.  Even the 

largest fluctuations were small compared to the amplitude of a normal breathing cycle 

so the temperature sensor signal is still usable to track the breathing cycle.  When the 

sensor was outside the radiation field for the same number of MU the fluctuations were 

the same as background fluctuations.  It is not necessary for the fiber optic sensor to be 
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in the treatment field, and it is recommended that the sensor be placed outside the 

treatment field during treatment.   

Image quality was not affected by the temperature sensor for CT or MR.  The 

results for QA tests with and without the fiber optic sensor are within the daily variability 

of QA tests for each scanner as evidenced by the year to date results for each test.  For 

example, the MR SNR with and without the fiber optic sensor was 512.8 and 504.3, 

respectively, which was within the range of daily results for that scanner (486.1 to 594.2 

with a standard deviation of 22.5).  The MR PIU with and without the fiber optic sensor 

was 92.4% and 91.9%, respectively, which was within the range of daily results for that 

scanner (91.4% to 93.2% with a standard deviation of 0.4%). 

The temperature based respiratory tracking system is inexpensive and 

reasonably durable.  Calibration is done at the time of first use and does not need to be 

repeated for daily use.  Additionally there is no warm up time so use of the tracking 

system would not cause any delays, which is an essential requirement in the clinic.   

In conclusion, a new respiration sensor was developed that tracks the breathing 

cycle by measuring the temperature of inspiratory and expiratory air.  The temperature 

based optical fiber respiration sensor that was developed tracked the breathing cycles 

of all volunteers even when the external marker failed.  The mask system was well 

tolerated by all volunteers.  The mask system puts the sensor in a reproducible position 

and protects the fiber optic cable.  The temperature based sensor maintained 

performance in MR and ionizing radiation environments.  It caused no deterioration of 

CT or MR images.  Results show that the device is suitable for respiratory gating and an 

improvement to external fiducial markers. 
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Table 2-1. Fiber optic temperature sensor signal during CT scanning. 
 
 
 
 
 
 
 
 
 
 
 
 

Note: Background readings were made while the CT was not scanning. 

 
 
 
Table 2-2.  Fiber optic temperature sensor signal in high energy linear accelerator 

environment. 

Note: Background readings were made while the linear accelerator radiation beam was not on. 

 
 
 
 
 
 
 
 
 

Standard 
 Deviation 

Difference from  
 background temperature 
 (degrees Celsius) 

Standard 
 Deviation 
(degrees Celsius) 

 
Background 

 
       Temperature sensor in radiation field 

0.36 -0.02 0.30 
    
   Temperature sensor 10 cm from radiation field 
  
 0.07 0.31 

Standard 
 Deviation 
(degrees Celsius) 

   Energy 
    (MV) 

Monitor 
Units 

Difference from  
 background temperature 
 (degrees Celsius) 

Standard 
 Deviation 
(degrees Celsius) 

  
Background 

 
Temperature sensor in radiation field 

0.30 6 100 0.13 0.14 
 10 100 0.11 0.17 
 15 100 0.14 0.14 
 6 FFF 100 -0.04 0.10 
 10 FFF 100 0.09 0.20 
 6 FFF 3000 -0.07 0.29 
 10 FFF 3000 -0.35 0.45 
     
 Temperature sensor 5 cm from edge of radiation field 
  
 6 FFF 3000 0.13 0.24 
 10 FFF 3000 0.11 0.24 
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Table 2-3.  Respiration signal recorded by fiber optic temperature sensor in MR 
environment. 

 

Temperature (degrees Celsius) 
(standard deviation) 

 
MRI not scanning MRI scanning 

Average Max  
 

32.7 
(0.1) 

32.7 
(0.1) 

   

Average Min  
 

23.3 
(0.3) 

23.7 
(0.1) 

   

Average  
Amplitude 

9.4 
(0.4) 

9.0 
(0.1) 

   

 
Time (seconds) 

(standard deviation) 

Average  
Period 

5.5 
(0.0) 

5.9 
(0.4) 

 
 
 
Table 2-4.  MR American College of Radiology Quality Assurance. 

 

 
 
Table 2-5.  CT American College of Radiology Quality Assurance. 

Exam High 
Contrast 

Resolution 

Low 
Contrast 

Detectability 

X Axis 
Length 
(mm) 

Y Axis 
Length 
(mm) 

Z Axis 
Length 
(mm) 

ACR 
SNR 

PIU 

With     
Temperature 
Sensor 

0.9/0.9 10 190.43 191.41 149.41 512.8 92.4 

        
Without 
Temperature 
Sensor 

0.9/0.9 10 190.43 191.41 148.93 504.3 91.9 

Exam Contrast Scale 
(mean CT#) 

High Contrast 
Spatial Resolution 

(standard deviation) 

Low Contrast 
Detectability 
(# of objects 

seen) 

Uniformity 
(Central mean CT#  
- Edge mean CT#) 

With     
Temperature 
Sensor 

122.84 38.43 4 0.87 

     
Without 
Temperature 
Sensor 

122.32 38.58 4 1.19 
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Figure 2-1.  Fiber optic temperature sensor in plastic holder.  Photo courtesy of author. 

 

 
Figure 2-2.  Mask system consists of plastic holder attached to disposable mask.  Photo 

courtesy of author. 
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Figure 2-3.  Temperature based respiration system and RPM external marker used to 
simultaneously record volunteer breathing cycle with FSB.  Photo courtesy of 
author. 
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Figure 2-4.  Sample breathing data (both sensors tracked cycle). 

 

 
Figure 2-5.  Sample breathing data (RPM data not usable for 4D CT). 
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Figure 2-6.  Volunteer breathing cycles in MR environment. 
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Figure 2-7.  MR low contrast object detectability with no sensor (left) and with sensor 

(right). 
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CHAPTER 3 
DOSIMETRIC EVALUATION OF THE INTERPLAY EFFECT WITH FFF BEAMS 

Background 

VMAT has been widely implemented clinically as a part of SBRT for treatment of 

lung and liver cancer [46, 47].  This delivery technique provides high dosimetric 

conformity which is required in SBRT techniques.  VMAT has similar dosimetric quality 

to IMRT with a more efficient delivery.  However, in both IMRT and VMAT, interplay 

effects exist when treating targets that are influenced by respiratory motion.  The 

interplay effect is a combination of tumor motion caused by respiration and beam 

motion (movement of the dynamic MLC as it shapes the field to modulate the dose).  

This effect is only an issue for dynamic delivery techniques, such as IMRT and VMAT 

because with these techniques beam intensity gradients are no longer confined solely to 

the edges of the beams.  Gradients can be inside the field defined by the primary 

collimators.  If a target is moving inside this field dosimetric error can be introduced.   

The interplay effect has been studied for radiation beams that use a FF [48-53].  

Variation in dose to moving targets has been found to be most significant for individual 

fields and single fractions.  Dose deviations in IMRT plans can be decreased by 

reducing the dose rate [48, 52], but it is questionable whether dose rate will impact 

VMAT dose deviations.  This is due to the complicated delivery technique that VMAT 

uses to accomplish the desired dose distribution, including modulating the dose rate, 

gantry rotation speed, and MLC leaf moving speed. 

It has been found that FFF mode gives similar dose distributions compared to FF 

beams for lung SBRT with reduced BOT [54].  VMAT combined with FFF mode 

provides an opportunity for higher fraction doses to be delivered with high dosimetric 
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performance and efficiency.  FFF beams have a faster BOT by using a significantly 

higher dose rate than FF beams.  For clinical implementation of FFF beams with VMAT 

it is important to investigate the impact of FFF mode on the interplay effect, which is 

done in this work.  Because it has been shown previously that reducing the dose rate 

will decrease motion-induced dose deviations, the dose delivery accuracy of treating 

moving targets is investigated with the significantly higher dose rates associated with 

FFF mode. 

A recent study showed the interplay effect had limited impact on VMAT 

treatments using FFF beams when respiratory gating was utilized [55].  Non-gated 

VMAT treatments need to be evaluated as well because respiratory-gating may not be 

used during treatment for a number of reasons.  First, not all clinical sites have the 

hardware required for respiratory gating.  Second, patients may not be a candidate for 

respiratory-gated treatments due to irregular or shallow breathing cycles, or if the gating 

signal is compromised due to the FSB technique or immobilization.  Third, gated 

treatments may not be used if the prolonged treatment time associated with respiratory-

gating is impractical for the patient.  It has been found that the average treatment time 

was about three times longer for VMAT with gating compared to non-gated VMAT 

delivery [56]. 

The aim of this component of the research was to evaluate dose delivery 

accuracy using a moving phantom to simulate respiratory tumor motion for non-gated 

VMAT treatment of moving targets using FFF beams, and to investigate the impact of 

high FFF dose rate on the interplay effect.  
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Materials and Methods  

Two patient plans were selected from lung SBRT patients treated with 6FFF on a 

Varian TrueBeam LINAC having a tumor size less than 5 cm.  FSB and the motion-

encompassing method were used for motion management.  Respiratory gating was 

utilized during CT simulation to create a 4D CT set to produce a tumor-motion-

encompassing volume.  Two arcs were used for each patient plan; one plan had two full 

arc rotations of the gantry and one had two partial arc rotations of the gantry in order to 

avoid collision of the gantry head with the patient, treatment couch, or treatment 

devices.  The plans were copied to a phantom and recalculated on the Pinnacle 

treatment planning system (Pinnacle Version 9 software; Philips Medical Systems, N.A., 

Bothell, Washington).  The planned dose was delivered with the Varian TrueBeam.  

Dose distributions were measured using a 2D array consisting of 1020 ionization 

chambers (ImRT MatriXX; IBA, Bartlett, TN). The detector array was placed on top of a 

motor-driven motion platform (Respiratory Gating Platform; Standard Imaging, 

Middleton, WI) to simulate patient breathing (Figure 3-1). The motion of the platform 

was in one dimension in the superior-inferior direction with an amplitude of 30 mm and a 

period of 4 seconds. 

In order to compare the delivery for three different dose rates for each patient the 

breathing cycle phase was taken into account.  The phantom motion was divided into 8 

equally spaced phases and irradiation was initiated at each of the phases.  The 8 initial 

starting phases were used to simulate the clinical situation of starting the treatment at a 

random starting phase in the patient breathing cycle.  A video monitoring system was 

used to visually determine when the phantom was in a particular phase.  This visual 

method of initiating treatment has been used by others, and has been shown to 
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introduce negligible uncertainty [48, 49].  Delivery of each plan was done for all fields in 

their treatment geometries with and without phantom motion using 3 dose rates: 1400, 

600, and 400 MU/min. 

For each phase the delivery was compared to the treatment plan using gamma 

analysis (pass criteria of 3%/3mm) and absolute difference (percent of pixels within 5% 

and 10% of planned pixel dose) using OmniPro software (OmniPro ImRT; IBA, Bartlett, 

TN). Gamma analysis qualitatively compares dose distributions using dose and distance 

criteria (3% and 3 mm in this work).  Gamma is calculated independently for each 

reference point and identifies regions where the dose difference and distance to 

agreement are simultaneously greater than the criteria.  Calculations were done for 

each of the 8 initial starting phases.  In order to systematically account for the situation 

of initiating treatment at a random point in the patient breathing cycle, the calculations 

were then repeated for 1000 trials of randomly selected initial starting phases.  Next, 

dose difference was investigated for 4 points at the center of the target to evaluate dose 

to the gross tumor volume.  The points were chosen to coincide with the 4 ionization 

chambers closest to the central axis in the ionization chamber array.  Four peripheral 

points were also selected at the edges of the target.  Again these points coincided with 

ionization chambers in the array.  An example of the peripheral points for Plan 1 is 

shown in Figure 3-2.  

Results 

The results for the static and moving delivery are reported for 1000 trials of 

randomly selected starting phases for gamma analysis (3%/3mm) and absolute 

difference (percent of pixels within 5% and 10% of planned pixel dose) in Table 3-1.  

For both plans more than 95% of the measured pixels were within 3%/3mm for the 
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static condition, whereas that dropped to approximately 86% for the moving condition 

for all dose rates.  The percent of pixels within 5% of planned pixel dose was 

approximately 93%, which dropped to approximately 86% for the moving condition for 

all dose rates.  Both static plans had greater than 97% of pixels within 10% of the 

planned pixel dose, whereas that dropped to approximately 94% for the moving 

condition for all dose rates. 

The delivered dose compared to planned dose for 4 points at the center of the 

target and 4 points at the periphery of the target is shown in Table 3-2.  The dose 

difference in the center of the target region was within 5.0% for the static phantom 

condition and within 6.9% for the moving phantom condition.  At the periphery of the 

target the delivered dose difference was within 13.0% for the static condition and 38.5% 

for the moving condition. 

Discussion 

The goal of this component of the research was to evaluate dose delivery 

accuracy using a moving phantom to simulate respiratory tumor motion for non-gated 

VMAT treatment of moving targets using FFF beams, and to investigate the impact of 

high FFF dose rate on the interplay effect.  The impact of the interplay effect was seen 

for all plan quality parameters analyzed as expected.  No substantial differences were 

seen between different dose rates in the moving phantom study.  The largest difference 

in gamma values between different dose rates was less than 0.5%.  In a previous study 

VMAT deliveries were found to be more tolerant to variations in gantry position and 

MLC leaf position than IMRT [57].  The changing dose rate during VMAT delivery that is 

used to accomplish modulation may reduce the impact of dose rate on dose differences. 
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There was a slight degradation of dose distribution in the target region when the 

phantom was moving (5.0% vs 6.9%).  The dose delivered to the moving target was 

always greater than the planned dose, so the target was never under dosed.  Dose 

difference at the periphery was greater in magnitude, which was expected due to the 

interplay effect in a high gradient region.  A recent dosimetric study of the interplay 

effect with FFF beams found that FFF dose distributions were comparable to FF beams 

as long as a sufficient margin was given [58]. Our results agree that target dose is 

acceptable for FFF with moving targets as evidenced by the dose delivered to central 

points.  A treatment margin of up to 1.0 cm will ensure acceptable target coverage; 

however selection of margins must be balanced with increased dose to surrounding 

structures and is a clinical decision.   
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Table 3-1.  Delivered vs planned dose distribution for 1000 trials of randomly selected 
starting phases.  

 
 Phantom 

Dose  
Rate 

(MU/min) 
Gamma  
3%/3mm 

Standard 
deviation 

% of pixels  
within 5%  
of dose 

Standard 
deviation 

% of pixels 
within 10%  

of dose 
Standard 
deviation 

  Static   95.51   92.53   97.06   
Plan 1         

 Moving 1400 86.93 0.84 86.49 0.25 94.06 0.13 
   600 86.77 0.23 86.55 0.07 94.08 0.04 

   400 86.64 0.29 86.57 0.04 94.08 0.02 

         

  Static   97.95   93.80   97.70   

Plan 2         
 Moving 1400 85.86 0.24 85.88 0.24 93.94 0.24 

   600 86.22 0.36 85.78 0.06 93.89 0.04 

  400 86.30 0.08 85.84 0.07 93.89 0.05 

 

Table 3-2.  Dose difference for delivered vs planned dose for central and peripheral 
target points. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    Moving       Static  

  Dose Rate (MU/min)   

 Points 1400 600 400   

 1 5.5% 5.2% 5.0% 5.0%  

 2 3.2% 3.1% 2.9% 2.2% center 

 3 2.8% 2.5% 2.6% 1.9%  

Plan 1 4 6.8% 6.9% 6.5% 3.4%  

       

 1 34.6% 34.4% 34.7% 13.0%  

 2 -3.0% -2.7% -2.4% 5.7% periphery 

 3 -28.3% -28.4% -28.4% -10.1%  

 4 -17.3% -17.2% -16.6% 0.4%  

       
 1 3.9% 4.9% 4.2% 0.6%  
 2 -1.0% 0.3% -0.3% 1.2% center 
 3 1.8% 2.3% 2.1% -1.6%  
Plan 2 4 2.4% 3.1% 2.3% -0.4%  
       
 1 -14.3% -14.2% -14.0% -7.6%  
 2 -23.4% -23.4% -22.7% -5.9% periphery 
 3 16.9% 15.8% 15.7% -0.9%  
 4 -37.7% -38.5% -38.1% -5.9%  
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Figure 3-1.  2D ionization chamber array on motor-driven motion platform (Respiratory 

Gating Platform; Standard Imaging, Middleton, WI).  Photo courtesy of author. 
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Figure 3-2.  Points selected at the periphery of the target region (OmniPro ImRT; IBA, 
Bartlett, TN).  
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CHAPTER 4 
USE OF FFF BEAMS FOR OFF-AXIS TARGETS 

Background 

DCAT in full co-planar rotation is commonly adopted for efficient conformal dose 

delivery in SBRT [59, 60]. SBRT can benefit from the use of FFF beams because SBRT 

uses a high dose per fraction.  The increased efficiency of FFF beams also aids in 

respiratory motion management for SBRT when using DCAT by decreasing the 

potential for baseline shifts and allowing for the use of breath hold techniques [29, 30]. 

For laterally located targets, which are commonly seen in lung and liver SBRT, it 

is often necessary to use OAG to obtain full rotation of the gantry without collision of the 

gantry head with either the patient, the treatment couch, or treatment devices. OAG 

occurs when the isocenter is positioned at patient midline; however, the target is located 

laterally off-axis (Figure 4-1). CAG occurs when the isocenter is located at the center of 

the target, regardless of its position within the patient.  However, when the target is 

located too far laterally, a full arc rotation is not possible with CAG because the gantry 

head which rotates around the patient will collide with the patient, treatment couch, or 

treatment devices.  Not having a full arc rotation of the gantry could have a negative 

impact on the dose distribution.  The use of a modified DCAT technique, which utilizes a 

midline isocenter, has been shown to be useful for the treatment of peripheral lung 

tumors using SBRT for FF beams [61, 62]. These studies have demonstrated that the 

use of a modified DCAT technique results in enhanced planning target volume (PTV) 

coverage, improved conformality, reduced BOT, and meets the requirements of 

Radiation Therapy Oncology Group (RTOG) protocols 0915 and 0813 for lung SBRT 

[63, 64].  However, this technique has only been investigated using FF beams.  Due to 
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the significantly non-uniform incident fluence profile of FFF beams, it is important to 

study this technique with FFF beams, which was done in this work.    

While the incident fluence profile of FFF beams is significantly non-uniform, there 

are several advantages of FFF beams compared to conventional beams that could 

influence dosimetry for lateral lesions. FFF beams have less variation of off-axis beam 

hardening due to the removal of the FF from the path of the beam. FFF also has less 

photon-head scatter due to removing the FF, which results in less field size 

dependence, as well as less leakage outside of beam collimation. The peripheral dose 

far from the field edge (15 – 20 cm) is influenced by the treatment head leakage, which 

has been shown to be reduced by 52% for 6 MV and 65% for 10 MV unflattened beams 

[65]. The penumbra size and MLC leakage are also reduced for FFF beams [66, 67].  

All of these factors act to improve the software modeling accuracy of photon beams.  

While these advantages make it desirable to use FFF beams, it is necessary to 

quantitatively characterize methods for dose planning and delivery for lateral lesions. 

Parameters associated with implementing FFF treatments were systematically 

investigated in this work.  Additionally, due to the distance between the axis of rotation 

and the target for OAG, it is hypothesized that mechanical rotational error will have an 

increased effect on the dose distribution compared with CAG. The effect of collimator 

and couch mechanical error was studied with an error uncertainty analysis to determine 

whether the delivery uncertainty in OAG is acceptable in terms of meeting the objectives 

of the treatment plan.  The quantitative treatment plan objectives investigated were 

surface target dose coverage, conformality indices, and dose to the lung. 
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Materials and Methods 

Lateral Target, Off-Axis Geometry Evaluation 

A representative CT image set was selected from lung SBRT patients (GE 

LightSpeed RT CT Scanner; GE Healthcare, Waukesha, Wisconsin).  The CT image set 

was transferred to a Pinnacle treatment planning system (Pinnacle Version 9 software; 

Philips Medical Systems, N.A., Bothell, Washington). Nine sphere targets having 3 

different sizes (2, 4, and 6 cm diameter) were placed at 3 different locations (center of 

the patient, 3 cm lateral, and 6 cm lateral). The isocenter was located at the center of 

the patient for all targets. For each target, DCAT plans were obtained using 4 different 

beams (6X, 6FFF, 10X, and 10FFF) for a Varian TrueBeam (Varian TrueBeam; Varian 

Medical Systems, Palo Alto, California). Plans were normalized such that 95% of the 

target volume received the prescription dose. For all plans, two conformality indices (CI) 

were calculated using the RTOG definition (CI-100 is the prescription isodose volume to 

target volume and CI-50 is the 50% prescription isodose volume to target volume) [63, 

64]. The minimum possible CI-100 value is 0.95 with exact 95% coverage. Homogeneity 

index (HI) was also calculated for each plan using the definition commonly used for 

radiosurgery (ratio of max dose to prescription dose) [68, 69]. BOT was calculated 

based on planned MU and the maximum dose rate available in each beam mode. The 

ratio of BOT for FFF to flattened beams was calculated for each target.                  

Mechanical Rotation Induced Dosimetric Uncertainty Evaluation 

The effect of collimator and couch rotational uncertainty on plan quality in OAG 

was evaluated. Five representative patient CT sets were selected from lung SBRT 

patients.  The selection criteria for the patient CT sets was tumor size less than 163 cc 

and tumors located 5 cm or more from patient midline.  The tumor volumes were 24.4 
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cc, 28.7 cc, 113.1 cc, 57.9 cc, and 107.5 cc.  The tumors ranged from 5.1 to 9.7 cm in 

lateral distance from the midline of the patient to the center of the tumor. Each case was 

retrospectively planned with Pinnacle software using 6FFF for a Varian TrueBeam. For 

each of the 5 cases, a plan with a single full arc gantry rotation was generated for OAG 

with 95% target volume in prescription dose (48 Gy in 4 fractions).  The plans met all of 

the dose objectives of RTOG lung SBRT protocols 0915 and 0813 [63, 64]. This original 

plan was then copied and 3 new plans were generated with the following modifications: 

collimator rotation of 1.0 degree, couch rotation of 1.0 degree, and both collimator and 

couch rotations of 1.0 degree. One degree was chosen as a conservatively large 

estimate of rotation errors. The same MU settings were used for all plans. The same 

procedure was then repeated for CAG with the same prescription dose and 

normalization; however, only a partial arc gantry rotation was used to avoid gantry 

collision.  A full 360 degree arc rotation would not be deliverable with CAG because of a 

collision of the gantry with either the patient or treatment couch due to the lateral 

position of the isocenter. A total of 8 plans were generated for each of the 5 cases. 

Each plan was evaluated for PTV coverage, dose conformality, and critical organ 

dose. PTV coverage was evaluated by the prescription isodose surface coverage 

(percent of the target volume receiving the prescription dose) for each of the plans. 

Conformality indices investigated were CI-100 and CI-50. The V20 of lung (percent of 

total normal lung receiving 20 Gy or more) was also determined per RTOG protocol [63, 

64]. 

Statistical Analysis 

For the mechanical uncertainty evaluation, absolute differences were calculated 

(i.e., the absolute value of the difference) from the original plan for 1.0 degree collimator 
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rotation, 1.0 degree couch rotation, and both collimator and couch rotations of 1.0 

degree.  These absolute differences were calculated separately for OAG and CAG for: 

prescription isodose surface coverage, CI-100, CI-50, and lung V20. The absolute 

differences from the original plan were compared between OAG and CAG using a 

paired t-test. P-values of 0.05 or lower were considered statistically significant. 

Statistical analyses were performed using R Statistical Software (version 2.14.0; R 

Foundation for Statistical Computing, Vienna, Austria).  

Results 

Lateral Target, Off-Axis Geometry Evaluation  

Results for the evaluation of usage of FFF beams for off-axis, lateral targets 

compared to central axis targets for 6 MV and 10 MV photon beams are shown in Table 

4-1 and Table 4-2, respectively. 6FFF HI values were similar to 6X for all targets.  

10FFF showed consistently larger HI values than 10X for all targets.  Though 

differences in HI values were larger for 10 MV beams than for 6 MV beams, 10 MV did 

not show considerable difference between flattened and unflattened beams, with the 

maximum HI difference being 0.10 (3 cm off-axis, 6 cm diameter target).  6FFF CI-100 

values were similar to 6X for both CAG and OAG for all target sizes.  In contrast, CI-100 

values were similar for 10 MV flattened and unflattened beams in CAG, but for targets 3 

cm OAG and 6 cm OAG, 10FFF CI-100 values were slightly higher compared to 10X. 

FFF beams gave lower CI-50 values for 2 cm targets for 6 and 10 MV in CAG and OAG.  

The advantage of FFF for CI-50 declined with increasing target diameter.   

Using FFF beams always reduced the BOT, as evidenced by ratios of BOT from 

0.26-0.32 for 10 MV and 0.46-0.51 for 6 MV. The benefit of reduced BOT with FFF 

decreased with off-axis distance of the target. The use of FFF beams with OAG always 
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increased the MU.  This effect was greatest for the large size targets at 6 cm off-axis.  

The maximum MU increase for FFF to flattened beams was 19% for 6 MV and 28% for 

10 MV.   

Mechanical Rotation Induced Dosimetric Uncertainty Evaluation 

The isodose coverage, conformality, and V20 for all plans with mechanical 

rotation induced dosimetric uncertainty met the requirements for RTOG protocols. 

Figure 4-2 shows a representative axial slice for each case and results for the 

uncertainty evaluation are found in Tables 4-3 and 4-4.  As displayed in Table 4-4, the 

absolute difference in prescription isodose surface coverage from the original plan for 

collimator rotation, couch rotation, and collimator plus couch rotations of 1.0 degree 

ranged from 0.07% to 3.02% for OAG and from 0.00% to 0.24% for CAG. In general, 

the effect of simulated couch or collimator rotation was to decrease the prescription 

isodose coverage with the largest difference being 3.02% (collimator plus couch rotation 

for OAG). P-values of 0.05 or lower were considered statistically significant.  The 

variation from the original plan was significantly smaller for CAG compared to OAG for 

collimator rotation (P=0.02) and collimator plus couch rotation (P=0.03), with a similar, 

though not quite significant finding for couch rotation (P=0.08).  Differences in 

prescription isodose surface coverage for each plan are further summarized in Figure 4-

3.   

The conformality was also evaluated for each plan.  The absolute difference in 

CI-100 and CI-50 from original OAG and CAG plans for mechanical rotational error is 

shown in Table 4-4.  These absolute differences from baseline regarding collimator 

rotation, couch rotation, and collimator plus couch rotations were generally similar for 

CAG compared to OAG (P≥0.11), with one small, but statistically significant difference 
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occurring regarding CI-50 for couch rotation (P=0.03). The conformality was found to 

increase or decrease depending on the shape of the target (Figure 4-2). CI-100 and CI-

50 for OAG and CAG for collimator and couch rotational error are further illustrated in 

Figures 4-4 and 4-5. 

The V20 for normal lung was calculated for each plan. The mechanical rotation 

uncertainty improved the V20 in some cases, but caused it to be worse for other cases. 

The V20 was acceptable for all cases with all plans including those with simulated 

rotational error having a V20 less than 6%. The absolute difference in V20 from the 

original OAG and CAG plans for collimator rotation, couch rotation, and collimator plus 

couch rotations are shown in Table 4-4 and Figure 4-6. The variation from the original 

plan was relatively small for all cases; although it was smaller for CAG compared to 

OAG for collimator plus couch rotation (P=0.03).   

Discussion 

FFF plans were evaluated for lateral targets with homogeneity and conformality 

indices to compare CAG and OAG planning techniques.  The results of this study 

demonstrate that FFF beams can be utilized in OAG without dosimetric compromise. 

Differences in HI values between FFF and FF beams for both 6 and 10 MV were small.  

For both 6 and 10 MV beams, FFF provided a benefit for CI-50 for small targets in CAG 

and OAG. The advantage of FFF for CI-50 declined with target diameter. 10FFF can 

provide more dramatic BOT reduction compared to 6FFF; however, the benefit 

decreases with target off-axis distance when treating with OAG.   

Additionally, the effect of collimator and couch mechanical error was studied with 

an error uncertainty analysis.   Due to the distance between the axis of rotation and the 

target for OAG, it was hypothesized that rotational error would have an increased effect 
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on the dose distribution compared with CAG.  The mechanical rotation induced 

dosimetric variation was greater for OAG compared to CAG, with some indices showing 

statistical significance, as seen in Table 4-4. However, the differences between original 

plans and plans with simulated mechanical rotation were small in both CAG and OAG, 

and will not have a clinical impact. The target isodose coverage decreased by an 

average of 1.00% for OAG when rotation error was present and by an average of 0.10% 

for CAG. The maximum absolute difference caused by rotational error was 0.05% and 

0.08% for conformality indices and lung V20, respectively. All lung V20 results in this 

study including those with simulated rotational error were less than 6%, which meets the 

RTOG dose objectives of less than 10%. It should be noted that this study investigated 

the effects of one fraction. If additional fractions are used and the rotational error is 

random, then the dosimetric variation would be reduced.   

The collimator and couch rotation investigated in this study was 1.0 degree, 

which is a conservatively large estimate to what may be expected in clinical practice.  

The tolerance for collimator or couch rotation is 0.5 degree.  At our institution, annual 

quality assurance of the TrueBeam has demonstrated less than 0.3 degree and 0.2 

degree for collimator and couch angle indicators, respectively.  Therefore, the 

dosimetric variation due to rotational error found in this study is conservatively large.  

While this study found that the effect of mechanical rotation error with OAG is 

acceptable, patient rotation during treatment could also have an effect on the delivered 

dose distribution when treating in OAG. Josipovic et al. investigated intra- and 

interfractional errors in patient position of SBRT and found with correction of 

translational errors the remaining rotational errors were approximately 1.0 degree [70]. 
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Use of image guidance would reduce these patient oriented rotational errors and is 

important in SBRT. Daily IGRT is necessary to ensure accurate patient alignment for 

each treatment and is part of the ACR-ASTRO practice guidelines for SBRT [71]. 

To evaluate which technique gave better dosimetric results, original CAG and 

OAG plans with no collimator or couch rotation were compared (Table 4-3 and Figure 4-

2). This demonstrates OAG gave better dosimetric results for some cases, but not for 

others. The dosimetric results depend on the length of the arc rotation in relation to the 

tumor shape.  For example, OAG with a full arc rotation gave a better dose distribution 

than CAG for spherical targets. CAG with a partial arc rotation was better than OAG for 

elliptical targets when the long axis of the target was in the direction of the arc. Both of 

these effects are more pronounced for low dose, as seen with CI-50.  It should be noted 

that this comparison is influenced by the effect of using a full arc rotation in OAG and a 

partial arc rotation in CAG. While this is not a fair comparison, it does represent the 

clinical situation, and may influence the decision of which geometry to use for an 

individual. 

This study showed that FFF beams in OAG can provide acceptable dose 

distributions in terms of HI, CI, and lung V20. There are benefits and limitations to both 

OAG and CAG. The selection of which geometry to use depends on the situation and it 

may be influenced by whether a full or partial arc is desirable. This study showed an 

advantage of using OAG for small, spherical targets, which are often seen in SBRT. 

Another benefit of OAG is that no table shift is necessary during IGRT where a full 

gantry rotation is required for cone-beam CT. However, it can also be argued that CAG 

is advantageous for IGRT because it is desirable to place the isocenter at the location of 
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the target for imaging. Other benefits of CAG include reduced MU and less BOT. In 

some cases the choice to use OAG or CAG may depend on critical organs. Using a 

partial arc may reduce critical organ dose. It is also possible that a partial arc may be 

preferred over a full arc due to the possibility of retreatment, especially if SBRT is 

repeated for additional lesions.  

The results of this study indicate that FFF beams can be used in OAG without 

dosimetric compromise.  10 FFF provides more dramatic BOT reduction but generally 

less favorable dosimetric indices compared to 6 FFF in OAG.  Mechanical uncertainty in 

collimator and couch rotation had an increased effect for OAG compared to CAG, 

however the variations in dose distribution for either treatment technique were small and 

won’t have a clinical impact. 
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Table 4-1.  Lateral target, off-axis geometry evaluation results for 6 MV. 

 

 
 
Table 4-2.  Lateral target, off-axis geometry evaluation results for 10 MV. 

 
 
 
 
 

 Target      Central Axis   3 cm Off-Axis   6 cm Off-Axis 

 Diameter 
(cm) 

Flattened FFF Flattened FFF Flattened FFF 

 
HI 
 

2 1.19 1.17 1.16 1.15 1.14 1.13 

4 1.11 1.11 1.11 1.12 1.12 1.10 

6 1.11 1.13 1.11 1.13 1.12 1.11 
        
 2 1.11 1.11 1.06 1.06 1.04 1.04 
CI-100 4 0.98 0.99 0.99 0.99 1.00 1.00 
 6 0.98 0.99 0.99 1.00 1.00 1.01 

 
 2 4.23 4.12 4.33 4.28 4.33 4.30 
CI-50 4 3.36 3.36 3.36 3.29 3.39 3.38 
 6 3.11 3.17 3.17 3.17 3.21 3.24 
        
 2  0.46  0.47  0.50 
BOT ratio 4  0.47  0.48  0.50 
 6  0.48  0.49  0.51 

 Target      Central Axis   3 cm Off-Axis   6 cm Off-Axis 

 Diameter 
(cm) 

Flattened FFF Flattened FFF Flattened FFF 

 
HI 

2 1.23 1.25 1.20 1.21 1.17 1.19 

4 1.13 1.17 1.14 1.19 1.14 1.17 

6 1.12 1.20 1.13 1.23 1.13 1.21 
        
 2 1.12 1.13 1.06 1.08 1.03 1.07 
CI-100 4 0.99 0.99 0.99 1.04 0.99 1.03 
 6 0.98 1.00 0.99 1.04 0.99 1.04 
        
 2 4.59 4.49 4.73 4.64 4.71 4.65 
CI-50 4 3.48 3.40 3.54 3.53 3.56 3.52 
 6 3.13 3.12 3.24 3.29 3.25 3.29 
        
 2  0.26  0.27  0.31 
BOT ratio 4  0.27  0.29  0.32 
 6  0.29  0.30  0.32 
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Table 4-3.  Results of prescription isodose surface coverage, conformality indices, and 
lung V20 for OAG and CAG.  

                                                             Mean (minimum, maximum) value 
 

Variable Original plan 
1 degree 
collimator 
rotation 

1 degree 
couch 

rotation 

1 degree collimator, 1 degree 
couch rotation 

 
Prescription Isodose Surface Coverage (%) 

 

OAG  
95.33 

 (95.18, 95.56) 
94.91 

 (94.57, 95.50) 
93.94 

 (92.46, 95.00) 
93.71 

 (92.31, 94.75) 
     

CAG  
95.20  

(95.16, 95.30) 
95.22  

(95.21, 95.22) 
95.25 

 (95.03, 95.53) 
95.27  

(95.00, 95.32) 
     
     

CI-100 
 

OAG  
1.33 

 (1.20, 1.54) 
1.32 

 (1.19, 1.54) 
1.33 

 (1.19, 1.54) 
1.33 

 (1.19, 1.53) 
     

CAG  
1.38 

 (1.19, 1.60) 
1.38  

(1.19, 1.60) 
1.38  

(1.19, 1.60) 
1.38 

 (1.19, 1.60) 
     
     

CI-50 
 

OAG  
5.07 

 (4.05, 5.74) 
5.06 

 (4.05, 5.72) 
5.08 

 (4.04, 5.76) 
5.06  

(4.05, 5.73) 
     

CAG  
5.52  

(4.75, 7.06) 
5.54 

 (4.76, 7.08) 
5.53 

 (4.74, 7.08) 
5.54  

(4.75, 7.09) 
     
     

Lung V20 (%) 
 

OAG  
3.78 

 (1.22, 5.99) 
3.77 

 (1.21, 5.99) 
3.75 

 (1.20, 5.95) 
3.74 

 (1.19, 5.96) 
     

CAG  
3.71 

 (1.19, 6.16) 
3.72 

 (1.19, 6.16) 
3.71 

 (1.18, 6.15) 
3.71 

 (1.18, 6.16) 
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Table 4-4.  Absolute difference of mechanical rotation and original plan results for OAG 
and CAG.   

                                 Mean (minimum, maximum) value 

 

Variable 
Absolute  

difference: 
 Collimator - Original 

Absolute 
difference: 

 Couch  - Original 

Absolute  
difference: 

Collimator/Couch - 
Original 

Prescription Isodose Surface Coverage (%) 

OAG  
0.39 

 (0.07, 0.76) 
1.34 

 (0.11, 2.87) 
1.56 

 (0.47, 3.02) 

CAG  
0.05  

(0.00, 0.09) 
0.15  

(0.06, 0.24) 
0.11 

 (0.01, 0.21) 

 P=0.02 P=0.08 P=0.03 

 
CI-100 

 

OAG  
0.01 

 (0.00, 0.01) 
0.02 

 (0.00, 0.05) 
0.02  

(0.01, 0.04) 

CAG  
0.00  

(0.00, 0.01) 
0.00  

(0.00, 0.01) 
0.00  

(0.00, 0.02) 

 P=0.18 P=0.21 P=0.21 

 

CI-50 
 

OAG  
0.01  

(0.00, 0.03) 
0.01 

 (0.00, 0.02) 
0.01 

 (0.00, 0.01) 

CAG  
0.01 

 (0.00, 0.03) 
0.02  

(0.01, 0.03) 
0.02  

(0.00, 0.03) 

 P>0.99 P=0.11 P=0.03 

Lung V20 (%) 
 

OAG  
0.01  

(0.00, 0.01) 
0.03  

(0.01, 0.08) 
0.04 

 (0.02, 0.08) 

CAG  
0.00  

(0.00, 0.01) 
0.01  

(0.00, 0.01) 
0.00 

 (0.00, 0.01) 

 P=0.37 P=0.11 P=0.03 

Note: Absolute differences are the absolute values of the given difference.  P-values are the 
comparison of differences from original plan values.  P-values result from a paired t-test. 
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Figure 4-1.  CAG and OAG for a laterally located target. 
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Figure 4-2.  Mechanical rotation induced dosimetric uncertainty evaluation for 5 cases.  
Representative axial slice for OAG (left) and CAG (right).  
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Figure 4-3.  Prescription Isodose Surface Coverage for OAG and CAG for the original 

plans and mechanical rotation plans. Points and lines for the same patient are 
shown in the same color. 
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Figure 4-4.  CI-100 for OAG and CAG for the original plans and mechanical rotation 

plans. Points and lines for the same patient are shown in the same color. 
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Figure 4-5.  CI-50 for OAG and CAG for the original plans and mechanical rotation 

plans. Points and lines for the same patient are shown in the same color. 
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Figure 4-6.  Lung V20 for OAG and CAG for the original plans and mechanical rotation 

plans. Points and lines for the same patient are shown in the same color. 
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CHAPTER 5 
CONCLUSIONS 

Results of This Work 

The goal of this work was to improve both active and passive approaches to 

respiratory motion management for radiation therapy.  This is important to the field of 

medical physics because tumor motion due to respiration is a source of positional 

uncertainty of the target volume which requires adequate margins to encompass the 

tumor resulting in a large volume of irradiated tissue and potentially increased toxicity.  

There are a number of methods that have been suggested for motion management and 

each has advantages and disadvantages.  It is important to improve both active and 

passive approaches to motion management because there is not a single motion 

management technique that suits every situation.  The motion management method 

used for a particular patient depends on availability of resources at the facility and 

whether the patient can tolerate a particular technique. 

This research contributed to active respiratory motion management techniques 

with an improvement to respiratory gating.  A non-invasive temperature based optical 

fiber respiration sensor was developed for respiratory gating in radiation therapy.  The 

temperature sensor tracks the breathing cycle by measuring the temperature of 

inspiratory and expiratory air.  A mask system was developed that was designed to 

provide comfort for the patient.  The mask system protects the sensor and puts it in a 

reproducible position.  The mask was well tolerated by all volunteers.  The temperature 

based respiratory gating system tracked the breathing cycles of all volunteers even 

when gating motion range was too small for the commonly used RPM external marker 

signal to be usable.  The fiber optic temperature sensor maintains performance in MR 
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and ionizing radiation environments; however, it is recommended that it not be used in 

the direct path of a high energy radiation beam.  It has been verified that the respiratory 

signals can be obtained without deterioration of CT or MR images.  These results 

indicate that this device is suitable for respiratory gating in radiotherapy and is an 

improvement to commonly used external markers. 

The improvement to passive approaches to motion management focused on 

reducing BOT with the use of FFF beams.  Reducing BOT is important in motion 

management because it aids in the use of breath hold techniques and reduces changes 

over time in breathing patterns.  The use of high dose rate FFF beams for treating 

moving targets with VMAT was evaluated.  The impact of the interplay effect with FFF 

beams was observed on dose distributions of non-gated VMAT when treating a moving 

target.  However, it was shown that using high FFF dose rate did not increase dose 

deviations compared to lower dose rates commonly used with FF beams.  FFF beams 

were also evaluated for treating laterally located targets in OAG, which are often seen in 

lung and liver SBRT.  It was shown that FFF beams can be used in OAG without 

dosimetric compromise.  All plans met the dose objectives of the lung SBRT RTOG 

0813 and 0915 protocols and differences between 6FFF and 10FFF were small.  10FFF 

provides more BOT reduction than 6FFF; however the benefit of reduced BOT with FFF 

decreases with distance of the target off-axis for both 6 and 10 MV. Mechanical error in 

collimator and couch rotation produces increased dosimetric variation for OAG 

compared to CAG; however, the variations in dose distributions for either treatment 

technique were small and will not have a clinical impact.  These results indicate that 

FFF beams have a role in motion management as a way to reduce BOT.   
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Opportunities for Future Work and Development 

The current work provides opportunities for future development including clinical 

implementation of the fiber optic temperature based respiration sensor for radiotherapy.  

To be used for 4D CT simulation the respiration signal must send a trigger to the CT 

scanner once per breathing cycle to acquire a CT slice.  For treatment, gated radiation 

delivery requires the respiration system to hold the linear accelerator radiation beam 

and enable it automatically when the breathing cycle is within the predetermined gating 

window.  The temperature based sensor can interface with data acquisition devices 

using either an analog output or digital port.  The temperature sensor data could be 

transmitted to existing respiratory gating software or a new respiratory gating platform 

could be developed.   

Before the fiber optic temperature sensor is used clinically, it is important to verify 

the relationship between the measured breathing cycle and actual tumor motion.  When 

using an external signal as a respiratory surrogate, such as a temperature signal, the 

relationship with the internal target should be established.  Future research on the fiber 

optic temperature sensor could include sampling the target position fluoroscopically for 

brief periods of time at a number of intervals to verify the relationship between the 

measured breathing cycle and actual tumor motion.  The relationship between the 

measured breathing cycle and actual tumor motion will determine how much dose 

delivery is improved by utilizing the temperature based respiration system.   
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