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Abstract

®

CrossMark

The multi-leaf collimator (MLC) assembly present on TomoTherapy (Accuray,
Madison WI) radiation therapy (RT) and mega voltage CT machines is well
suited to perform fluence field modulated CT (FFMCT). In addition, there is
a demand in the RT environment for FEFMCT imaging techniques, specifically

volume of interest (VOI) imaging.

A clinical TomoTherapy machine was programmed to perform VOI. Four
different size ROIs were placed at varying distances from isocenter. Projections
intersecting the VOI received ‘full dose’ while those not intersecting the VOI
received 30% of the dose (i.e. the incident fluence for non VOI projections was
30% of the incident fluence for projections intersecting the VOI). Additional
scans without fluence field modulation were acquired at ‘full’ and 30% dose.
The noise (pixel standard deviation) and mean CT number were measured
inside the VOI region and compared between the three scans. Dose maps were
generated using a dedicated TomoTherapy treatment planning dose calculator.

The VOI-FFMCT technique produced an image noise 1.05, 1.00, 1.03, and
1.05 times higher than the ‘full dose’ scan for ROI sizes of 10cm, 13 cm,
10cm, and 6cm respectively within the VOI region. The VOI-FFMCT
technique required a total imaging dose equal to 0.61, 0.69, 0.60, and 0.50
times the ‘full dose’ acquisition dose for ROI sizes of 10cm, 13cm, 10cm,

and 6 cm respectively within the VOI region.

0031-9155/15/187245+13$33.00 © 2015 Institute of Physics and Engineering in Medicine Printed in the UK
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Noise levels can be almost unchanged within clinically relevant VOIs
sizes for RT applications while the integral imaging dose to the patient can
be decreased, and/or the image quality in RT can be dramatically increased
with no change in dose relative to non-FFMCT RT imaging. The ability to
shift dose away from regions unimportant for clinical evaluation in order
to improve image quality or reduce imaging dose has been demonstrated.
This paper demonstrates that FFMCT can be performed using the MLC on a
clinical TomoTherapy machine for the first time.

Keywords: CT, FFMCT, dynamic bowtie, volume of interest imaging, IGRT

(Some figures may appear in colour only in the online journal)

1. Introduction

As radiation therapy (RT) dose delivery systems have progressed, they have allowed for bet-
ter healthy tissue sparing due to their ability to deliver higher dose gradients. In order to take
advantage of high dose gradients, however, the location of the tumor and healthy tissue must
be confirmed prior to treatment. TomoTherapy (Accuray, Madison WI) is a commercially
available RT system that combines pretreatment imaging with intensity modulated delivery
(IGRT) (Mackie 2006, Shah er al 2008). Prior to an IGRT treatment, the patient is given a
computed tomography (CT) scan to verify target location and adjust patient position if needed.
This is ensured by registering the borders of the patient’s tumor to the treatment region. In
addition, the radiation oncologist can monitor any gross changes in the patient’s morphology
due to weight loss/gain, or changes in body positioning.

The focus of this paper is on the imaging involved in IGRT; we propose that since radia-
tion oncologists only need good image quality for a small volume of interest (VOI) within a
patient’s cross section, we should only create a high quality image within that VOI. VOI imag-
ing provides a method for (1) keeping the total imaging dose the same relative to unmodulated
imaging while increasing the image quality inside the VOI, (2) to reduce the imaging dose
while maintaining image quality within a VOI, or (3) to increase the image quality within the
VOI and reduce the integral imaging dose to the patient. As stated in AAPM Task Group Report
Number 75, ‘radiographic guidance techniques have one thing in common, they can give a
significant radiation dose to the patient” (Murphy et al 2007). VOI imaging would allow for the
imaging dose inside a VOI region, a region that will likely be receiving a very large treatment
dose, to remain unchanged from what is currently delivered while the rest of the patient’s body
could receive a much lower dose. The total dose could be tuned to whatever clinical need was
required. The important point here is that without FFMCT, one is left without the means to
regionally prescribe image quality and therefore imaging dose. Typically, the integral image
dose is about 1% of the treatment dose (Murphy ef al 2007, Shah et al 2008). With such a large
difference in dose, one may wonder why dose reduction in RT is important. While it is true
that the treatment dose is much higher the imaging dose, it is also true that the treatment dose
is not delivered uniformly within the patient. Outside the treatment volume, it is common for
the treatment dose to decrease significantly, often by a factor of 2 or 3 over a few centimeters
of tissue (Shah et al 2008). Therefore, while not a large fraction of the dose received within a
patient’s treatment volume, the dose received from imaging contributes a non-trivial portion of
the dose outside a patient’s treatment volume. The region outside of the treatment volume is
usually healthy tissue that ideally would receive no dose during image or treatment.
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Poor image quality has plagued RT since IGRT was developed. This is mainly due to the
low contrast inherent with TomoTherapy’s high beam energy (Ruchala ef al 1999) and the
large scatter fraction present in linac based IGRT (Bootsma et al 2011). Therefore, methods
for increasing image quality that are dose neutral or reduce dose to healthy tissue should ben-
efit patient care in the RT environment.

Recent advances in the field of CT imaging should aide the radiation oncologist in obtaining
higher quality pretreatment images with no radiation dose increase (Bartolac et al 2011, Hsieh
and Pelc 2013a, Szczykutowicz and Mistretta 2013a, 2013b, Szczykutowicz and Mistretta
2014). This is possible through the application of fluence field modulated computed tomogra-
phy (FFMCT) technology to the current TomoTherapy MVCT acquisition. FFMCT actually
takes a page from the book of intensity modulated radiation therapy (IMRT) by modulating
the imaging dose incident onto the patient as a function of rotation angle. Through the use of
FFMCT applied to TomoTherapy CT (FFMCT-MVCT) acquisitions, it should be possible to
increase the image quality within a pre-determined volume of interest while decreasing the
image quality outside the VOI (Kolditz et al 2010, Chen et al 2011, Heuscher and Noo 2011,
2012, Oktay and Noo 2014, Szczykutowicz and Hermus 2015). The integral imaging dose can
be adjusted to remain the same as for a non-FFMCT-MVCT acquisition. Thus, with FFMCT-
MVCT, the radiation oncologist could get better image quality where they need it at no cost
in radiation dose to the patient. Even if the dose is raised to levels considered excessive in
diagnostic CT, this dose can be incorporated into the patient’s RT treatment plan, effectively
mitigating imaging dose concerns for the patient.

FFMCT on a TomoTherapy system is straight forward as TomoTherapy systems already
have the necessary hardware to enable FFMCT imaging. The multi-leaf collimator (MLC)
used for intensity modulated RT (see figure 1) can also be used for FEFMCT as will be first
demonstrated in this paper. Some early TomoTherapy work did consider using projection
data acquired during treatment to reconstruct CT images, but obtaining artifact free images
was hindered by many technical issues as shown by Ruchala et al (2000). Use of FFMCT in
the radiation therapy clinic would also be possible on linac based radiation therapy systems
with on-board flat panel imaging systems using a dynamic collimator (Hsieh and Pelc 2013a,
Szczykutowicz and Mistretta 2014) or possibly using a MLC designed for RT. The results
shown in this paper were generated with no hardware or software changes to our clinical
TomoTherapy system; this suggests that this application of FFMCT technology can be easily
adopted in the clinic. To better understand how a MLC can be used for FFMCT, we have also
shown a depiction of the location of the bowtie filter used in diagnostic CT and an image of
an actual bowtie filter in figure 1.

2. Methods

2.1. System geometry

TomoTherapy radiation therapy machines use a 3.5 MV photon beam to image patients. The
geometrical specifications for TomoTherapy machines are: source to detector distance =
132.3cm, source to iso-center distance = 85cm, source to MLC = 20cm, number of MLC
leaves = 64, number of detectors elements equal to 640, number of detector rows = 1, and a
fan angle of 26.8°. The multi-leaf collimator assembly is designed to totally attenuate the 6
MYV treatment beam. During treatment, the number of therapy photons incident on the patient
is modulated by varying the so called ‘leaf open time’. In other words, for each treatment
angle, the linac produces 6 MV treatment photons (usually at a frequency of ~300 Hz) and the
amount of radiation incident on the patient is controlled by how long the collimator leaf blocks
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Figure 1. (a) Schematic of a TomoTherapy system, including the location of the MLC.
Note how the MLC is positioned much like a bowtie filter in diagnostic CT. (b) A picture
of the MLC present on a TomoTherapy system, the 64 individual collimator leaves
can be seen. (c) Depiction of where a bowtie filter is positioned within a diagnostic
CT scanner. (d) Image of a bowtie filter from a modern diagnostic CT scanner. This
particular bowtie filter has three different size filter filters on a single assembly. These
filters cannot be changed during a scan to allow for view angle modulation of the
fluence profile. (c) Reproduced with permission from Hsieh (2003).

the beam. To implement FFMCT, the MLC can be used to modulate the number of imaging
photons incident onto a patient as a function of view angle. This approach actually has a key
advantage over the attenuation based modulation proposed by Hsieh and Pelc (2013a) and
Szczykutowicz and Mistretta (2013a, 2013b, 2014) in that the mean beam energy change due
to hardening of the beam by the filtering material is not present in this application. When a leaf
is closed on a TomoTherapy system, the field is completely attenuated.

2.2. Data aqusition

Raw projection data was obtained from a clinical TomoTherapy unit at our institution. The
TomoTherapy imaging and treatment beam is pulsed; each pulse can be recorded by the
TomoTherapy CT detector. We acquired projection data sets using a tissue characterization
phantom (Gammex Number 467, Middelton, WI). The phantom is 33cm in diameter and
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5cm thick. We acquired a total of 6 CT acquisitions of this phantom. For all scans, we set the
linac pulse rate to 80 Hz, the gantry rotation time to 60 s, the table speed to Omm s~ !(axial
mode), and we acquired 180 view angles over 360 degrees. The leaflet sinogram for the ‘full
dose’ scan had all leaves open 100% of the time for each view angle. For the 30% dose scan,
we used the same acquisition parameters except the leaves were programmed to only open
for 30% of the time required for each view angle. For a pulse rate of 80 Hz, 180 view angles,
and a 360 view angular range, on average 26.7 pulses formed a single view angle. Therefore,
in order to modulate the image dose down to 30%, the leaves were programmed to only let
through 8 pulses. Four different sized VOI were imaged at four different distances from iso-
center as shown in figure 3. A 10cm diameter VOI was located centered on iso-center, a 13cm
diameter VOI was located 2cm from iso-center at the 9 o‘clock position, a 10cm diameter
VOI was located 5 cm from iso-center at the 12 o‘clock position, and a 6 cm diameter VOI was
located 6 cm from iso-center at the 3 o’clock position. For each VOI acquisition, all collimator
leaves that intersected the VOI were set to have leaf open times of 100%. All leaves not inter-
secting the VOI were set to only open for 30% of the time for each view angle. An example
of TomoTherapy projection data is shown in figure 2. The difference between a non-FFMCT
and a FEMCT data acquisition is easy to observe as within each view angle the FFMCT scan
acquires less pulses relative to the non-FFMCT scan.

All images were reconstructed using an FBP algorithm (Kak 1979) with a ramp reconstruc-
tion kernel. The image reconstruction field of view was 350 mm for all images using a pixel
dimension of 512 by 512.

Scans were acquired both with the phantom in place, and with the phantom and couch
removed from the bore (i.e. air scan). This allowed for CT projections to be obtained by log
normalizing the phantom data with ‘air scan’ data. Image quality comparisons were made by
comparing the noise level (standard deviation in voxel values from within a uniform region)
and mean reconstructed image value in ROI’s placed inside the VOI. The ROI locations are
shown in figure 3. Difference images were also generated to qualitatively understand if cer-
tain regions of the VOI images were more accurate than others relative to the ‘full dose’
acquisition.

2.3. Dose calculation

Dose was calculated using a software package and workstation provided by Accuray. The dose
calculator was the same as used by Shah et al (2008). A kilovoltage CT scan acquired using a
diagnostic CT scanner was taken of the phantom following our RT clinic’s usual work flow.
This image was used to obtain the physical density image required for the dose calculation.

Relative dose maps were generated in which the absolute dose image for the ‘full dose’
case was used to normalize the dose for each of the other cases. In addition, the total dose the
phantom received in the central plane of the phantom was summed for each case. This sum
was only taken over the phantom by excluding the dose to air and the couch. The total dose to
the phantom was reported relative to the “full dose’ and 30% dose cases.

3. Results and discussion
Six images were reconstructed as shown in figure 4. By comparing a ‘full dose’, 30% dose,

and the four VOI-FFMCT images, it is easy to observe how the VOI-FFMCT scan allows
for image quality equal to the “full dose’ scan within the VOI while providing image quality
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Figure 2. Plot of raw TomoTherapy data. The data has not yet been binned into view
angles and each linac pulse can be observed. The pulse frequency was 80 Hz for the
data shown in these plots. Depicted in (a) is both a non FFMCT scan and a detector
row corresponding to the 30% modulated region of a FFMCT scan. Depicted in (b) is
a zoomed in version of (a) to allow for better visualization of the difference between
a non-FFMCT and a FFMCT scan and to better understand the implementation of
FFMCT using discrete pulses of radiation.

(b)

Figure 3. (a) Depiction of the ROI locations used to measure the noise values reported
in table 1. The voxels defined by ROI 1 (black ROI centered at isocenter) were used
to measure the noise for the images shown in figures 4(a)—(d) (The ‘full dose’, 30%
dose, VOII and VOI2 used ROI 1). The voxels defined by ROIs 2 (green rectangular
ROI at 12 o’clock) and 3 (purple ROI at 3 o’clock) were used to measure the noise for
the images shown in figure 4(e) (VOI3) and figure 4(f) (VOI4), respectively. Noise and
mean ROI values are reported in table 1. (b) Location of the VOIs.

closer to the ‘low dose’ image outside the VOI. The noise (voxel standard deviation), mea-
sured inside the VOI for each image over a uniform region are reported in table 1.

Obvious in figure 4 are the under-sampling artifacts in the VOI-FFMCT outside of the VOI.
The undersampling artifacts are due to the use of only 180 view angles. Based on the system
geometry specifications given in section 2.1, 1,724 views angles would be required to ensure
aliasing free sampling (Natterer 1993). Albeit typical diagnostic CT scanners rarely follow
this sampling requirement. Clinical TomoTherapy patient confirmation scans are acquired
with around 800 view angles. The scans performed in the present work were limited to 180
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(a) (b) (c)

(d) (e) ()
Figure 4. Using a clinical TomoTherapy machine, a ‘full dose’ MVCT image (a), and
a 30% dose MVCT image (b) were acquired. Additionally, 4 different size VOI images
were acquired at varying distances from iso-center. (¢) A 10cm diameter VOI located on
iso-center, (d) a 13cm diameter VOI located 2cm from iso-center, (e) a 10cm diameter
VOI located 5cm from iso-center, and (f) a 6¢cm diameter VOI located 6¢cm from iso-

center. All images displayed at [0.031 0.093] cm™". (a) (‘full dose’). (b) (30% dose). (c)
(VOI1). (d) (VOI2). (e) (VOI3). (f) (VOI4).

Table 1. Image noise and mean ROI value comparison.

Noise? Noise relative Noise relative Mean ROI
Acquisition (cm™") to “full dose’ to 30% dose value (cm™")
“full dose’ 0.00022 1.00 0.50 0.0072
30% dose 0.00045 2.00 1.00 0.0072
VOII 0.00023 1.05 0.53 0.0073
VOI2 0.00022 1.00 0.50 0.0072
VOI3 0.00023 1.03 0.52 0.0073
VOI4 0.00024 1.05 0.53 0.0073

#The noise values are standard deviations measured from uniform ROIs as shown in figure 3.
Note: VOI1-4 refer to the images shown in figures 4(c) and (d) respectively.

view angles to increase the granularity of dose modulation. The number of pulses per view
angle (N,) is given by the pulse rate (P) times the rotation time (1) divided by the number of
view angles (V),

Ny = —. (D
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As the number of view angles increases, the number of pulses per view angle decreases.
In this study, on average, 27 pulses were used for each view angle. A 30% modulation only
used 8 of these pulses. If the number of view angles were increased to 1,000, only 4.8 pulses
on average would be used for each view angle. Such a low number of pulses limits the ability
to have a high level of granularity in modulation level. For example, with 1,000 view angles,
only ~0%, 20%, 40%, 60%, 80%, and 100% modulation levels would be possible correspond-
ing to using 1, 2, 3, 4, or 5, pulses. The current experiments were performed using 80 Hz for
the pulse rate. The TomoTherapy platform is capable of using 300 Hz which should allow for
higher numbers of view angles in addition to a higher degree of modulation level granularity.

Some of the images in figure 4 exhibit artifact in the regions outside the VOI. The artifact
takes the form of a streaking artifact and does not form rings as the occurrence is not constant
as a function of view angle for the same detector position. These artifacts are most easily
observed in figures 4(d) and (e). The root cause of these artifacts is under investigation but is
believed to be dependent on the number of leaves that are requested to move within a given
time period. As the number of leaves requested to move at the same time increases, the degree
of artifact gets worse. This is evident by noting the worst artifact level is present in the VOI
scan with the largest VOI. If the number of pulses is unequal between the phantom and air-
scan, these artifacts are present. This was confirmed by analyzing the air scan and phantom
projection data. In addition to being unequal in pulse number, it is also possible for pulses to
be ‘clipped’ by a collimator leaf before the pulse is recorded by the detector. This results in
only part of the pulse getting recorded by the detector. These artifacts should not be an issue
for the intended purpose of VOI-FFMCT images in the radiation therapy setting. The image
quality outside of the VOI can be quite limited. For daily setup, physicians often only need
to identify gross changes in patient positioning and therefore need to be able to observe the
external contour (i.e. skin line), bony anatomy landmarks, and tissue-air interfaces (e.g. lung,
stomach, intestines). All of the images shown in figure 4 would allow for this.

The difference in noise inside the VOIs relative to the ‘full dose’ case was less than 5% for
all VOI cases. The dependence of this difference in noise to VOI size and position from iso-
center will be the focus of a future work. Intuitively, as the VOI size becomes larger it would
be expected the image quality inside the VOI should approach that of the ‘full dose’ case.

Figure 5 shows the difference images for each VOI case with respect to the ‘full dose’
case. The mean signal level within the VOI region is slightly higher in some of the VOI scans
relative to the ‘full dose’ case. This is also apparent in table 1. These differences, however,
are all within 1% of the ‘full dose’ case. The 30% dose non-modulated scan does show mis-
registration artifacts as it was acquired several minutes after the ‘full dose’ image and the
phantom shifted slightly during that time. The structure most easily observed in the difference
images, excluding the mis-registration artifacts, is the small high density ‘bone like’ insert
positioned at the 5 o’clock position. This structure can be observed on all of the VOI scans.
The difference between this structure and the ‘full dose’ image, however, is equal to the dif-
ference between the mean difference within the VOIs which is 1%. For the intended purposes
of this VOI-FFMCT radiotherapy application, this difference is negligible.

3.1. Relative dose comparisons

As expected, the dose delivered for each VOI case was less than the ‘full dose’ case and larger
than the 30% dose case. These results are listed in table 2. The dose scaled with the VOI size
as can be observed in table 2. The largest VOI required a dose of 0.69 times the ‘full dose’ case
while the smallest VOI required half the dose of the ‘full dose’ case. The relative dose maps
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(d) (e) (H

Figure 5. Difference between each image in figure 4 with the ‘full dose’ case. (a)
‘full dose’ case, (b) 30% dose case, (c) the 10cm diameter VOI located on iso-center
difference, (d) the 13 cm diameter VOI located 2 cm from iso-center difference, (e) the
10cm diameter VOI located 5 cm from iso-center difference, and (f) the 6 cm diameter
VOI located 6 cm from iso-center difference. All images displayed at [—0.0005 0.0005]
cm~'. Figures 4(a), (c)—(f) were acquired sequentially in time. There was a few minutes
delay before the acquisition of image 4(b) during which time the phantom shifted,
causing the slight mis-registration artifacts in (b). All images displayed at [—0.0025
0.0025] cm™ .

shown in figure 6 show that most of the phantom outside the VOI regions had dose levels at
or smaller than half of the ‘full dose’ case. The dose inside the VOI region is about 0.9 times
that of the ‘full dose’ case. This percentage increases slightly as the VOI size increases. One
would expect the VOI dose to be slightly less than the ‘full dose’ case due to scatter. While it
is true the VOI will receive the same number of primary photons as the ‘full’ dose case, the
amount of scatter radiation contributing to the dose inside the VOI will be smaller for the VOI
cases relative to the ‘full dose’ case. This is because less primary radiation is incident onto the
patient for rays outside the VOI which results in less scatter being produced outside the VOI
capable of depositing dose inside the VOI. A reduction in scatter has been shown previously
in the field of FFMCT in diagnostic imaging with some cases showing reductions in scatter-
to-primary ratio of as large as 4 times (Szczykutowicz and Mistretta 2013b). These results,
however, are not directly comparable to the present work because the beam energy used in
TomoTherapy is in the mega-voltage range compared to the kilo-voltage range of diagnostic
imaging. More work remains to be done in quantifying the scatter reductions possible with
FFMCT at all beam energies and for all applications of FFMCT including optimized bowtie
filtering and VOI applications.
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Table 2. Relative integral dose comparisons between the VOI modes.

Dose relative to  Dose relative to  VOI diameter VOI distance from

Acquisition  ‘full dose’ 30% dose (cm) isocenter® (cm)
‘full dose’ 1 3.33 n/a n/a

30% dose 0.3 1 n/a n/a

VOI1 0.61 2.0 10 0

VOI2 0.69 2.3 13 2

VOI3 0.6 2.0 10 5

VOI4 0.5 1.7 6 6

“The distance from isocenter to the center of the VOI.
Note: Dose was summed from the center slice of the phantom and normalized by the ‘full dose’

case.
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Figure 6. (a)—(f) Relative dose maps for each of the acquisition modes shown in figure 4,
respecively. All doses are relative to the “full dose’ case. (g) Is an image of the CT image
used for the dose calculations and (h) is the mask applied to the dose distributions that
allows for air and the couch to be excluded from the dose comparisons.

(2) (h)

Based on these results, the possible benefit of FFMCT applied to MVCT in the RT IGRT
workflow can be seen. For a given IGRT registering task, image quality could be held con-
stant inside a sub region of clinical interest while the total imaging dose is reduced. In our
results, if the clinically relevant region was 6 cm in diameter, the total dose could be cut in half
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without sacrificing image quality inside the VOI. Additionally, it would be possible to increase
the image quality within the VOI region while keeping the total imaging dose constant. A
third option would also be possible. One could simultaneously achieve a dose reduction and
increase the image quality inside some pre-defined region.

4. Conclusions

Based on qualitative image analysis of our FFMCT images and the difference between
FFMCT and ‘full dose’ non-FFMCT images, the image quality achievable inside the VOISs is
equal to that of the ‘full dose’ non-FFMCT images. Noise standard deviation and mean signal
measurements confirmed this. Future work will aim to re-produce our results using a more
realistic CT acquisition in which the gantry rotation time is lowered to the 6—10 s range and
the acquisition and reconstruction are helical instead of axial.

We will also further characterize the source of the artifacts outside of the VOI regions. Even
though these artifacts should be easily tolerated for the imaging tasks present outside the VOI,
mitigating these artifacts is still a priority. As mentioned in section 3, the two causes of arti-
facts outside of the VOI region are believed to be caused by a mis-match between the number
of pulses and by pulses getting clipped to varying degrees between the air-scan and the patient
scan. Currently, our group is working on an algorithm to detect when a given pulse is clipped
and to measure the number of pulses used per projection. When a projection is determined
to contain a clipped pulse or the pulse number changes between the air and patient scans, we
have successfully been able to remove these pulses from both the air-scan and patient scan
data sets and reconstruct images with no artifacts. This is still a work in progress.

As mentioned in the introduction, this work should allow for a dose reduction of healthy
tissue outside of the treatment volume. While the total imaging dose is small compared to the
treatment dose in most cases, it should not be considered trivial (Murphy et al 2007, Olch et al
2007, Shah et al 2008) especially for pediatric cases where fear of treatment/imaging induced
cancers is a concern. Future work will include applying FFMCT imaging methods to clinical
CT datasets and calculating the anticipated changes in dose as a function of VOI size, shape,
and location.

This work applies FFMCT technology to a RT clinic treatment delivery system for the first
time. The use of FFMCT in the RT setting will enable radiation oncologists to define regions
of high and low image quality much like they do with dose. These regions could be defined in
an automated manner simply by assuming an extra margin needs to be added to the treatment
border. Since the structure set is stored as part of the Radiation Therapy DICOM standard
format, the location of the treatment regions with respect to the imaging geometry of the
TomoTherapy system can be determined. Our group has performed proof-of-concept studies
in which treatment locations were extracted from DICOM planning images, an optional extra
margin was added to account for patient set-up errors, and FFMCT TomoTherapy sinograms
were created by forward projection as described in this paper. This workflow does not require
any additional contouring and could be automated. Targets could be identified by their struc-
ture name, e.g.: PTV50Gy. The free parameters would be the desired margin thickness to add
to the treatment region and the desired difference between image quality inside and outside
of the treatment region. Other contoured regions could also easily be incorporated into this
workflow to either reduce or enhance the image quality/dose to specific structures or regions.

The use of a TomoTherapy system for FFMCT may also be useful for kV CT and CBCT
researchers seeking to evaluate FFMCT. Advanced numerical methods for controlling fluence
distributions are being developed (Bartolac et al 2010, 2011, Bartolac and Jaffray 2012, Hsieh
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and Pelc 2013b), but experimental apparatus to test these algorithms on is currently in the
development stages by a few groups around the world. TomoTherapy systems enjoy a large
distribution and may be a viable alternative to evaluating FFMCT methods. It is promising
that no hardware or software changes were required for the scanner to implement FEFMCT.
This may allow for rapid utilization by the RT community and facilitate FFMCT research on
these systems by other groups.
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