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Abstract

In this study, we perform a scientific comparative analysis of using ®*Co beams
in intensity-modulated radiation therapy (IMRT). In particular, we evaluate
the treatment plan quality obtained with (i) 6 MV, 18 MV and °Co IMRT;
(ii) different numbers of static multileaf collimator (MLC) delivered ®°Co
beams and (iii) a helical tomotherapy ®°Co beam geometry. We employ
a convex fluence map optimization (FMO) model, which allows for the
comparison of plan quality between different beam energies and configurations
for a given case. A total of 25 clinical patient cases that each contain volumetric
CT studies, primary and secondary delineated targets, and contoured structures
were studied: 5 head-and-neck (H&N), 5 prostate, 5 central nervous system
(CNS), 5 breast and 5 lung cases. The DICOM plan data were anonymized
and exported to the University of Florida optimized radiation therapy (UFORT)
treatment planning system. The FMO problem was solved for each case for
5-71 equidistant beams as well as a helical geometry for H&N, prostate, CNS
and lung cases, and for 3-7 equidistant beams in the upper hemisphere for
breast cases, all with 6 MV, 18 MV and ®°Co dose models. In all cases, 95%
of the target volumes received at least the prescribed dose with clinical sparing
criteria for critical organs being met for all structures that were not wholly or
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partially contained within the target volume. Improvements in critical organ
sparing were found with an increasing number of equidistant *°Co beams,
yet were marginal above 9 beams for H&N, prostate, CNS and lung. Breast
cases produced similar plans for 3-7 beams. A helical ®*Co beam geometry
achieved similar plan quality as static plans with 11 equidistant ®°Co beams.
Furthermore, 18 MV plans were initially found not to provide the same target
coverage as 6 MV and °°Co plans; however, adjusting the trade-offs in the
optimization model allowed equivalent target coverage for 18 MV. For plans
with comparable target coverage, critical structure sparing was best achieved
with 6 MV beams followed closely by ®*Co beams, with 18 MV beams requiring
significantly increased dose to critical structures. In this paper, we report in
detail on a representative set of results from these experiments. The results of
the investigation demonstrate the potential for IMRT radiotherapy employing
commercially available ®*Co sources and a double-focused MLC. Increasing
the number of equidistant beams beyond 9 was not observed to significantly
improve target coverage or critical organ sparing and static plans were found
to produce comparable plans to those obtained using a helical tomotherapy
treatment delivery when optimized using the same well-tuned convex FMO
model. While previous studies have shown that 18 MV plans are equivalent
to 6 MV for prostate IMRT, we found that the 18 MV beams actually required
more fluence to provide similar quality target coverage.

1. Introduction

Cobalt teletherapy units and linear accelerator systems (linacs) were introduced nearly
simultaneously in the early 1950s and emerged as rival technologies for external beam therapy.
The first two *°Co units were installed in Canada in 1951 (Litt 2000) and the first clinical
megavoltage (MV) linac was installed in London in 1952 (Bernier et al 2004, Thwaites and
Tuohy 2006), with the first patient treated with this machine in 1953. The deeply penetrating
ionizing photon beams provided by these devices quickly became the mainstay of radiation
therapy, allowing for the noninvasive treatment of deep-seated tumors. In particular, both
the linac and the cobalt teletherapy unit offered improved skin sparing and penetration over
the orthovoltage unit employed until that time. Initially, cobalt teletherapy became the most
widespread form of external beam therapy. This was mainly due to the safety, reliability,
precision and simplicity of these units, requiring little maintenance and technical expertise to
operate, as compared to the technologically intensive linacs. By the late 1960s, there were
approximately 1700 external beam devices in the world and approximately 90% of them were
cobalt therapy units (Hogstrom and Almond 2006). In the 1970s, major advances were made
in the production of electron beams using linacs. Before the discovery and development of
intensity-modulated radiation therapy (IMRT), electron beams were demonstrated to provide
superior methods for treating cancer of the breast and the head-and-neck (H&N) (Hogstrom
and Almond 2006). This, combined with a lack of technical improvements for the cobalt
unit (lack of multileaf collimator (or MLC) and digital readout, etc), gave the linac a clinical
advantage over the cobalt unit for nearly three decades. By the late 1980s, over 90% of
therapy units in the US were linacs, and in the 1990s cobalt therapy units essentially vanished
in the US. During this time, great advances were made in beam delivery based on large-scale
treatment plan optimization, allowing the clinical application of IMRT using MLCs. With this
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advent of MLC-based IMRT, the advantage of combining photon and electron beams vanished
as IMRT was performed using only photon beams and could provide excellent treatment plans
for cancer of the breast and head-and-neck (Webb 2004). In fact, so did the advantage of high-
energy MV photon beams, as it has been demonstrated that IMRT only requires low-energy
photon beams to produce high quality treatment plans, even for a deep-seated prostate tumor
in exceptionally large patients (Pirzkall et al 2002, Sun and Ma 2006)).

Although low-energy photon beams have demonstrated efficacy for IMRT, cobalt units
have other technical issues when compared with the linac (Laughlin et al 1986, Suit 1986).
Historically, cobalt therapy systems were noted to suffer from four significant limitations:

(i) cobalt beams were noted to have a beam edge (or penumbra) that was not as sharp as that
of a photon beam that can be produced from a linac;

(ii) cobalt beams often created high surface doses which could result in skin reactions due
to low-energy contamination electrons (scattered from the source and collimators by the
photon beam) (Mora et al 1999);

(iii) the most powerful cobalt beams had a lower dose rate than linacs by approximately 60%
(with a maximum output of ~250 cGy min~') and

(iv) cobalt beams are not as penetrating as higher (10-20) MV beams available on a linac.

These disadvantages, along with the ability of electron beams to produce curative treatment
plans for cancers of the breast and head-and-neck (in the pre-IMRT era), resulted in the eventual
preference for the linac in the 1970s and 1980s and the eventual demise of cobalt teletherapy
as a leading technology in the developed world.

However, cobalt was not without its supporters. In 1986, Laughlin et al (1986) published
a paper detailing the pros and cons of ®*Co and called for a continued push in the technical
development of cobalt therapy. That call was reiterated in an editorial by (Suit 1986) in the
same journal issue, but went unheeded until now. Recently, development on a novel magnetic
resonance image-guided radiation therapy (MRIGRT) device has begun (Renaissance™
System 1000, ViewRay Incorporated, Gainesville, OH) by the authors of this manuscript.
The device is designed to overcome all four of the above-mentioned limitations of cobalt
therapy in the following manner:

(i) the penumbra of a linac with a MLC (which has been measured to be in the range of
4-7 mm depending on manufacturer (Huq er al 2002, Kanagaki et al 2007, Langen
et al 2005)) is actually comparable to that of a cobalt unit when a double-focused MLC
is employed with a commercially available 2 cm diameter cobalt source (T1000, MDS
Nordion; see the results in this paper);

(ii) the magnetic field of the MRI eliminates contamination electrons and with it the possibility
of high surface doses and related skin reactions (Jursinic and Mackie 1996);

(iii) by utilizing three radiotherapy heads the MRIGRT device provides a competitive dose
rate that is higher than a standard linac 2 years after source install and

(iv) the penetration of a ®*Co photon beam is not important with IMRT, which is supported
by the results of this manuscript.

Previous work (Laughlin ef al 1986) has considered the characteristics and merits of beam
energies in the range 1-45 MV for conformal photon beams (non-IMRT) and demonstrated
that for 3- and 4-beam planning equivalent dose distributions can be achieved with 6, 10 and
18 MV beams and clinical advantages associated with higher energy beams improve little
beyond 4 MV. In the case of IMRT, most studies have demonstrated that 6 and 18 MV beams
produce equivalent quality treatment plans (Pirzkall er al 2002, Sun and Ma 2006, Weiss
et al 2007), although Madani et al (2007) observe some differences depending on the dose
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calculation method used. However, comparisons of %°Co and linac treatment planning for
IMRT have not been published in the medical physics literature.

Consideration of the IMRT treatment setup must include not only the optimum beam
quality but also a decision as to the number of beams and their orientation about the patient.
This choice is often left to the discretion of the treatment center and is based on prior
knowledge and experience. However, the fundamental question of the optimal number of
equidistant beams and beam orientation optimization is still under discussion in the literature,
although several studies have shown a sharply declining marginal benefit of using more than
10 equidistant beams for high-energy photon beam IMRT (see, e.g., Bortfeld et al (1990), Das
et al (2003) and Stien et al (1997)). Additionally, rotating fan beams have been introduced
that utilize a helical treatment pattern by rotating the beam about a 360° gantry and translating
the patient couch through it (Beavis 2004, Yang et al 1997). This effectively approximates the
limit of a large number of coplanar fan beams about the gantry for beam delivery.

The goal of this work is to investigate the use of different numbers of static multileaf
collimator (MLC) delivered beams as well as a helical tomotherapy beam geometry in ®°Co
IMRT. Treatment plans with 5-71 equidistant 6 MV and ®°Co beams are compared in terms
of target coverage and organ sparing for H&N, prostate, CNS and lung cases, and 3-7
equidistant beams restricted to the upper hemisphere for breast cases. In addition, a helical
beam implementation is compared to static field plans for a ®*°Co beam modality for H&N
cases. Finally, 6 MV, 18 MV and °Co beams were compared for a prostate case.

2. Materials and methods

Five patient cases for each of five typical IMRT treatment sites (H&N, prostate, CNS, breast
and lung) were used in our study. H&N and CNS cases contained two targets, referred
to as PTV1 and PTV2. For prostate cases, PTV1 contained the prostate gland plus an
8 mm isotropic margin to allow for spatial uncertainties arising from setup errors and physical
motions during treatment. Similarly, PTV2 contained the prostate gland and seminal vesicles
and an 8 mm isotropic margin. For lung cases, margins were added according to the tumor
location. A symmetric margin of 0.5 cm was added to upper lobe tumors while to tumors in the
lower lobe a 0.5 cm transversal and 1 cm craniocaudal margin was applied (as in the work by
Leter et al (2005)). Targets for breast cases were designated as in the work by Hong et al
(1999), where PTV1 comprised the tumor bed and PTV2 the breast tissue plus nodes with a
1 cm margin in the posterior direction and 2 cm in the superior and inferior. The PTV2 target
was extended to the body contour in the anterior direction.

Prescription doses of 73.8 and 54 Gy were assigned to PTV1 and PTV2, respectively,
for H&N, prostate and CNS cases. For lung cases, PTV1 and PTV2 were prescribed 70
and 50 Gy, respectively, and in breast cases the prescription doses for PTV1 and PTV2 were
60 and 54 Gy, respectively. Target coverage of 95% volume receiving the prescription dose
(Dysq, = Dg,) with the maximum dose limited to 1.1 x Dg_was deemed acceptable. The
tolerance doses applied to critical structures are shown in table 1 and are given as maximum
tolerance dose allowed or constraints on the dose per volume fraction.

Anonymized DICOM volumetric CT data and delineated targets and structures for all
25 cases were imported into the University of Florida optimized radiation therapy (UFORT)
treatment planning decision support system (TPDSS). This treatment planning system has
been commissioned for use with 6 MV, 18 MV and °°Co beamlet models from a Varian
2100C/D linac and a Theratronics 1000C cobalt unit (with a commercially available cobalt
source (13,000 Ci 2 cm, MDS Nordion) at a 1 m isocenter with a double-focused MLC with
its furthest side at 50 cm from the source). These models were fitted to published data and



Comparative analysis of ®*Co intensity-modulated radiation therapy 3179

Table 1. Tolerance criteria for critical structures.

Organ Criterion Organ Criterion
Retina/eye <45 Gy Eye lens <12 Gy

Optic nerve <50 Gy Optic chiasm <55 Gy

Brain stem <55 Gy Spinal cord <45 Gy
Parotid gland <30 Gy at 50%  Submandibular gland <30 Gy at 50%
Rectum <60 Gy at 30%  Bladder <60 Gy at 30%
Skin <60 Gy Mandible <70 Gy
Individual lung (breast) <20 Gy at20%  Total lung (lung) <40 Gy at 40%
Individual lung (breast) Mean < 15Gy  Total lung (lung) Mean < 15 Gy

validated with radiochromic film of 1 x 1 cm? beamlets formed by the accelerator jaws for
6 and 18 MV and by a Cerrobend block for ®°Co. Data were measured using the methods
described by Dempsey et al (1999), (2000). For the dose calculations, the CT and structure
data were mapped to an isotropic grid. Dempsey et al (2005) used a Fourier analysis to
determine the required resolution for 6 MV beams. In that paper, the 80-20% penumbra for
the 6 MV beam was 2.25 mm and the required resolution for 1% accuracy was found to be
2.5 mm. In addition, we found that the 80-20% penumbra for ®°Co was 4.5 mm and the
required resolution for 1% accuracy was 4-5 mm. Hence, in order to ensure that all relevant
information in the dose distribution was captured we employed voxels of size 2.5 x 2.5 x
2.5 mm? for 6 and 18 MV and 4 x 4 x 4 mm® for ®Co. The UFORT TPDSS uses a
point-in-polygon technique to associate structures with voxels in the grid and a combination
of stereographic projection and three-dimensional ray-tracing is used to determine density
scaled depths (see Fox et al (2006)) to account for heterogeneities and establish those
voxels intersected by each beamlet that traverses the target volume. Relative intensities
at intersected voxels from each beamlet are determined, yielding dose deposition coefficients
Dij, representing the dose deposited per unit intensity from beamlet i to voxel j contained
within structure s. These coefficients are then input into a fluence map optimization (FMO)
model. As is standard in treatment plan optimization models, the dose d;,; deposited in a
voxel j contained within structure s is the result of the superposition of the intensity-weighted
beamlet dose depositions, formally given by the linear expression

djs = Z Dijsx;
i

where x; is the (nonnegative) intensity or weighting factor associated with beamleti. Our FMO
model (see, e.g., Romeijn et al (2003), (2004) and Tsien et al (2003)) is an analytic nonlinear
convex model that employs voxel-based penalty functions. In particular, the objective function
is formulated as

f= Z Z (Ol;' max {djs — l:, O}n; +a, max{t; _ djs, O}n;)
s

where, for each structure s, o7 and o, are the importance weights assigned to overdosing
and underdosing, ¢} and ¢~ are the thresholds associated with overdosing and underdosing,
and n} and n_ are powers that ensure that the objective function value f is adversely and
disproportionally affected as the dose moves away from the threshold values. Typically, both
overdosing and underdosing penalties are included for targets while only overdosing penalties
are included for critical structures. Targets are assigned the highest importance in the FMO
model to ensure that the target coverage criteria are met, which is particularly important when
overlap of targets and critical structures occurs. Similar tuning parameters were used for each
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case with minor adjustments to improve target coverage and structure sparing as required. The
optimal intensities of the available beamlets are then determined by optimizing the problem to
provide a fluence map that gives a high-quality dose distribution satisfying the desired clinical
criteria as described below.

FMO problems were solved to obtain treatment plans for H&N, prostate, CNS and lung
cases using 5, 7, 9, 11, 17, 35 and 71 equidistant beam angles. Breast cases were restricted
to a 180° arc above the breast to remove beamlets that enter the posterior to reach the tumor,
and FMO problems were solved for 3, 5 and 7 equidistant beams. Plan quality was assessed
via dose—volume histogram (DVH) and spatial dose distribution evaluation. A comparison of
the plan quality between the 6 MV, 18 MV and ®°Co was performed and the impact of varying
the number of equidistant coplanar beams on target coverage and critical structure sparing
investigated. A helical scanning treatment beam was implemented in the UFORT TPDSS
with the 6 MV and %°Co beam models. A maximum collimator opening of 40 x 2 cm? was
allowed with bixel size of 1 x 1 cm? and pitch 0.5. The start and end point of the helices
was established from the limits of targets in the cranium—caudal orientation with an additional
margin of 1 cm.

The convex FMO model was solved by employing a projected gradient algorithm with
Armijo line search (Kelley 1987). This yields a fast method that produces excellent target
coverage and organ sparing. Our implementation of the projected gradient algorithm proceeds
as follows. In a given iteration, k, with current solution x®, the next solution is given by

x®D = max{x® — A*V £, 0}

where V f; is the gradient of f evaluated at x*’ and A* is found by a search along the
projected path max{x® — AV f;, 0} parameterized by the nonnegative step length A. The
search direction, being the negative of the gradient of f at the current solution, is a descent
direction so that the result of the line search is a solution with a lower (i.e., improved)
objective function value (see figure 1). The performance of the algorithm depends greatly on
the step length. If the step length is too short the convergence of the algorithm will require a
large number of iterations and will therefore be slow. On the other hand, if the step size is too
large the optimal solution may be overshot, producing an insufficient reduction in the objective
function in each step, again preventing fast convergence. In each iteration, a good step size
can be obtained by (i) trying several test candidate values for A and (ii) choosing the one
that provides the largest improvement in objective function value. The Armijo line search
method determines the step size by iteratively stepping backwards from a maximum step size
along the search direction until a solution is found that attains a reduction in objective function
value. Finally, the leaf-sequencing algorithm of Kamath ef al (2003) was applied to the fluence
maps obtained by the FMO to determine the number of MLC-shaped apertures required to
successfully deliver the fluence map.

3. Results and discussion

3.1. ®Co beamlet analysis

Figure 2 shows a profile of the radiochromic film measurement of a 2 x 2 cm? %°Co beamlet
measured on a Theratronics 1000C Cobalt unit at 0.5 cm depth in a 30 x 30 cm? solid
water phantom at 100 cm source to surface distance using a divergent 10 cm thick Cerrobend
collimator with its distal end at 50 cm from the source. The beamlet was measured on the
central axis; however, the cobalt source has a very even energy spectrum and no flattening
filter so that the off-axis beamlets are very similar. An 80-20% penumbra distance of
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Figure 2. A 2 x 2 cm? ®*Co beamlet measured on a Theratronics 1000 C Cobalt unit.

4.5 mm was observed. Note that our results are consistent with the measured penumbra
of cobalt sources reported in Adams and Warrington (2008), Poffenbarger and Podgorsak
(1998), Raja Singh et al (2000) and Warrington and Adams (2002).

3.2. Comparative analysis of 6 MV and ®*Co beam IMRT plans

Figures 3(a), (c), (e), (g) and (i) show the DVHs for two 7-beam IMRT plans obtained for a
typical case from each of the five sites studied (H&N, prostate, CNS, lung and breast), where
the other cases showed comparable behavior. The solid lines represent plans for a 6 MV dose
model while the dashed lines represent plans for a ®*Co dose model.

For the H&N case (figure 3(a)), with both 6 MV and 0Co a treatment plan that achieves
the required dose coverage of Dgsq, > Dg_for the PTV1 and PTV2 was obtained while
maintaining the submandibular and parotid glands within the criteria set in table 1. Target
coverage is almost identical for both beam qualities. The four glands at the tolerance limits
show minor variations between the two beams. The 6 MV beams produced slightly better
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Figure 3. DVHs for typical clinical cases. Parts (a), (c) and (e) show a comparison of 6 MV
(solid) and ®°Co (dashed) for 7 equidistant beams for H&N, prostate and CNS cases. Parts (b), (d)
and (f) compare 5 (dotted), 9 (dashed) and 71 (solid) equidistant beams for the %0Co dose model
for H&N, prostate and CNS cases. Parts (g) and (i) show a comparison of 6 MV (solid) and 0Co
(dashed) for 7 equidistant beams for a lung case and 7 equidistant beams in the upper hemisphere
for a breast case. Part (h) compares 5 (dotted), 9 (dashed) and 71 (solid) equidistant beams for the
0Co dose model for a lung case, and part (j) compares 3 (dashed) and 5 (solid) equidistant beams
in the upper hemisphere for the ®*Co dose model for a breast case.

sparing for left parotid and submandibular glands, at the sparing criterion condition, while
%0Co showed improved results for the right submandibular gland. These differences were not
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Figure 3. (Continued.)

deemed clinically significant and can be attributed to differences in the trade-offs made by
the FMO model. The DVH above 30 Gy is observed to decrease more rapidly for ®°Co. At
50 Gy, the DVH for %°Co is 3-4% lower compared to 6 MV and is most likely the result of
the FMO models ability to take advantage of the reduced exit dose associated with the lower
penetrability of the °Co beam.

For the prostate case (figure 3(c)), equivalent target coverage was observed with both
6 MV and %Co for 7-beam plans. Below 30 Gy, the rectum is observed to receive ~2-3 Gy
less per volume than with 6 MV with the urinary bladder receiving approximately the same
dose for each beam quality below 30 Gy. At the tolerance limits (<30% at 60 Gy), the dose
from both modalities is the same for the urinary bladder and rectum. The lower maximum
dose observed in the bladder and rectum using %°Co results from the higher attenuation of the
beam compared to 6 MV.

CNS cases are the simplest to solve, primarily due to the lack of proximity of the targets
to critical structures. Figure 3(e) shows that the required target coverage of Dosq, > Dg, is
achieved for both cases with only minor variations for 7-beam plans.

Figures 3(g) and (i) show a similar pattern for the lung and breast cases, respectively. In
addition, for the breast case the mean dose to total lung was virtually identical at about 11 Gy
for both 6 MV and ®°Co, while for the lung case marginally lower mean dose to both lungs
was observed for 6 MV than for ®°Co (about 10 versus 11 Gy for right lung and about 2 versus
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2.5 Gy for left lung), but all observed mean lung doses were well below the tolerance limit.
In summary, in both cases plan quality is similar between the 6 MV and °Co modalities with
7 beams.

3.3. Comparative analysis of varying the number of beams

Figures 3(b), (d), (), (h) and (j) show the DVHs for IMRT plans obtained for a typical case
from each of the five sites with different numbers of equidistant 60Co beams; the other cases
exhibited similar behavior. In particular, in figures 3(b), (d), (f) and (h) (H&N, prostate,
CNS and lung, respectively) the dotted lines correspond to 5-beam plans, the dashed lines to
9-beam plans and the solid lines to 71-beam plans, while in figure 3(j) (breast) the dashed
lines correspond to a 3-beam plan while the solid lines correspond to a 5-beam plan.

For the H&N case (figure 3(b)), good target coverage is observed with as few as five
equidistant coplanar beams while the sparing criteria given in table 1 are maintained. The
threshold of 95% target volume receiving the prescription dose is attained for the PTV1 and
PTV2 with 5, 9 and 71 beams. The PTV1 coverage is the same for each set of equidistant
beams. However, the hot spot of the PTV2 at 20% volume improves by ~5% between the 5-
and 9-beam plans. Further increasing the number of beams shows only minor improvements
in the hot spot of the PTV2. Gland coverage shows a similar trend at 30 Gy with a reduction
in the dose per volume of 3-10% when the number of beams is increased from 5 to 9
beams. Increasing the number of beams up to 71 shows little change as compared to 9 beams.
Figure 4 illustrates the dose distributions obtained for 7 and 71 beams from the 6 MV and
%0Co dose models. Only minor variations are observed between the two treatment modalities,
and similar dose distributions for targets and critical structures were observed for 7 and 71
beams.

As for the H&N case, the prostate plans demonstrate similar coverage of the PTV1 and
PTV2 using 5, 9 and 71 beams (figure 3(d)). The dose to the urinary bladder and rectum
is below accepted tolerances of 30% volume to receive less than 60 Gy for all three beam
numbers. Below 40 Gy a marked increase in dose to critical structures is observed when the
number of beams is decreased. The 5-beam plan results in ~5 Gy higher dose to 30% of the
rectum volume as compared to the 9- and 71-beam plans, for which the corresponding dose is
20 Gy. The dose distribution of the skin varies considerably with changing number of beams.
The 71-beam plan gives a lower dose to a larger percentage of the skin than the 5-beam plan:
with the former plan 35% receives in excess of 10 Gy and about 3% in excess of 30 Gy, while
with the latter plan only 20% of the skin receives in excess of 10 Gy and about 9% in excess
of 30 Gy. This is likely the result of spreading the incident dose over a larger surface area
with more beams. Figure 5 illustrates the dose distributions obtained for 7 and 71 beams from
the 6 MV and ®°Co dose models. As for the H&N case, the variations observed between both
the treatment modalities are small and clinically comparable dose distributions for targets and
critical structures are obtained with 7 and 71 beams.

For both the CNS and the lung cases (figures 3(f) and (h)) only marginal improvements
are observed when the number of beams increases from 5 to 9. For the lung case, the mean
dose to either lung is virtually independent of the number of beams at 10—11 Gy for the right
lung and <3 Gy for the left lung. Overall, all criteria are well within the tolerances and little
further improvements are seen in the 71-beam plans over the 9-beam plans.

Finally, figure 3(j) shows the DVHs for 3-beam and a 5-beam %°Co breast plan. (Note
that beams for breast cases are restricted to a 180° arc above the breast tissue.) Comparing
these DVHs with figure 3(i), which shows a 7-beam plan, the total lung dose is observed to
fall off faster as the number of beams increases. In each case, the maximum dose received to
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Figure 4. Deliverable IMRT axial isodose distributions for a H&N IMRT case. Parts (a) and
(b) show 7-beam dose distributions for 6 MV and ®°Co, respectively. Parts (c) and (d) are 71-beam
dose distributions for 6 MV and %°Co, respectively. Shown are PTV1 (red) and PTV2 (dark blue)
as well as the parotid glands (yellow), mandible (light green), spinal cord (light blue) and skin
(bright green). Isodose curves are shown for 73.8, 60, 54, 45, 30 and 10 Gy.

the total lung is 60 Gy, the mean dose to lung is below the threshold at about 11-13 Gy, and
the tolerance limit of no more than 20% lung volume receiving in excess of 40 Gy is also met.

3.4. Comparative analysis of 6 MV, 18 MV and ®°Co IMRT for prostate

Figure 6(a) shows an 18 MV dose model applied to a prostate case compared to 6 MV and
0Co plans for the same case. The 18 MV beam model plan achieves the sparing criteria given
in table 1 for the urinary bladder and rectum and the coverage of PTV1 and PTV?2 attains the
95% volume receiving the prescription dose. However, the falloff in both the PTV2 and PTV1
is less sharp with the 18 MV beam and additional tuning of the objective function parameters
produced little improvement and showed a marked increase of the rectum and urinary dose
per volume around the 40% mark. The urinary bladder receives a consistently higher dose
per volume with the 18 MV model, reaching a maximum of 20% volume having 20 Gy above
that observed with the 6 MV case. This was also the case for the skin and parts of the rectum.

3.5. Comparative analysis of helical and static ®*Co for H&N

Figure 6(b) shows a H&N plan obtained using a helical °Co beam scanning pattern for the
treatment delivery (dotted lines) as well as a plan for the same patient obtained with 11 static
equidistant ®*Co beams (solid lines). Target coverage and critical structure sparing criteria
are maintained for both plans. The target DVHs are almost identical, with the 11-beam static
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Figure 5. Deliverable IMRT axial isodose distributions for a prostate IMRT case. Parts (a) and
(b) show 7-beam dose distributions for 6 MV and %°Co, respectively. Parts (c) and (d) are 71-beam
dose distributions for 6 MV and °°Co, respectively. Shown are PTV1 (red) and PTV2 (dark blue) as
well as bladder (yellow), rectum (brown), femoral heads (purple) and skin (bright green). Isodose
curves are shown for 73.8, 60, 54, 45, 30 and 10 Gy.
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Figure 6. (a) Comparison of an 18 MV (solid), 6 MV (dashed) and 60Co (dotted) dose model for
a static 11-beam prostate plan. (b) Comparison of a static 11-beam 60Co (solid line) plan to that
of a helical ®Co (dotted line) plan for a H&N case.

plan showing a maximum divergence at the 15% volume level of 2 Gy for PTV2 and 1 Gy for
PTV1, while the critical structure DVHs are virtually indistinguishable from one another.

3.6. Number of apertures

Finally, the leaf-sequencing algorithm was applied to the 25 cases investigated. To illustrate
these results, table 2 shows, for a single case for each of the five sites and for both 6 MV and
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Table 2. Number of apertures required for typical cases.

H&N Prostate CNS Lung Breast

Number of beams 6MV ~ 9Co 6 MV Oco 6MV  9Co 6MV  %Co 6MV  9Co

3 89 89
5 164 150 130 135 108 107 104 107 157 137
7 226 224 167 209 150 151 257 276 192 180
9 283 316 219 238 188 195 328 353
11 354 374 282 283 233 237 409 432
17 504 537 397 480 346 358 630 662
35 1014 1178 890 965 788 770 1249 1385
71 2330 2455 1743 1976 1623 1569 2561 2969

%0Co beams, the number of apertures required to deliver the fluence map obtained from the
FMO using the leaf-sequencing algorithm. The number of apertures varied from ~90 for a
3-beam breast plan up to ~3000 for a 71-beam lung plan. For typical 7-beam plans, the H&N
cases required on the order of 225 apertures, compared to approximately 200 for prostate, 150
for CNS and 275 for lung. In general, the number of apertures required increased linearly
with the number of beams for all sites and for both beam qualities. No trend was observed
between the target volume and aperture number. Finally, fluence maps that contain a larger
number of gradient changes across the profile generally require a larger number of apertures
to successfully deliver the FMO fluence map using a MLC.

4. Conclusions

The data presented demonstrates that excellent plan quality for IMRT using inverse treatment
planning can be achieved with low numbers of equidistant beams, with little gain from
extending beam numbers beyond 9 beams in terms of target coverage and critical organ
sparing. We also demonstrate the feasibility of employing commercial °Co sources with a
divergent MLC for IMRT and show that nearly identical plans can be achieved when compared
to 6 MV IMRT. We therefore conclude that the common assumption that the °Co penumbra
is inferior to linac penumbra for MLC-based IMRT is not supported by the literature (see, e.g.,
Huq et al (2002), Kanagaki et al (2007), Langen et al (2005) or the findings of this study.
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