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Purpose: The authors present a rapid emission angle selection (REAS) method that enables the ef-
ficient selection of the azimuthal shield angle for rotating shield brachytherapy (RSBT). The REAS
method produces a Pareto curve from which a potential RSBT user can select a treatment plan that
balances the tradeoff between delivery time and tumor dose conformity.
Methods: Two cervical cancer patients were considered as test cases for the REAS method. The
RSBT source considered was a Xoft AxxentTM electronic brachytherapy source, partially shielded
with 0.5 mm of tungsten, which traveled inside a tandem intrauterine applicator. Three anchor RSBT
plans were generated for each case using dose-volume optimization, with azimuthal shield emission
angles of 90◦, 180◦, and 270◦. The REAS method converts the anchor plans to treatment plans for
all possible emission angles by combining neighboring beamlets to form beamlets for larger emis-
sion angles. Treatment plans based on exhaustive dose-volume optimization (ERVO) and exhaustive
surface optimization (ERSO) were also generated for both cases. Uniform dwell-time scaling was ap-
plied to all plans such that that high-risk clinical target volume D90 was maximized without violating
the D2cc tolerances of the rectum, bladder, and sigmoid colon.
Results: By choosing three azimuthal emission angles out of 32 potential angles, the REAS method
performs about 10 times faster than the ERVO method. By setting D90 to 85–100 Gy10, the delivery
times used by REAS generated plans are 21.0% and 19.5% less than exhaustive surface optimized
plans used by the two clinical cases. By setting the delivery time budget to 5–25 and 10–30 min/fx,
respectively, for two the cases, the D90 contributions for REAS are improved by 5.8% and 5.1%
compared to the ERSO plans. The ranges used in this comparison were selected in order to keep both
D90 and the delivery time within acceptable limits.
Conclusions: The REAS method enables efficient RSBT treatment planning and delivery and
provides treatment plans with comparable quality to those generated by exhaustive replan-
ning with dose-volume optimization. © 2013 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4802750]
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I. INTRODUCTION

The deliverable radiation dose using conventional brachyther-
apy (BT) is limited by organs at risk (OARs) located adja-
cent to or inside the tumor. In the case of cervical cancer
treated with intracavitary BT, the rectum, bladder, and sig-
moid colon limit the dose that can be delivered to the tumor.1, 2

This is an important clinical limitation since conventional sin-
gle channel BT dose distributions for nonradially symmetric

tumors are delivered with radiation sources that produce radi-
ally symmetric dose distributions about the applicator. For lat-
erally extended tumors, achieving the desired tumor dose cov-
erage using the intracavitary BT approach is challenging.3, 4

Rotating shield brachytherapy (RSBT) was first described
theoretically by Ebert as a means of improving brachyther-
apy dose distribution tumor conformity for single-catheter5

and multicatheter6 treatments. In both studies, Ebert modeled
RSBT dose distributions from a partially shielded radiation
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source with the dosimetric characteristics of 192Ir, but shielded
with an unknown material that provided a sufficiently low
transmission rate for RSBT to be effective. Although the ideal
transmission for a RSBT shield is dependent on the clinical
case and the emission angle, a shield transmission of 50% was
shown to be unacceptable.5 An 192Ir-based RSBT system for
rectal cancer is currently under development,7 and the mini-
mum tungsten alloy shield thickness reported for the system is
10 mm, which, combined with the applicator required for de-
livery, may make using the system for cervical cancer RSBT
challenging.

The advent of high-dose-rate electronic brachytherapy
(eBT) sources such as the 40–50 kVp eBT delivery system
(Xoft AxxentTM, Xoft Inc., Sunnyvale, CA) allows for small-
diameter intracavitary RSBT applicators to be used for cervi-
cal cancer. The eBT device is a 2.25 mm diameter x-ray tube,
contained in a 5.4 mm diameter water cooling catheter.8 The
transmission rate can be finely controlled, making delivery of
less than 0.1% transmission possible when using a 0.5 mm
tungsten shield. The eBT device with the rotating shield and
applicator combination provides a RSBT system with an over-
all diameter of less than 7 mm (half the cross-sectional area
of a 10 mm diameter shield) as shown in Fig. 1(a). Although
there are no commercially available applicators with rotatable
partial shields to the best knowledge of the authors, there is a
conceptual patented design.9

Of the nearly 12 000 new cases of cervical cancer diag-
nosed annually in the U.S., about 57% (6800) (Ref. 10) are
stage IB2 or higher. They are typically treated with a com-
bination of cisplatin chemotherapy, external beam radiation
therapy, and a brachytherapy boost to the tumor.11 Cervical
cancer brachytherapy has improved considerably in recent
years through the use of magnetic resonance imaging (MRI)-
guidance.1, 2 Tumor regions that would be underdosed using
intracavitary brachytherapy alone can be better visualized on
MRI scans and treated with supplementary needle-based in-
terstitial brachytherapy improving outcomes.4, 12–14 In a 78-
patient study of stage IB-IVA cervical cancer, patients with
tumors of greater than 5 cm in size (40% of the patients)
improved local tumor control and overall survival following
additional needle-based interstitial brachytherapy.3 Increased
local tumor control at 3 yr went from 64% to 82% (p = 0.09)
and 3-yr overall survival increased from 28% to 58%
(p = 0.003) relative to conventional intracavitary methods.3

As increasing the delivered tumor dose using supplementary
interstitial BT has improved cervical cancer outcomes relative
to intracavitary BT alone, it may be expected that RSBT based
on eBT could be a less-invasive alternative to intracavitary
plus interstitial BT, while still improving patient outcomes
relative to intracavitary BT alone. RSBT for cervical cancer
is considered in this study, although in principle RSBT may
be delivered to breast,14 prostate,6 gynecological, and rectal15

cancers.
For a given radiation source, single-catheter RSBT treat-

ment planning and delivery is more time-consuming than con-
ventional single-catheter BT delivery for multiple reasons.
First, the rotating shield blocks photons generated from the
radiation source, increasing the amount of energy the source

must emit during a treatment.5 Since each eBT source has a fi-
nite lifetime, efficient usage of each source is necessary in or-
der for the therapy to be cost-effective. Second, the treatment
planning process for RSBT is more time-consuming than that
for conventional BT. This is because the number of optimiza-
tion variables for RSBT are greater than that of conventional
BT by a factor of K, where K is the number of allowed irradi-
ation directions per dwell position. For example, Shi et al.16

reported multidirectional breast BT treatment planning and
delivery times of 120 and 37 min, respectively, while conven-
tional BT treatment planning and delivery times were both
about 5 min. Since patients tend to be under general or spinal
anesthesia during BT treatment planning and delivery, pro-
longing these processes is expensive and inefficient.

It is assumed that RSBT users will have access to multi-
ple shields with a range of azimuthal emission angles. It is
also assumed that a single azimuthal emission angle is used
to deliver a patient’s RSBT treatment. The optimal azimuthal
emission angle for single-catheter, single-shield RSBT will be
tumor-dependent, especially in the case of a target with an el-
lipsoidal cross section and a catheter that passes through the
center of mass of the cross section. For a target with an el-
lipsoidal cross section with a width of three times the height,
an azimuthal emission angle smaller than 180◦ will be nec-
essary in order to treat the lateral tumor extensions without
overdosing the normal tissue anterior and posterior to the tu-
mor. For more cylindrical targets, as the width and height of
the tumor approach each other, larger azimuthal emission an-
gles become attractive, and the treatment times will decrease
accordingly. In the case of a target with a cylindrical cross sec-
tion, the ideal source is an unshielded one, and a conventional
BT case is best.

The choice of an azimuthal emission angle is an important
component in single-catheter, single-shield, RSBT planning.
However, determining the ideal azimuthal emission angle for
a given case is efficiently not an intuitive task. Using exhaus-
tive replanning with dose-volume optimization (ERVO) is
able to determine the ideal azimuthal emission angle, but the
computational cost may not be acceptable and the treatment
planning time would increase in proportion to the number of
available shields; using exhaustive replanning with surface-
homogeneity optimization (ERSO) as a heuristic can decrease
the computational cost, but it may suffer the quality of the
plan. In this work a rapid emission angle selection (REAS)
method is presented that enables RSBT users to intuitively se-
lect an ideal balance between RSBT treatment time and dose
distribution quality for a given clinical case.

II. MATERIALS AND METHODS

The key process in REAS is to separate the dose optimiza-
tion stage into an anchor plan optimization stage and an opti-
mal sequencing stage. In the anchor plan optimization stage,
RSBT treatment plans are generated for azimuthal emission
angles of 90◦, 180◦, or 270◦. These plans are then converted
into baseline equivalent plans by disassembling the beamlets
used in the anchor plan optimization stage into a set of beam-
lets with a small azimuthal emission angle, which we will call
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FIG. 1. (a) A cross view of the conceptual model of a partially shielded eBT source in RSBT (drawn to scale). (b) A longitudinal section view of the beamlet
arrangement.

the baseline beamlets. For any given azimuthal emission an-
gle, we use the optimal sequencing stage to reassemble the
baseline beamlets back into beamlets within the specified az-
imuthal emission angle. This decoupling process allows for
the calculation of the dose optimization procedure indepen-
dent of the azimuthal emission angle used for delivery. Op-
timal sequencing, the key part of REAS, requires only half
minute of computational time for all 32 azimuthal emission
angles used in this study except the one used for the anchor
plan, as opposed to 20 min required to generate the baseline
plans. A delivery efficiency curve is generated in about 1 min,
enabling the user to select the treatment plan that balances
dose distribution quality and delivery time.

II.A. Radiation source model and dose calculation

Define a RSBT beamlet, Ḋi,j,k(�ϕ,�θ ), as the dose rate
at the point

⇀

r i due to a shielded radiation source at dwell po-
sition

⇀

sj ( j = 0, . . . , J − 1). The shield has an azimuthal
emission angle of �ϕ and a zenith emission angle of �θ [see
Fig. 1(b)]. The irradiation direction of the beamlet is defined
by ϕk, which is the lower of the two azimuthal angles defin-
ing the aperture: ϕk = (k mod K) δϕ (k = 0, . . . , K − 1),
where δϕ = 360◦/K is the azimuthal step size between neigh-
boring beamlets and K is set to 32 in this study. The mod
operation denotes modular arithmetic, enabling beamlet ref-
erencing with arbitrary integer k-values such that ϕk+K+1

= ϕk+1. The upper azimuthal edge of beamlet k is located
at angle ϕk + �ϕ. The total dose delivered to point i from
a shielded source with azimuthal and zenith emission angles
of �ϕ and �θ , respectively, is calculated as a time-weighted
sum of the appropriate beamlets over all dwell positions and
emission angles:

di(�ϕ,�θ ) =
J−1∑
j=0

K−1∑
k=0

Ḋi,j,k(�ϕ,�θ )tj,k, (1)

where tj,k is the dwell time, which is always greater than or
equal to zero, for which the source is pointed in direction ϕk

while it is located at dwell position j. The source step length
along the source trajectory, �λ, was set to 3 mm. We also
considered the cases in which �λ was 1, 6, and 8 mm. As

with ϕk, Ḋi,j,k(�ϕ,�θ ) and tj, k are periodic functions of the
index k with a period of K.

The RSBT source was assumed to be a 50 kVp Xoft
AxxentTM with a 0.5 mm tungsten shield providing less than
0.1% transmission. RSBT beamlets were obtained by mul-
tiplying unshielded 3D dose rate distributions obtained us-
ing the TG-43 dose calculation model of Rivard et al.8 by
a binary function that was zero at all points blocked by the
shield and unity at all other points. Thus, the point source ap-
proximation was used and the effects of emission angle size
on the x-ray scatter component of the Xoft AxxentTM dose
distribution were neglected. The approximations are justified
since the azimuthal emission angle selection method can be
applied regardless of the accuracy of the beamlet calculation
technique. The exact result of the method will likely have a
slight, although unknown, dependence on the beamlet calcu-
lation technique.

In order to demonstrate the characteristics of the clinical
cases used in this study, the conventional intracavitary (ICBT)
treatment plans for each case were also simulated. A tandem
and ring (radius = 21.25 mm) applicator with 192Ir was used
for ICBT.

The emission angle selection problem was limited to
azimuthal angles, and the zenith angle was held constant
throughout the current work at �θ = 120◦. It is assumed that
the source emission direction would be controlled by rotating
the shield about the source, and that the x-ray intensity of the
unshielded source has no azimuthal dependence.

II.B. Clinical cases, treatment goals, and plan
quality metrics

Treatment plans were based on two cervical cancer cases,
previously treated with MR-guided BT. For each patient, the
RSBT was simulated to be delivered through a single-channel
tandem applicator without a ring applicator. An example of
the anatomical area treated is shown in Fig. 2. The high-
risk clinical target volume (HR-CTV) and rectum, sigmoid
colon, and bladder OARs were delineated by a radiation on-
cologist using the GEC-ESTRO recommendations.1 The HR-
CTVs were larger than 40 cm3. Prior EBRT doses of 45 Gy in
25 fractions (fx) of 1.8 Gy were delivered to the HR-CTV
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FIG. 2. (a) Sagittal and (b) coronal view of a test clinical cervical cancer
case.

and OARs for both patients, which was accounted for in
the BT treatment planning. The BT delivery was assumed
to take place over five fractions, which is standard at the
authors’ institution. The HR-CTV doses [Gy10] and OARs
doses [Gy3] were expressed as equivalent doses in 2 Gy frac-
tion of EBRT (EQD2),17 using α/β values of 10 and 3 Gy,
respectively.2 In Sec. III.B, the HR-CTV and OARs doses will
be measured with EQD2 and the subscripts will be omit for
brevity.

The RSBT and conventional (unshielded) BT treatment
goal was to escalate tumor dose without exceeding the OAR
tolerances and the delivery time budgets. Specifically, the
minimum dose received by 90% of the HR-CTV (D90) was
maximized under the constraint that the minimum doses to
the hottest 2 cm3 (D2cc) of the rectum, sigmoid colon, and
bladder could not exceed the tolerance doses2, 4 of 75, 75, and
90 Gy, respectively. The �ϕ-dependent treatment plan qual-
ity metrics were D90 for the HR-CTV and the delivery time.
As the delivery time for EBRT was assumed invariant for all
cases and planning methods, only the delivery time for BT is
considered in this study.

II.C. Generating beamlets by combining baseline
beamlets

It was assumed that the baseline azimuthal angle, δϕ, was
small enough that all shield azimuthal angles were integer
multiples of it. It was also assumed that the shield window
can only be aligned with directions which are integer multi-
ples δϕ. Baseline beamlets are defined as the beamlets gener-
ated using the baseline azimuthal angle δϕ. According to the
study conducted by Ebert,5 the quality of dose coverage tends
to be better with smaller δϕ yet requires more time for opti-
mization due to the increased degrees of freedom. In order to
strike a balance between the quality and computation time, we
set δϕ to 11.25◦ for this work which resulted in 32 possible
azimuthal emission angles.

The baseline beamlets at a given dwell position j are as-
sumed to be nonoverlapping; thus, the shadows cast by the
shields of neighboring beamlets (k and k + 1 for a given dwell
position j) do not overlap. An integer number, W (W > 1), of
neighboring baseline beamlets can be combined by superpo-
sition to produce a beamlet with a larger azimuthal emission

angle, �ϕW = W δϕ, as follows:

Ḋi,j,k(�ϕW,�θ ) =
W−1∑
p=0

Ḋi,j,k+p(δϕ,�θ ), (2)

generating a set of “W -beamlets.” Equation (2) is exact for the
case of zero shield transmission, which is a safe assumption
for the case under consideration.

Consider the case in which the W neighboring baseline
beamlets, with indices from k to k + W − 1, all share delivery
times of tj, k = τ . It follows from Eq. (2) that the W neighbor-
ing beamlets can be replaced with a single beamlet with an az-
imuthal emission angle �ϕW and a delivery time of tWj,k = τ,

where the t-superscript indicates that the delivery time is as-
sociated with a beamlet with an emission angle of �ϕW . Con-
versely, a beamlet with an azimuthal emission angle of �ϕW

and a delivery time of τ can be replaced with the baseline
beamlets with indices between k and k + W − 1, which will
have delivery times of t1

j,k = τ . Thus, an entire set of dwell
times associated with beamlets of azimuthal emission angle
�ϕW can be written as a set of baseline dwell times (W = 1)
as follows:

tW→1
j,k =

K−1∑
k′=0

tWj,k′�

[
(k − k′) modK

W

]
, (3)

where �(a/W ) is unity when 0 ≤ a < W (a and W are
both integers) and zero otherwise. The �-function spreads the
dwell times from the �ϕW azimuthal emission angle beam-
lets over multiple baseline beamlets. The modular arithmetic
in its argument makes � a periodic function of k′ with period
K. Equation (3) can be simplified by changing summation in-
dices for k′ to p = k − k′ as follows:

tW→1
j,k =

K−1∑
p=0

tWj,k−p�

(
p mod K

W

)
=

W−1∑
p=0

tWj,k−p. (4)

Since the sum over k′ in Eq. (3) is over one period tWj,k−p,

which is a periodic function of k′, the summation over p in the
middle expression of Eq. (4) can be done over the same range,
even after changing variables.

II.D. Treatment plan generation from anchor plans

A treatment plan generated using the W -beamlets (W
> 0) and an in-house dose-volume optimizer is denoted by
P̂ W , which has a dwell time of t̂Wj,k and a dose distribution

d̂W
i . The in-house dose-volume optimizer used in this study

is a simulated annealing optimizer which is aimed at maxi-
mizing the HR-CTV D90 while keeping the D2cc of all OARs
below the GEC-ESTRO recommended thresholds. In order
to make the simulated annealing algorithm efficient, the ini-
tial solution was generated by a linear least squares method
to optimize the dose homogeneity on the HR-CTV surface.18

Both the simulated annealing method5, 16 and the linear least
squares method19–22 have been used for treatment planning in
previous studies. The baseline equivalent plan of P̂ W is de-
noted as P̂ W→1, which has a dwell time of t̂W→1

j,k for baseline

beamlets and the same dose distribution d̂W
i .
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As the dose-volume optimization is a nonconvex optimiza-
tion, the simulated annealing optimizer still requires 5–10 min
to converge even with initial guesses from the linear least
squares method. Therefore, it is challenging to generate plans
with all possible W -values in times appropriate for clinical
application. The proposed solution is to limit the number of
calls to the optimizer, and to achieve this, the concept of an-
chor RSBT plans is introduced.

An anchor plan P̂ W for a given patient is the treatment
plan generated with W -beamlets, by finding t̂Wj,k , which is the
optimal tWj,k for (j = 0, . . . , J − 1, k = 0, . . . , K − 1). The

baseline equivalent plan P̂ W→1 can then be obtained directly
from P̂ W without modifying the delivered dose distribution,
d̂W

i . Then, an expedient treatment plan P̃ W ′
, which has a dwell

time of t̃W
′

j,k , is rapidly generated from an anchor plan P̂ W by
solving the following optimization problem:

min
J−1∑
j=0

K−1∑
k=0

(
λ−

j,kH
(
t̂W→1
j,k − t̃W

′→1
j,k

)

+λ+
j,kH

(
t̃W

′→1
j,k − t̂W→1

j,k

))(
t̃W

′→1
j,k − t̂W→1

j,k

)2

s.t. t̃W
′→1

j,k =
W−1∑
p=0

t̃W
′

j,k−p

J−1∑
j=0

K−1∑
k=0

t̃W
′

j,k ≤ Tmax, (5)

where H(x) is a Heaviside function and λ+
j,k and λ−

j,k are co-
efficients for overdosing and underdosing at dwell position
⇀

sj and emission direction ϕk of the baseline beamlet, respec-
tively. In this study, λ+

j,k is proportional to the largest dose
rate contribution [i.e., maxi∈OARḊi,j,k(δϕ,�θ )] to the OAR
of the corresponding beamlet, and λ−

j,k is proportional to the
largest dose rate contribution to the HR-CTV surface [i.e.,
maxi∈HR−CTV_surfaceḊi,j,k(δϕ,�θ )].

Due to the inevitable disagreement between t̂W→1
j,k and

t̃W
′→1

j,k in most real-world cases, P̃ W ′
may not reproduce the

dose distribution of P̂ W perfectly. The plan quality tends to
degenerate as W ′ increases. As a result, the expedient plan
P̃ W ′

can be regarded as an approximation of the dose-volume
optimized plan P̂ W . However, the approximation quality will
decrease as W ′ increases.

With the solution to Eq. (5), t̃W
′

j,k is scaled to maximize D90

in the HR-CTV as described in Sec. II.B. Tmax is a constraint
on the total delivery time of P̃ W ′

which can be imposed to re-
duce treatment time at the expense of HR-CTV D90. Obtain-
ing P̃ W ′

by solving the sequencing problem in Eq. (5) is faster
than the full optimization needed to obtain P̂ W ′

, since the
problem concerns dwell times only, rather than dwell times
and beamlets.

To enable a balance between the time costs spent on ex-
haustive reoptimization and the plan quality, a small set of
anchor plans P̂ 8, P̂ 16, and P̂ 24 was chosen. The correspond-
ing azimuthal emission angles are 90◦, 180◦, and 270◦, evenly
spaced among all possible azimuthal emission angles and can
be considered a sparse sampling of the full-set of simulated-

annealing optimized plans. The time budget for each anchor
plan used in this study is 5 min, therefore, the overall time
cost for three anchor plans and the REAS technique will be
comparable to the overall time cost for the exhaustive surface
optimization.

The optimal sequencing is then applied to each anchor
plan and a delivery efficiency curve, which is a Pareto-front23

showing the trade-off between D90 and delivery times for all
possible W s, is generated.

II.E. Evaluation and comparison

To evaluate a planning method, the planning time and the
plan quality were considered. The plan quality was estab-
lished by maintaining a balance between the HR-CTV D90

and the corresponding delivery time under the constraint that
all OAR D2cc values are below tolerance. By plotting the best
HR-CTV D90 achieved by the planning method against speci-
fied delivery time budgets, we generated a delivery efficiency
curve for the planning method. For the purpose of compari-
son, three different planning methods including REAS were
applied to two clinical cases (see Fig. 3):

(1) ERVO. With this method, the in-house dose-
volume optimizer, using both the linear least square
method and simulated annealing, was applied to all
W -beamlets.

(2) ERSO. Using this method, only the linear least square
method was applied at all W -beamlets.

(3) REAS, based on three anchor plans with azimuthal
emission angles 90◦, 180◦, and 270◦.

For each clinical case and each planning method, a corre-
sponding delivery efficiency curve was generated instead of a
single plan. When using the ERVO method, for example, the
dose optimization with simulated annealing was applied to all
32 possible azimuthal emission angles. For each azimuthal
emission angle, a delivery plan was generated with a deliv-
ery time (x-axis) and a HR-CTV D90 (y-axis). We called these
plans (calculated directly with the dose optimizer or optimal
sequencing) prime plans. Each prime plan corresponds to a
single point on the delivery efficiency plot. The prime plans
can be scaled with any scaling factor less than 1, resulting in
a derived plan. A derived plan will have lower D90 and lower
delivery time compared to the prime plan and the OAR dose
will still be kept below the given threshold. All derived plans
from the same prime plan will be shown as a curve on the
delivery efficiency plot which was generated by finding the
envelope of all 32 curves. The delivery efficiency curves for
ERSO were generated by a similar method as described for
ERVO, except that the dose optimization was performed us-
ing the linear least square method only. For the REAS method,
we used 3 × 32 prime plans instead of 32 as we applied the
optimal sequencing to each anchor plan and each azimuthal
emission angle.

There are two ways to interpret a delivery efficiency curve:
(i) Given a D90 goal (y-axis), the most appropriate delivery
plan can be found at the leftmost point on the curve that is
above the horizontal line (y = D90 goal). According to the
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Δλ: Source step length. BW : A set of W -beamlets.
Δϕ: Azimuthal emission angle. P̂W : Dose-volume optimized plan with BW .
Δθ: Zenith emission angle. P̄W : Surface optimized plan with BW .
δϕ: Azimuthal step size. P̃W : Optimal sequencer generated plan with BW .
tWj,k: Dwell time for W-beamlet at dwell position �sj and direction ϕk.

FIG. 3. TPS processes for REAS method. Two distinct workflows are shown: (1) ERVO and ERSO method are shown by solid and dotted lines; (2) REAS
method is shown by solid and dashed lines. These two methods are also different in the number of W s for the initial input, the ERVO and ERSO methods need
all possible W s, while REAS method needs only a small subset.

delivery efficiency curve, this point represents the minimal
delivery time required to achieve the specified D90. The az-
imuthal emission angle will be determined by the delivery
plan corresponding to this point, and no other azimuthal emis-
sion angles can achieve less delivery time with the specified
D90 satisfied. Thus, for different planning methods with same
D90 goal on the same case, the selected azimuthal emission
angle may or may not be the same. (ii) Given a delivery time
budget (x-axis), the most appropriate delivery plan can be
found at the top most point on the curve that is on the left of
the vertical line (x = time budget). This point represents the
highest D90 that can be achieved within the given time budget.
The azimuthal emission angle will be determined by the de-
livery plan corresponding to this point, and no other azimuthal
emission angles can achieve higher D90 within the given time
budget. Thus, for different planning methods with same de-
livery time budget on the same case, there is no guarantee that
the selected azimuthal emission angle would be the same.

Therefore, besides the visual comparison between deliv-
ery efficiency curves, these three methods were also quantita-
tively compared by

1. The average minimal delivery time for all D90 goals
in a selected set of interest. The selected set consists
of every integral valued at D90 from 85 to 100 Gy.
The reason for selecting this interval is that: (1) a plan
with D90 less than 85 Gy may not be good enough to
be clinically useful; (2) for the cases studied in this
work, the delivery time for a plan with D90 higher
than 100 Gy is too high to be practical in most cases.

If the desired D90 cannot be achieved, changes to
the delivery time will be considered as the means to
achieving the maximal D90 for this method during the
computation.

2. The average maximal D90 for all delivery time bud-
gets in a selected set of interest. The selected set con-
sists of every integral valued delivery time from 5 to
25 min/fx for patient #1, and 10 to 30 min/fx for pa-
tient #2. These intervals were selected on the basis of
keeping both D90 and the delivery time in the clinically
reasonable range. The range of delivery time budgets
varied due to geometrical variations in the HR-CTV
and the applicator location between clinical cases was
also seen to vary. In the first case with a D90 ≈ 86 Gy
and under a 5 min delivery time budget, we were able
to achieve a reasonable clinical delivery plan. How-
ever, in the second case, under a 5 min time budget all
three methods were only able to provide plans with a
D90 ≈ 60 Gy which is not clinically reasonable. Thus,
we excluded those points which were considered as
“of no interest.”

III. RESULTS

III.A. Planning time comparison

The ERVO method took about 3 h to finish and was the
most time-consuming method among the three methods stud-
ied in this work. The time costs for the ERSO and the REAS
method were approximately the same at about 20 min. All
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TABLE I. List of conventional ICBT plans that were evaluated with HR-CTV
D90, OAR D2cc, and the delivery times.

HR-CTV Bladder Sigmoid Rectum Delivery
Patient D90 (Gy) D2cc (Gy) D2cc (Gy) D2cc (Gy) time (min/fx)

#1 74.5 90.0 64.8 55.7 4.6
#2 77.2 90.0 52.0 67.2 5.3

three methods were applied to all 32 different azimuthal emis-
sion angles and were able to generate the corresponding de-
livery efficiency curve.

When using the ERVO method, the time spent on dose op-
timization using the simulated annealing algorithm dominated
the time cost, as each dose optimization took 5 min. For all 32
plans the ERVO method (W = 1,. . . ,32) took about 3 h, in-
cluding the time for computing the beamlets. It is important
to note that the running time for the ERVO method depends
on the preassigned computation time budgets as there is no
guaranteed time for achieving an optimal solution with a sim-
ulated annealing based algorithm.

Because the ERSO method took less time; the whole pro-
cedure can be finished in around 20 min for all 32 plans in-
cluding the time needed to compute the beamlets.

The REAS optimal sequencing process required less than
a second for each sequence. The time needed to generate the
anchor plans, around 15 min for all three anchor plans, dom-
inates the time cost for this process. The whole REAS pro-
cess, including the time spent on beamlet calculation, can be
finished in about 20 min.

III.B. Plan quality comparison

We evaluated the conventional plans for both cases studied
in this paper, and the results are shown in Table I. In both

cases, the conventional intracavitary method can only achieve
D90 less than 87 Gy, which may result in suboptimal treatment
outcomes.24

For the three RSBT planning methods studied in this pa-
per, delivery efficiency curves were generated instead of sin-
gle plans. The delivery efficiency curves for each patient with
the three planning methods are shown in Fig. 4.

As seen in Fig. 4, the curves generated when using the
ERVO method always appear in the top-left-most position
indicating that the ERVO method generates plans with best
quality. The curves generated using the REAS method lie in-
between the corresponding curves generated by the ERVO
and the ERSO method, showing that REAS may be regarded
as a better way of approximating ERVO compared with
ERSO.

According to the results as seen in Table II, the delivery
time when using the ERSO method for patient #1 averaged
5.6 min/fx more than that when using the ERVO method,
with a range from −0.1 to 17.6 min/fx with a D90 goal set
to 85–100 Gy. Using the REAS method, the delivery time in-
creased 0.8 min/fx on average over that achieved by using the
ERVO method, with an increased range between −0.1 and 6.9
min/fx. This demonstrates that with the same D90 goal, the de-
livery time of the plan computed by the REAS method is less
than that achieved by the ERSO method. On average, REAS
needs 21% less delivery time than ERSO in this case.

Table III shows results after the delivery time budget was
changed from 5 to 25 min/fx. For patient #1, the difference
between the D90 achieved using the REAS method and the
ERVO method was −0.8 Gy on average; with differences
ranging between −0.5 and 1.9 Gy. By comparison, the differ-
ence between the D90 achieved using the ERSO method and
the ERVO method was −5.0 Gy; and the difference ranged
between −8.0 and −0.6 Gy.

For patient #2, the D90 goals ranged between 85 and
100 Gy and the detailed data are shown in Table IV. The

(a) Patient #1 (b) Patient #2

ERVO: ERSO: REAS:

FIG. 4. Delivery efficiency curves for two clinical cases by using three different RSBT planning methods. The anchor plans are explicitly labeled with the
corresponding azimuthal emission angles even if they are not on the delivery efficiency curves.
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TABLE II. A part of the dosimetric comparison for patient #1 between ERVO, ERSO, and REAS methods with
D90 goals set to 85–100 Gy. The average delivery time was computed for all D90 goals in the range with 1 Gy
spacing, and if the specified D90 goal could not be achieved, the delivery time with the best D90 is used instead
and the delivery time will be marked with an * mark.

Achieved Bladder Sigmoid Rectum Delivery Azimuthal emission
D90 goal (Gy) D90 (Gy) D2cc (Gy) D2cc (Gy) D2cc (Gy) time (min/fx) angle �ϕ (deg)

85 ERVO 85.00 87.57 52.45 70.28 4.96 303.75
ERSO 85.00 88.69 52.63 70.20 5.02 303.75
REAS 85.00 86.54 55.77 74.22 4.89 303.75

90 ERVO 90.00 89.41 53.67 73.15 5.43 292.50
ERSO 90.00 84.34 57.07 73.42 5.70 281.25
REAS 90.00 87.37 55.51 73.11 5.62 281.25

95 ERVO 95.00 89.13 57.60 74.36 7.08 236.25
ERSO 94.43* 83.03 55.60 74.74 23.95 67.50
REAS 95.00 82.85 55.67 74.62 7.69 213.75

100 ERVO 100.00 88.67 57.31 74.21 16.92 101.25
ERSO 94.43* 83.03 55.60 74.74 23.95 67.50
REAS 100.00 89.94 55.90 74.03 19.18 90.00

Average delivery time ERVO: 7.9 min/fx, ERSO: 13.5 min/fx, REAS: 8.7 min/fx

average delivery time when using the ERSO method increased
10.2 min/fx compared to that achieved by ERVO, with an in-
crease of between 0.9 and 16.8 min/fx; while REAS only in-
creased the delivery time by on average 2.4 min/fx, with a
range of −0.1–8.6 min/fx. The REAS method required on av-
erage 20% less delivery time than the ERSO method.

When considering D90 with respect to a given delivery time
using a range of 10–30 min/fx (our patient #2), the average
D90 achieved when using REAS was 1.5 Gy less than that
achieved when using ERVO. When using the ERSO method,
it was decreased by 4.6 Gy as compared to ERVO. The D90

increases the range from −0.3 to 3.5 Gy when using REAS;

while the range was between 2.3 and 8.3 Gy when using
ERSO. On average, REAS achieved 3.1 Gy higher D90 than
ERSO. Detailed data are shown in Table V.

In both cases studied in this paper, the REAS method re-
sulted in about 20% less delivery time than ERSO with the
same D90 goal. REAS could boost the D90 contribution for BT
by over 5% on average while compared to the ERSO method.
All three RSBT planning methods were able to achieve higher
HR-CTV D90 than the conventional ICBT method, at the cost
of longer treatment times.

To graphically represent the differences that these plans
generated when using the three methods studied in this paper,

TABLE III. A part of the dosimetric comparison for patient #1 between ERVO, ERSO, and REAS methods with
time budget set to 5–25 min/fx. The averages of delivery time were computed on all delivery time budgets in the
range with 1 min/fx spacing.

Time budget Achieved Bladder Sigmoid Rectum Delivery Azimuthal emission
(min/fx) D90 (Gy) D2cc (Gy) D2cc (Gy) D2cc (Gy) time (min/fx) angle �ϕ (deg)

5 ERVO 85.42 88.10 52.55 70.59 5.00 303.75
ERSO 84.82 88.46 52.59 70.07 5.00 303.75
REAS 85.88 90.00 52.72 67.66 4.97 303.75

10 ERVO 97.27 90.00 57.85 74.93 7.94 213.75
ERSO 93.63 90.00 56.09 74.84 6.23 270.00
REAS 96.99 89.04 55.40 75.00 8.36 202.50

15 ERVO 97.56 89.93 58.51 75.00 12.50 135.00
ERSO 93.63 90.00 56.09 74.84 6.23 270.00
REAS 97.70 90.00 56.22 74.42 14.96 112.50

20 ERVO 101.28 89.87 57.64 75.00 17.19 101.25
ERSO 93.86 82.26 56.22 75.00 17.94 90.00
REAS 100.06 90.00 55.98 74.68 19.19 90.00

25 ERVO 101.93 89.99 56.22 75.00 22.04 78.75
ERSO 94.43 83.37 55.61 75.00 23.95 67.50
REAS 100.06 90.00 55.98 74.68 19.19 90.00

Average achieved D90 ERVO: 98.2 Gy, ERSO: 93.3 Gy, REAS: 97.6 Gy
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TABLE IV. Dosimetric comparison for patient #2 between ERVO, ERSO, and REAS methods with D90 goals set
to 85–100 Gy. The average delivery time was computed on all D90 goals in the range using 1 Gy spacing. If the
specified D90 could be achieved, the delivery time with the best D90 is used instead and the delivery time will be
marked with an * mark.

Achieved Bladder Sigmoid Rectum Delivery Azimuthal emission
D90 goal (Gy) D90 (Gy) D2cc (Gy) D2cc (Gy) D2cc (Gy) time (min/fx) angle �ϕ (deg)

85 ERVO 85.00 83.69 70.81 56.28 12.05 168.75
ERSO 85.00 88.58 74.68 53.24 12.92 157.50
REAS 85.00 87.28 52.94 49.34 11.96 168.75

90 ERVO 90.00 89.58 74.74 53.39 13.10 168.75
ERSO 90.00 89.07 68.66 51.60 24.08 90.00
REAS 90.00 82.90 72.85 52.00 21.67 101.25

95 ERVO 95.00 85.87 72.34 52.64 25.57 90.00
ERSO 95.00 89.40 66.35 51.84 28.75 78.75
REAS 95.00 85.87 72.34 52.64 25.57 90.00

100 ERVO 100.00 81.94 69.73 53.29 30.46 78.75
ERSO 98.07* 90.00 66.39 52.14 42.48 56.25
REAS 100.00 84.48 71.81 52.29 30.92 78.75

Average delivery time ERVO: 19.7 min/fx, ERSO: 28.1 min/fx, REAS: 22.1 min/fx

we included a dose distribution plot on a single 2D slice for
each method and each patient case, as seen in Fig. 5.

IV. DISCUSSION

By combining dose-volume optimization with the se-
quencing algorithm, the REAS method provides users a tool
by way of the delivery efficiency curves to facilitate treatment
planning in a reasonable time frame. Theoretically, the ERVO
method can also provide users with the quality tools needed
but at the cost of far greater computational times. The quality

of the plans produced when using the REAS method is supe-
rior to those generated by ERSO according to the results of
this study, and may be considered a closer approximation to
the ERVO method than the ERSO method.

The dosimetric results were insensitive to the dwell posi-
tion spacing, �λ, as long as the combination of �λ and �θ

does not lead to cold spots, i.e., �λ ≤ 2r · tan(�θ /2), where r
is the radius of the applicator. Compared with the cases with
a �λ of 3 mm, the HR-CTV D90 values for the baseline plans
were increased by about 0.5% with a �λ of 1 mm. With �θ

set to 120◦ and an r of 3.2 mm, cold spots appear when �λ is

TABLE V. Dosimetric comparison for patient #2 between ERVO, ERSO, and REAS methods with time budget
set to 10–30 min/fx. The average delivery times were computed on all delivery time budgets using a range with 1
min/fx spacing.

Time budget Achieved Bladder Sigmoid Rectum Delivery Azimuthal emission
(min/fx) D90 (Gy) D2cc (Gy) D2cc (Gy) D2cc (Gy) time (min/fx) angle �ϕ (deg)

10 ERVO 78.15 83.19 66.24 55.60 10.00 180.00
ERSO 75.81 83.08 62.43 52.26 10.00 168.75
REAS 78.15 83.19 66.24 55.60 10.00 180.00

15 ERVO 92.44 89.99 75.00 56.45 14.40 157.50
ERSO 87.26 90.00 72.75 53.98 14.72 146.25
REAS 88.90 90.00 74.86 57.25 14.12 157.50

20 ERVO 92.44 89.99 75.00 56.45 14.40 157.50
ERSO 87.26 90.00 72.75 53.98 14.72 146.25
REAS 88.90 90.00 74.86 57.25 14.12 157.50

25 ERVO 93.40 84.32 71.32 52.35 25.00 90.00
ERSO 90.78 90.00 69.15 51.74 24.38 90.00
REAS 93.40 84.32 71.32 52.35 25.00 90.00

30 ERVO 99.14 89.91 75.00 53.40 27.02 90.00
ERSO 95.57 90.00 66.63 51.93 28.98 78.75
REAS 99.14 89.91 75.00 53.40 27.02 90.00

Average achieved D90 ERVO: 92.2 Gy, ERSO: 87.6 Gy, REAS: 90.8 Gy
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1501251009075 Dose EQD2

FIG. 5. EQD2 dose distributions on a 2D slice generated by three different planning methods for two patients with selected D90 goal or delivery time budget.
The positions of tandem applicator are shown with the black circles inside the HR-CTV regions.

greater than 5.5 mm. By changing �λ to 6 mm, the HR-CTV
D90 values were decreased by about 5% due to the presence
of cold spots near the applicator. With a �λ of 8 mm, cold
spots will reduce the HR-CTV D90 by 50% relative to those
with a �λ of 3 mm.

The delivery efficiency curves seen in Fig. 4 provide more
information than simply describing the tradeoff between de-
livery time and dose quality. Based on our experimental re-
sults we found that: first, the delivery efficiency curves vary
between cases, showing the selection of the azimuthal emis-
sion angle �ϕ should be case-dependent. Second, smaller
azimuthal emission angles do not guarantee better dose dis-
tributions. This conclusion seems to be counterintuitive, yet
a simple explanation is that we are using a fixed azimuthal
emission angle. If the larger azimuthal emission angle is not a

multiple of the smaller one, we cannot always expect to get
a better dose distribution by using the smaller angle. Sup-
posing that Fig. 6(a) shows the ideal dose distribution, then

+
⇒

(a) (b)

FIG. 6. Situation in which a smaller azimuthal emission angle results in a
worse dose distribution. (a) A dose distribution that can be perfectly repro-
duced with �ϕ = 3δϕ. (b) By using �ϕ = 2δϕ, it is impossible to perfectly
reproduce the dose distribution shown in (a).
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(a) Patient #1 (b) Patient #2

REAS with 3 anchor plans (90◦, 180◦ and 270◦):
REAS with single anchor plan (90◦):

FIG. 7. Delivery efficiency curves for two clinical cases by using different set of anchor plans. Three anchor plans (90◦, 180◦ and 270◦) are explicitly labeled
with the corresponding azimuthal emission angles.

the dose distribution can be perfectly reproduced by set
�ϕ = 3δϕ. However, with a smaller azimuthal emission an-
gle �ϕ = 2δϕ, it is impossible to perfectly reproduce the dose
distribution, as shown in Fig. 6(b). Third, we selected three
anchor plans in this study and the REAS method worked well
for interpolating between anchor plans. However, for the re-
gions of interest, where both delivery time and D90 fall into
clinically reasonable intervals, a single or two anchor plans
dominated in most cases. In this study, the anchor plan which
was effective in most cases is the one with �ϕ = 90◦ as il-
lustrated by Fig. 7. Compared to the ones generated by three
anchor plans, the delivery efficiency curves generated by a
single plan were slightly inferior, however, the differences
might be an acceptable trade-off for reducing the planning
time. As mentioned in Sec. II.D, the REAS method tries to
approximate the baseline equivalent dwell time series t̂W→1

j,k

of the anchor plans as much as possible. However, due to the
increase in the azimuthal emission angle, the baseline equiv-
alent dwell time series of the plans after applying the REAS
method, t̃W

′→1
j,k , tend to be smoothed. Although our studies

show that the weighted Heaviside function in the objective
has effectively reduced the requirement on the smoothness of
t̂W→1
j,k , those anchor plans which are “smoother” may have a

better chance of preserving the plan quality when being se-
quenced with a relatively large parameter W . Therefore, the
REAS method studied in this paper can also benefit from any
improvement to the dose optimizer which may increase the
dose quality or smooth the time sequence.

Although we only considered a single tandem applicator
for all the RSBT planning within this work, the REAS method
introduced here would also benefit from use in a multiple
channel device such as those used in a tandem and ovoid
applicator.

The RSBT system may be clinically implemented by us-
ing detachable partial shields. To fully exploit the potential of
the REAS method, a set of different shields with all possible
azimuthal emission angles is desired. In the cases studied in

this work, this requirement leads to 30 different shields. While
too many different shields may be economically inefficient for
a clinical implementation, the number of shields may be re-
duced by using a subset of all possible azimuthal emission
angles instead of the universal set. It was observed that more
than 80% of the plans on the delivery efficiency that were
clinically reasonable can be covered by azimuthal emission
angles between 90◦ and 270◦. Making use of this observation
can reduce about half of the shields and make the required
shields less than 20. The number of shields can be further re-
duced by increasing δϕ. For example, with δϕ = 22.5◦, only
nine shields are needed to cover the angles from 90◦ to 270◦.

V. CONCLUSIONS

Using the REAS technique introduced in this study, RSBT
users will be able to strike a balance between the treatment
time and the dose quality about 10 times faster than when
using exhaustive dose-volume optimizations. The loss of plan
quality, measured by both the treatment time and the HR-CTV
D90, is maintained at a low level. Compared to the ERSO
method which requires a similar amount of computational
time, the REAS method can reduce the treatment time by
about 20% while maintaining the HR-CTV D90, or boost the
D90 by about 5% while maintaining the same delivery time.

Rotating-shield brachytherapy planning may benefit from
the REAS technique and is more likely than conventional
ICBT to yield better plans in the limited time available. More-
over, RSBT users will have the freedom to optimize the trade-
off between the delivery time and the HR-CTV dose confor-
mity with RSBT by the selection of the azimuthal emission
angle.

ACKNOWLEDGMENTS

This research was supported in part by the NSF grant CCF-
0844765 and the NIH grant K25-CA123112.

Medical Physics, Vol. 40, No. 5, May 2013



051720-12 Liu et al.: Rapid emission angle selection in rotating-shield brachytherapy 051720-12

a)Author to whom correspondence should be addressed. Electronic mail:
xiaodong-wu@uiowa.edu

1C. Haie-Meder, R. Potter, E. Van Limbergen, E. Briot, M. De Brabandere,
J. Dimopoulos, I. Dumas, T. P. Hellebust, C. Kirisits, S. Lang, S. Muschitz,
J. Nevinson, A. Nulens, P. Petrow, N. Wachter-Gerstner, and G. E. C. E.
W. G. Gynaecological, “Recommendations from Gynaecological (GYN)
GEC-ESTRO Working Group (I): Concepts and terms in 3D image based
3D treatment planning in cervix cancer brachytherapy with emphasis on
MRI assessment of GTV and CTV,” Radiother. Oncol. 74, 235–245 (2005).

2R. Potter, C. Haie-Meder, E. Van Limbergen, I. Barillot, M. De Braban-
dere, J. Dimopoulos, I. Dumas, B. Erickson, S. Lang, A. Nulens, P. Petrow,
J. Rownd, C. Kirisits, and G. E. W. Group, “Recommendations from gy-
naecological (GYN) GEC ESTRO working group (II): Concepts and terms
in 3D image-based treatment planning in cervix cancer brachytherapy-3D
dose volume parameters and aspects of 3D image-based anatomy, radiation
physics, radiobiology,” Radiother. Oncol. 78, 67–77 (2006).

3R. Potter, J. Dimopoulos, P. Georg, S. Lang, C. Waldhausl, N. Wachter-
Gerstner, H. Weitmann, A. Reinthaller, T. H. Knocke, S. Wachter, and
C. Kirisits, “Clinical impact of MRI assisted dose volume adaptation and
dose escalation in brachytherapy of locally advanced cervix cancer,” Ra-
diother. Oncol. 83, 148–155 (2007).

4K. Tanderup, S. K. Nielsen, G. B. Nyvang, E. M. Pedersen, L. Rohl, T.
Aagaard, L. Fokdal, and J. C. Lindegaard, “From point A to the sculpted
pear: MR image guidance significantly improves tumour dose and sparing
of organs at risk in brachytherapy of cervical cancer,” Radiother. Oncol.
94, 173–180 (2010).

5M. A. Ebert, “Possibilities for intensity-modulated brachytherapy: Techni-
cal limitations on the use of non-isotropic sources,” Phys. Med. Biol 47,
2495–2509 (2002).

6M. A. Ebert, “Potential dose-conformity advantages with multi-source
intensity-modulated brachytherapy (IMBT),” Australas. Phys. Eng. Sci.
Med. 29, 165–171 (2006).

7M. J. Webster, S. Devic, T. Vuong, D. Yup Han, J. C. Park, D. Scanderbeg,
J. Lawson, B. Song, W. Tyler Watkins, T. Pawlicki, and W. Y. Song, “Dy-
namic modulated brachytherapy (DMBT) for rectal cancer,” Med. Phys.
40, 011718 (12pp.) (2013).

8M. J. Rivard, S. D. Davis, L. A. DeWerd, T. W. Rusch, and S. Axelrod,
“Calculated and measured brachytherapy dosimetry parameters in water
for the Xoft Axxent X-ray Source: An electronic brachytherapy source,”
Med. Phys. 33, 4020–4032 (2006).

9M. K. P. C. Smith, H. Hausen, and P. A. Lovoi, U.S. patent 7,686,755 (30
March 2010).

10NCI, SEER Cancer Incidence Public Use Database (2000–2009) (National
Cancer Institute, Bethesda, MD, 2011).

11G. E. Hanks, D. F. Herring, and S. Kramer, “Patterns of care outcome stud-
ies. Results of the national practice in cancer of the cervix,” Cancer 51,
959–967 (1983).

12J. C. Dimopoulos, R. Potter, S. Lang, E. Fidarova, P. Georg, W. Dorr, and
C. Kirisits, “Dose-effect relationship for local control of cervical cancer by
magnetic resonance image-guided brachytherapy,” Radiother. Oncol. 93,
311–315 (2009).

13I. M. Jurgenliemk-Schulz, R. J. Tersteeg, J. M. Roesink, S. Bijmolt,
C. N. Nomden, M. A. Moerland, and A. A. de Leeuw, “MRI-guided
treatment-planning optimisation in intracavitary or combined intracavi-
tary/interstitial PDR brachytherapy using tandem ovoid applicators in lo-
cally advanced cervical cancer,” Radiother. Oncol. 93, 322–330 (2009).

14L. Lin, R. R. Patel, B. R. Thomadsen, and D. L. Henderson, “The use of di-
rectional interstitial sources to improve dosimetry in breast brachytherapy,”
Med. Phys. 35, 240–247 (2008).

15M. J. Webster, D. J. Scanderbeg, W. T. Watkins, J. Stenstrom, J. D. Lawson,
and W. Y. Song, “Dynamic modulated brachytherapy (DMBT): Concept,
design, and system development,” Brachytherapy 10, S33–S34 (2011).

16C. Shi, B. Guo, C. Y. Cheng, C. Esquivel, T. Eng, and N. Papanikolaou,
“Three dimensional intensity modulated brachytherapy (IMBT): Dosime-
try algorithm and inverse treatment planning,” Med. Phys. 37, 3725–3737
(2010).

17J. C. Dimopoulos, C. Kirisits, P. Petric, P. Georg, S. Lang, D. Berger, and
R. Potter, “The Vienna applicator for combined intracavitary and intersti-
tial brachytherapy of cervical cancer: Clinical feasibility and preliminary
results,” Int. J. Radiat. Oncol., Biol., Phys. 66, 83–90 (2006).

18D. M. Shepard, G. H. Olivera, P. J. Reckwerdt, and T. R. Mackie, “Iterative
approaches to dose optimization in tomotherapy,” Phys. Med. Biol. 45, 69–
90 (2000).

19R. T. Flynn, D. L. Barbee, T. R. Mackie, and R. Jeraj, “Comparison of
intensity modulated x-ray therapy and intensity modulated proton therapy
for selective subvolume boosting: A phantom study,” Phys. Med. Biol. 52,
6073–6091 (2007).

20R. T. Flynn, M. W. Kissick, M. P. Mehta, G. H. Olivera, R. Jeraj, and
T. R. Mackie, “The impact of linac output variations on dose distributions
in helical tomotherapy,” Phys. Med. Biol. 53, 417–430 (2008).

21R. T. Flynn, S. R. Bowen, S. M. Bentzen, T. Rockwell Mackie, and R. Jeraj,
“Intensity-modulated x-ray (IMXT) versus proton (IMPT) therapy for ther-
agnostic hypoxia-based dose painting,” Phys. Med. Biol. 53, 4153–4167
(2008).

22S. R. Bowen, R. T. Flynn, S. M. Bentzen, and R. Jeraj, “On the sensi-
tivity of IMRT dose optimization to the mathematical form of a biologi-
cal imaging-based prescription function,” Phys. Med. Biol. 54, 1483–1501
(2009).

23D. Fundenberg and J. Tirole, Game Theory (MIT, Cambridge, MA,
1991).

24J. C. Dimopoulos, S. Lang, C. Kirisits, E. F. Fidarova, D. Berger, P. Georg,
W. Dorr, and R. Potter, “Dose-volume histogram parameters and lo-
cal tumor control in magnetic resonance image-guided cervical cancer
brachytherapy,” Int. J. Radiat. Oncol., Biol., Phys. 75, 56–63 (2009).

Medical Physics, Vol. 40, No. 5, May 2013

http://dx.doi.org/10.1016/j.radonc.2004.12.015
http://dx.doi.org/10.1016/j.radonc.2005.11.014
http://dx.doi.org/10.1016/j.radonc.2007.04.012
http://dx.doi.org/10.1016/j.radonc.2007.04.012
http://dx.doi.org/10.1016/j.radonc.2010.01.001
http://dx.doi.org/10.1088/0031-9155/47/14/309
http://dx.doi.org/10.1007/BF03178889
http://dx.doi.org/10.1007/BF03178889
http://dx.doi.org/10.1118/1.4769416
http://dx.doi.org/10.1118/1.2357021
http://dx.doi.org/10.1002/1097-0142(19830301)51:5<959::AID-CNCR2820510533>3.0.CO;2-K
http://dx.doi.org/10.1016/j.radonc.2009.07.001
http://dx.doi.org/10.1016/j.radonc.2009.08.014
http://dx.doi.org/10.1118/1.2815623
http://dx.doi.org/10.1016/j.brachy.2011.02.046
http://dx.doi.org/10.1118/1.3456598
http://dx.doi.org/10.1016/j.ijrobp.2006.04.041
http://dx.doi.org/10.1088/0031-9155/45/1/306
http://dx.doi.org/10.1088/0031-9155/52/20/001
http://dx.doi.org/10.1088/0031-9155/53/2/009
http://dx.doi.org/10.1088/0031-9155/53/15/010
http://dx.doi.org/10.1088/0031-9155/54/6/007
http://dx.doi.org/10.1016/j.ijrobp.2008.10.033

