
Paddle-based rotating-shield brachytherapy

Yunlong Liu
Department of Electrical and Computer Engineering, University of Iowa, 4016 Seamans Center,
Iowa City, Iowa 52242

Ryan T. Flynn and Yusung Kim
Department of Radiation Oncology, University of Iowa, 200 Hawkins Drive, Iowa City, Iowa 52242

Hossein Dadkhah
Department of Biomedical Engineering, University of Iowa, 1402 Seamans Center, Iowa City, Iowa 52242

Sudershan K. Bhatia and John M. Buatti
Department of Radiation Oncology, University of Iowa, 200 Hawkins Drive, Iowa City, Iowa 52242

Weiyu Xu
Department of Electrical and Computer Engineering, University of Iowa, 4016 Seamans Center,
Iowa City, Iowa 52242

Xiaodong Wua)

Department of Electrical and Computer Engineering, University of Iowa, 4016 Seamans Center,
Iowa City, Iowa 52242 and Department of Radiation Oncology, University of Iowa, 200 Hawkins Drive,
Iowa City, Iowa 52242

(Received 7 October 2014; revised 23 July 2015; accepted for publication 30 August 2015;

published 23 September 2015)

Purpose: The authors present a novel paddle-based rotating-shield brachytherapy (P-RSBT) method,

whose radiation-attenuating shields are formed with a multileaf collimator (MLC), consisting of

retractable paddles, to achieve intensity modulation in high-dose-rate brachytherapy.

Methods: Five cervical cancer patients using an intrauterine tandem applicator were considered

to assess the potential benefit of the P-RSBT method. The P-RSBT source used was a 50 kV

electronic brachytherapy source (Xoft Axxent™). The paddles can be retracted independently to form

multiple emission windows around the source for radiation delivery. The MLC was assumed to be

rotatable. P-RSBT treatment plans were generated using the asymmetric dose–volume optimization

with smoothness control method [Liu et al., Med. Phys. 41(11), 111709 (11pp.) (2014)] with a

delivery time constraint, different paddle sizes, and different rotation strides. The number of treatment

fractions (fx) was assumed to be five. As brachytherapy is delivered as a boost for cervical cancer,

the dose distribution for each case includes the dose from external beam radiotherapy as well, which

is 45 Gy in 25 fx. The high-risk clinical target volume (HR-CTV) doses were escalated until the

minimum dose to the hottest 2 cm3 (D2cm3) of either the rectum, sigmoid colon, or bladder reached

their tolerance doses of 75, 75, and 90 Gy3, respectively, expressed as equivalent doses in 2 Gy

fractions (EQD2 with α/β = 3 Gy).

Results: P-RSBT outperformed the two other RSBT delivery techniques, single-shield RSBT (S-

RSBT) and dynamic-shield RSBT (D-RSBT), with a properly selected paddle size. If the paddle size

was angled at 60◦, the average D90 increases for the delivery plans by P-RSBT on the five cases,

compared to S-RSBT, were 2.2, 8.3, 12.6, 11.9, and 9.1 Gy10, respectively, with delivery times of 10,

15, 20, 25, and 30 min/fx. The increases in HR-CTV D90, compared to D-RSBT, were 16.6, 12.9, 7.2,

3.7, and 1.7 Gy10, respectively. P-RSBT HR-CTV D90-values were insensitive to the paddle size for

paddles angled at less than 60◦. Increasing the paddle angle from 5◦ to 60◦ resulted in only a 0.6 Gy10

decrease in HR-CTV D90 on average for five cases when the delivery times were set to 15 min/fx.

The HR-CTV D90 decreased to 2.5 and 11.9 Gy10 with paddle angles of 90◦ and 120◦, respectively.

Conclusions: P-RSBT produces treatment plans that are dosimetrically and temporally superior to

those of S-RSBT and D-RSBT, although P-RSBT systems may be more mechanically challenging

to develop than S-RSBT or D-RSBT. A P-RSBT implementation with 4–6 shield paddles would be

sufficient to outperform S-RSBT and D-RSBT if delivery times are constrained to less than 15 min/fx.
C 2015 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4930807]
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1. INTRODUCTION

Conventional high-dose-rate brachytherapy (HDR-BT) uses

unshielded radiation sources that emit dose distributions that

are radially symmetric about the source axis. This limits the

deliverable radiation dose to cervical cancer tumors without

exceeding the maximum allowable dose to the organs-at-risk

(OARs) adjacent to the tumor. This is especially true in cases

where the tumor is bulky (>40 cm3), laterally extended, or

nonsymmetric2–5 where this can compromise treatment effec-

tiveness if the high-risk clinical target volume (HR-CTV) is

underdosed as a result.

Interstitial brachytherapy is one option to overcome this

limitation and is the recommended treatment modality of the

American Brachytherapy Society (ABS).6–8 Another option

is the use of supplementary interstitial needles along with an

intracavitary applicator (IS+ICBT).3,9,10 Tandem and ring3,9 or

tandem and ovoid10 applicators with additional provision for

needle placement have been introduced for IS+ICBT. These

applicators enable enhanced tumor coverage under 3D im-

age guidance, but are invasive due to the use of the inter-

stitial needles. Even if the number of catheters, the location

of catheters, and the source dwell times are computed in an

optimized fashion, the resulting dose distributions are still

constrained by the radially symmetric dose distribution, source

emissions.

Intensity-modulated brachytherapy techniques such as

rotating-shield brachytherapy (RSBT)11–13 and dynamic

modulated brachytherapy (DMBT)14–16 were introduced as a

means of improving intracavitary brachytherapy dose distri-

butions for rectal and cervical cancer. When used as pro-

posed by the authors, RSBT works by using a shield that

partially occludes an electronic brachytherapy (eBT) source

(Xoft Axxent™, iCAD, Inc., Nashua, NH, USA), which ro-

tates in a manner that directs radiation away from healthy

sensitive tissues and into cancerous tissue.11–13 Due to the

diversity in tumor shapes seen in cervical cancer patients,

multiple different shield emission angles would need to be

made available to users in order to ensure the dose conformity

of laterally extended tumors. Small emission angles with

RSBT result in increased treatment times. A rapid emis-

sion angle selection (REAS) technique with single-shield

RSBT (S-RSBT) was proposed to strike the best balance

between treatment time and dose distribution quality, which

is measured by tumor coverage and OAR sparing.12 Dynamic-

shield RSBT (D-RSBT) allows the use of different azimuthal

emission angles during the delivery via a layered shielding

apparatus, with each layer independently rotatable to flexibly

form different emission windows.17 With a delivery time of

20–30 min per treatment fraction (fx), D-RSBT can pro-

duce better treatment plans than S-RSBT, while S-RSBT may

perform better when the delivery time is limited (<20 min/fx)

since it can make use of a single large emission angle.17

The major limitation of D-RSBT lies in the limit of the

maximal azimuthal emission angle that can be formed by the

apparatus.

In this study, we propose a paddle-based rotating-shield

brachytherapy (P-RSBT) device, a novel conformal brachy-

therapy treatment technique. The concept of shield paddles

for IMBT was previously proposed;18 however, no subsequent

study was conducted to reveal its capability or demonstrate

its clinical potential. The proposed P-RSBT system is able to

utilize the full angular delivery space and only one delivery

source is needed. P-RSBT has the potential to improve tumor

coverage without compromising OAR sparing with the same

treatment time, as compared to S-RSBT and D-RSBT.

2. MATERIALS AND METHODS

2.A. System overview, dose calculation, and anchor
plan generation

P-RSBT uses a set of independently operated shield pad-

dles, each of which covers a sector of the radiation field, to

achieve intensity modulation. The modulation is achieved by

the insertion and retraction of the shield paddles (assumed to

be constructed of tungsten alloy), as well as the rotation and

translation of the whole applicator, shown in Fig. 1. As this

is a conceptual study for assessing the P-RSBT technique, the

exact diameter of the applicator is not finalized. It is expected

that an applicator with a diameter of less than 10 mm could

be constructed, which would necessitate appropriate anes-

thesia techniques for the brachytherapy procedure. As shown

in Fig. 1, an integer, K, number of shield paddles, is arranged

to form a cylindrical tube with each paddle shielding a sector

of 360◦/K angularly. The maximum number of paddles (K)

achievable will depend upon the method used to drive the

paddles. A candidate motor available today is the Faulhaber

microdrive, of 1.9 mm diameter and 9.5 mm length. With a

5.4 mm radiation source, up to four microdrives could be used

F. 1. A conceptual design of a P-RSBT applicator (a) 3D view. For the

purpose of legibility, not all paddle shafts are drawn. (b) Cross-sectional view.
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in principle to control up to four paddles. Constructing the

tandem applicator so that it has two corkscrewlike tracks or

keyways, on the inner wall is one method for controlling the

rotation of the apparatus. The angular separation between the

keyways is half that of the paddle emission angle or 45◦ for

a 90◦ paddle. The P-RSBT apparatus would have a laterally

protruding key that fits into a keyway, causing the paddle

apparatus to rotate about the source catheter as it is inserted

into the applicator. With two keyways, the apparatus only

needs to rotate by an angular amount equal to half the paddle

emission angle every 5 mm (45◦/5 mm= 9◦/mm), the keyway

would have a 360◦ rotation for every 40 mm for P-RSBT.

The set of shield paddles can move in (close) and out (open)

independently to block and to expose the source, respectively.

The paddle openings form a shield aperture to azimuthally

modulate the radiation dose intensity. In the longitudinal direc-

tion, the zenith emission angle is fixed. The shield paddles

can be constructed of 0.5 mm thick tungsten, providing an

eBT source dose transmission of less than 0.1%.11 The shield

is rotatable about the source in a fine angular stride, further

improving dose conformity. The P-RSBT source is assumed

to be a shielded 50 kV photon source (Xoft Axxent™, iCAD,

Inc.) in this study.

During the P-RSBT delivery, the shield travels together

with the source through an intracavitary applicator inserted in

the tumor. The source stops at multiple dwell positions along

the central path with a spacing of ∆λ, which is set to 5 mm in

this study. At each dwell position, a number of shield apertures

are formed in an optimized fashion to deliver the radiation dose

sequentially. The shield may rotate when necessary during the

delivery.

The paddles are indexed counterclockwise with, initially,

the kth paddle (k = 0,1,. . .,K − 1) shielding the sector from

degrees k · δϕ to (k +1) · δϕ, where δϕ is the angular size of

a paddle. A RSBT beamlet Ḋi, j, k is defined as the dose rate at

the point
⇀
r i due to a shielded radiation source at dwell position

⇀
s j ( j = 0,. . .,J − 1) with the kth paddle open. The total dose

delivered to point i is calculated as a time-weighted sum of

the beamlets over all dwell positions,

di =

J−1


j=0

K−1


k=0

Ḋi, j,k · τj,k, (1)

where τj,k is the emission time for which the source is located

at dwell position j with the kth paddle open. To improve the

quality of the dose plan, small emission angle beamlets are

used with δϕ= 5◦. The asymmetric dose–volume optimization

with smoothness control (ADOS) method1 was used for dose

optimization to generate anchor plans for P-RSBT. The follow-

ing objective function was used:

min


i∈VOI’s

(

λ−i H(d̂i−di)+λ
+
i H(di− d̂i)

)

(di− d̂i)
2

+ β


j ∈[0, J−1]



k ∈[0,K−1]

�

τj,k−τj,(k−1)%K

�2
(2)

such that di =

J−1


j=0

K−1


k=0

Ḋi, j,k · τj,k, (2a)

τj,k ≥ 0,∀ j ∈ [0, J−1], k ∈ [0,K −1]. (2b)

In the objective function, d̂i is the prescribed dose for each

voxel in the volumes of interest (VOI’s), and λ+
i

and λ−
i

are

coefficients for the overdose and underdose penalties, respec-

tively. H (x)=


1, if x > 0
0, if x ≤ 0 is a Heaviside step function. The sec-

ond smoothness term in the objective function is used to ensure

a smooth emission time sequence at each dwell position, which

is important to improve the delivery efficiency with a limited

quality loss of the delivered plan.

This optimization model aims to achieve a high quality

anchor plan. However, the plan in its present design may not

yet be clinically practical since (1) the use of a large number

of paddles profoundly complicates the control of the shielding

device, and (2) the total delivery time may still be too long

for clinical use. To overcome those limitations, we propose

using a rotatable shielding device with larger-sized paddles

(size expressed in Sec. 2.B) and develop an optimal shield-

sequencing algorithm to compute a deliverable plan to “best”

approximate the anchor plan while remaining cognizant of the

delivery time constraint.

2.B. Generating P-RSBT delivery plans with optimal
sequencing

The use of large-sized (i.e., larger than δϕ used in an-

chor plan generation) paddles may not be able to deliver the

F. 2. Beam coverage with rotations. The P-RSBT shield consists of four paddles each with a size of 90◦. The size of a beamlet is 30◦. Each beamlet b j,k

covers a sector s j,k . While opening a paddle forms a beam which can cover multiple sectors. The sector s j,0 is covered by the beams formed with paddle 0 open

(a) and with paddle 3 open after a rotation of degree 30◦ (b) and a rotation of degree 60◦ (c).

Medical Physics, Vol. 42, No. 10, October 2015



5995 Liu et al.: Paddle-based rotating-shield brachytherapy 5995

anchor plan exactly, thus compromising the quality of the

delivered dose distribution relative to that of the anchor plan.

On the other hand, it may help improve the delivery efficiency.

Although the rotation capability of the paddles can better

approximate the quality of the anchor plan, it also prolongs

the delivery time. The goal of the optimal shield-sequencing

algorithm is to compute a deliverable P-RSBT plan from the

anchor plan and strike a balance between the plan quality and

the delivery time.

Assuming that the size of a paddle ∆ϕ is a multiple of

the beamlet size used in the anchor plan generation, that is,

∆ϕ= w ·δϕ (w > 1 is an integer), the number of paddles is K/w,

which is an integer. The rotation stride of the paddles can also

be a multiple of δϕ. In the following shield sequencing model,

we consider a rotation stride to be degree δϕ and rotation to

be in the counterclockwise direction. The model is ready to be

extended with a rotation stride of multiple δϕ. In Fig. 2, the size

of a beamlet is δϕ= 30◦, and the paddle size ∆ϕ= 90◦ (that is,

w = 3).

A P-RSBT aperture can be represented by the superposition

of a set of beamlets. Let x j,m,l denote the emission time

for which the source is located at dwell position j with the

mth paddle open (m = 0,1,. . .,K/w −1) and after a rotation of

degree l · δϕ (l = 0,1,. . .,w − 1). Note that it is not necessary

for a paddle to rotate to a degree larger than (w − 1) · δϕ.

Consider the sector s j,k (k = 0,1,. . .,K−1) corresponding to the

F. 3. Delivery efficiency curve comparisons. P-RSBT with different paddle sizes was compared to S-RSBT and D-RSBT on five clinical cases. A point on a

delivery efficiency curve stands for the maximal D90 (y-axis) that can be achieved with the corresponding delivery method for a given delivery time (x-axis).

The rotation stride r ·δϕ for P-RSBT was 5◦.

Medical Physics, Vol. 42, No. 10, October 2015
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T I. HR-CTV D90 (Gy10) comparisons between P-RSBTs with different paddle sizes, S-RSBT, and D-RSBT on five clinical cases under different delivery

time limits. The rotation stride for P-RSBT was 5◦.

Case

Delivery time

(min/fx) P-RSBT-5 P-RSBT-15 P-RSBT-30 P-RSBT-45 P-RSBT-60 P-RSBT-90 P-RSBT-120 S-RSBT D-RSBT

#1

10 109.4 109.1 109.1 108.6 107.7 107.6 98.2 99.4 84.9

15 110.5 110.8 110.8 110.1 108.8 108.2 98.2 100.8 105.3

20 110.6 110.8 110.8 110.1 108.8 108.2 98.2 105.1 109.9

25 110.6 110.8 110.8 110.1 108.8 108.2 98.2 106.5 110.7

30 110.6 110.8 110.8 110.1 108.8 108.2 98.2 107.1 110.9

#2

10 79.2 79.3 79.4 79.1 79.9 80.0 70.9 74.7 69.7

15 103.4 103.1 102.5 100.7 96.2 99.2 72.8 86.2 87.7

20 114.5 114.4 114.3 112.2 107.8 108.3 72.8 86.2 101.3

25 118.6 119.1 119.3 118.1 117.1 111.6 72.8 92.8 111.0

30 120.6 120.9 120.2 119.9 121.3 111.6 72.8 100.8 117.8

#3

10 86.0 85.9 86.0 86.0 85.3 85.1 83.1 83.0 64.6

15 91.4 91.4 91.3 91.3 90.5 88.6 83.5 84.0 78.8

20 91.4 91.4 91.3 91.3 90.5 88.6 83.5 84.0 90.1

25 91.4 91.4 91.3 91.3 90.5 88.6 83.5 86.0 91.4

30 91.4 91.4 91.3 91.3 90.5 88.6 83.5 88.3 91.5

#4

10 65.2 65.2 65.3 65.5 66.0 65.9 66.5 71.1 56.3

15 79.8 79.9 80.0 80.2 80.9 78.5 80.7 80.5 64.1

20 92.3 92.3 92.2 92.0 90.3 87.1 87.4 80.5 72.7

25 99.3 99.1 99.1 97.9 96.1 91.9 87.6 80.5 82.4

30 102.7 102.5 102.6 101.4 99.6 94.1 87.6 83.2 90.8

#5

10 86.5 86.5 86.5 86.5 86.4 85.8 85.2 86.0 66.7

15 107.3 107.3 107.4 106.9 106.6 105.3 97.5 90.0 82.6

20 113.0 113.1 113.1 113.1 113.0 109.5 97.5 91.8 100.2

25 113.0 113.1 113.1 113.1 113.0 109.5 97.5 100.2 111.4

30 113.0 113.1 113.1 113.1 113.0 109.5 97.5 108.3 113.5

Avg

10 85.2 85.2 85.2 85.1 85.0 84.9 80.8 82.8 68.4

15 98.5 98.5 98.4 97.8 96.6 96.0 86.5 88.3 83.7

20 104.4 104.4 104.3 103.7 102.1 100.4 87.9 89.5 94.8

25 106.6 106.7 106.7 106.1 105.1 102.0 87.9 93.2 101.4

30 107.7 107.7 107.6 107.2 106.6 102.4 87.9 97.5 104.9

beamlet bj,k in the anchor plan. Let p = ⌊k/w⌋ and

q = (⌊k/w⌋−1)%K/w, where ⌊·⌋ is the floor function and

% is the modulo operator. The qth paddle is immediately

adjacent to the pth paddle in a clockwise rotation. Sector

s j,k is irradiated by the beams with the pth paddle open and

l = 0,. . .,k%w and by the beams with the qth paddle open

and l = (k%w)+1,. . .,w−1. Thus, the irradiation time t j,k for

s j,k is t j,k =
k%w

l=0 x j,p, l +
w−1

l=(k%w)+1
x j,q, l. For instance, in

Fig. 2, the sector s j,0 is covered by paddle 0 with a rotation

of 0◦ and by paddle 3 with rotations of 30◦ and 60◦. If we

assume that the emission time of the beamlet bj,k is τj,k in the

anchor plan, then we can introduce the delivery error ε j,k, with

ε j,k = t j,k−τj,k.

For each dwell position j and each rotation configuration

l, our goal is to deliver the fluence map Mj,l = {x j,m,l |m

= 0,1,. . .,K/w−1} in the minimum amount of time. Note that

each entry x j,m,l of Mj,l corresponds to a paddle indexed by

m. Without a loss of generality, we assume that all nonzero

entries in Mj,l are different. The method is ready to be extended

to the case of equal nonzero entries. We first sort Mj,l in

a nondecreasing order with the sorted nonzero entries being

x j,m0,l < x j,m1,l < · · · < x j,mκ,l (κ > 0).

The following method is then used to efficiently deliver

Mj,l. At the very beginning, open all paddles correspond-

ing to nonzero entries in Mj,l. After delivering radiation for

x j,m0,l units of time, close paddle m0. At the time, the sector

corresponding to paddle m0 receives the appropriate dose.

Then, continue to irradiate for x j,m1,l − x j,m0,l units of time

before closing paddle m1. When paddle m1 is closed, the

sector corresponding to paddle m1 receives the desired dose.

In general, paddle mi is open until completing irradiation in

x j,mi,l − x j,mi−1,l units of time after paddle mi−1 is closed (i

= 1,2,. . .,κ). In this way, the minimum delivery time for Mj,l is

max
K/w−1

m=0

�

x j, m,l

	

. The total delivery time for all the fluence

maps Mj,l’s is then
J−1

j=0

w−1
l=0 max

K/w−1

m=0

�

x j, m,l

	

.

The goal of the sequencing method is to compute a set of

delivery plan times, x j, m,l, that best approximates the anchor

plan subject to a given delivery time budget T . Here, we pro-

pose to minimize the total delivery error between the anchor

Medical Physics, Vol. 42, No. 10, October 2015
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F. 4. EQD2 dose distributions for case #3 with a delivery time of 15 min/fx using P-RSBT with different paddle sizes of 5◦, 60◦, 90◦, and 120◦, and the rotation

stride r ·δϕ = 5◦.

plan and the delivery plan,

min

J−1


j=0

K−1


k=0

(

λ−j,kH
�

τj,k− t j,k
�

+ λ+j,kH
�

t j,k−τj,k
�

)

�

t j,k−τj,k
�2

(3)

such that t j,k =

k%w


l=0

x j,p,l+

w−1


l=(k%w)+1

x j,q,lt j,k,

p=



k

w



, and q=

(

k

w



−1

)

%
K

w
(3a)

∀ j ∈ [0, J−1], k ∈ [0,K −1], x j,m,l ≥ 0,

∀ j ∈ [0, J−1], m ∈



0,
K

w
−1



, l ∈ [0,w−1], (3b)

J−1


j=0

w−1


l=0

max
K
w
−1

m=0

�

x j,m,l

	

≤T. (3c)

H(x) in Eq. (3) is a Heaviside function introduced for consid-

ering the difference between overdosing and underdosing. λ+
j,k

and λ−
j,k

are the corresponding coefficients for overdosing

and underdosing penalties. Equation (3) is formulated to a

quadratic programming problem and solved by an in-house

CPLEX-based optimizer.19

2.C. Clinical cases, treatment goals, and plan
quality metrics

Five cervical cancer cases, with HR-CTVs ranging from

43.2 to 78.9 cm3, were retrospectively studied in this work.

All cases were clinically treated by Fletcher-Suit-Delclos style

titanium tandem and ovoids based upon conventional point A

plans but using 3 T MRI guidance.6,7,20,21 The HR-CTV and the

OARs, namely the rectum, sigmoid colon, and bladder, were

delineated by a radiation oncologist following GEC-ESTRO

recommendations.22,23 For each patient, P-RSBT simulation

was delivered through a single-channel tandem applicator

without a ring or ovoids. It was assumed that the HR-CTV and

OARs received a dose of 45 Gy of external beam radiation

therapy (EBRT) in 25 fx at 1.8 Gy/fx. It was also assumed

for all patients that the same HDR-BT plan was delivered

for all five treatment fractions, which is standard number of

fractions at the authors’ institution. The HR-CTV doses [Gy10]

and OAR doses [Gy3] were expressed as equivalent doses in 2

Medical Physics, Vol. 42, No. 10, October 2015
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F. 5. Dose–volume histogram plots for case #3 with a delivery time of 15 min/fx using P-RSBT with different paddle sizes of 5◦, 60◦, 90◦, and 120◦, and the

rotation stride r ·δϕ = 5◦.

Gy fractions of EBRT (EQD2),15 using α/β values of 10 and

3 Gy, respectively.2

No explicit dose prescription was assumed for the HDR-BT

delivery. The P-RSBT treatment goal was to escalate tumor

dose while satisfying both OAR tolerance limits and the given

delivery time constraint. The minimum dose received by 90%

of the HR-CTV (D90) was calculated to be as close to the

maximum dose constraint to the hottest 2 cm3 (D2 cm3) of

F. 6. EQD2 dose distributions of case #3 with a delivery time 15 min/fx using S-RSBT, D-RSBT, P-RSBT-90, and P-RSBT-120. The rotation stride r ·δϕ for

P-RSBT was 5◦.

Medical Physics, Vol. 42, No. 10, October 2015
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F. 7. Dose–volume histogram plots for case #3 with a delivery time of 15 min/fx by S-RSBT, D-RSBT, P-RSBT-60, and P-RSBT-120. The rotation stride

r ·δϕ for P-RSBT was 5◦.

the rectum, sigmoid colon, and bladder and could not exceed

the tolerance doses2,13 of 75, 75, and 90 Gy3, respectively.

Therefore, the HR-CTV D90 values represent overall treatment

plan quality with a given RSBT technique, since they refer to

maximally achievable tumor coverage without compromising

any of the OAR tolerances. Hereafter, all HR-CTV D90 values

represent the maximally achievable dose without compromis-

ing the OAR sparing.

F. 8. Comparisons of delivery efficiency curves for five clinical cases by P-RSBT with different combinations of the paddle size and the rotation stride. In

each figure panel, the top-most efficiency curve using P-RSBT with a paddle size of 5◦ (no rotations) is used as a reference, which serves as an upper bound for

all the other efficiency curves.
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2.D. Treatment planning

For each of the five clinical cases, an anchor plan was

generated using the ADOS method1 with the beamlet size

δϕ= 5◦ (see Sec. 2.A). The P-RSBT optimal shield sequencing

was then applied to the anchor plan with a different paddle

size w · δϕ for w = 1, 3, 6, 9, 12, 18, and 24. For the shield

rotation stride, we considered r ·δϕ for r = 1,2,. . .,6 to study the

sensitivity of the P-RSBT design to different rotation strides.

For the purpose of comparison, S-RSBT and D-RSBT optimal

sequencings were applied to the anchor plans to generate de-

livery plans.

For each anchor plan, a delivery efficiency curve was

computed by using each of the P-RSBT, D-RSBT, and S-

RSBT methods, showing the trade-off between the delivery

time (x-axis) and the HR-CTV D90 (y-axis) of the delivery

plan.12,13,17 For the P-RSBT method, one delivery efficiency

curve was computed for each combination of the different

paddle sizes and the rotation strides considered. One delivery

efficiency curve (segment) can be considered to be supe-

rior to another if it is located above and/or to the left of an-

other.

Quantitative comparisons on HR-CTV D90 were also

performed for P-RSBT with different paddle sizes against

S-RSBT and D-RSBT, while setting different delivery time

budgets (10, 15, 20, 25, and 30 min/fx).

3. RESULTS

As shown by the delivery efficiency curves in Fig. 3, for

all the five cases tested, the P-RSBT technique was able to

achieve higher HR-CTV D90-values for the delivery plans than

those achieved by S-RSBT and D-RSBT, especially when the

delivery time ranged from 10 to 20 min/fx.

P-RSBT dose distributions are insensitive to the paddle size

when it is 60◦ or less. For seven different paddle sizes tested

in this study, the impact of the paddle size change on the

plan quality was minimal. Consider the treatment time budget

of 15 min/fx as an example. Although the HR-CTV D90 of

the delivery plan decreased while increasing the paddle size,

the average D90 decrease was very small. In fact, the average

D90 achieved by P-RSBT-30 (the number stands for the shield

paddle size, measured in degrees) was only 0.1 Gy10 less than

that achieved by P-RSBT-5. Further increase of the paddle size

to 60◦ resulted in 0.6 Gy10 in the HR-CTV compared to P-

RSBT-5. The HR-CTV D90 decrease increased to 2.5 Gy10

with P-RSBT-90. However, if the paddle size was increased

to 120◦, the D90 decrease was about 12 Gy10. The detailed

quantitative comparisons are shown in Table I. For all these

experimental data, the rotation stride r · δϕ= 5◦.

Table I also demonstrates the quantitative comparisons

among P-RSBT, S-RSBT, and D-RSBT. For instance, compar-

ing P-RSBT-60 and S-RSBT, the average HR-CTV D90

increases for all five cases were 2.2, 8.3, 12.6, 11.9, and

9.1 Gy10, respectively, while setting the delivery time to 10,

15, 20, 25, and 30 min/fx; and the HR-CTV D90 increases

against D-RSBT were 16.6, 12.9, 7.2, 3.7, and 1.7 Gy10,

respectively.

The example dose distributions are shown in Fig. 4 for case

#3 using different paddle sizes of 5◦, 30◦, 60◦, and 90◦ for

a delivery time constraint of 15 min/fx. The corresponding

dose–volume histograms (DVHs) are plotted in Fig. 5. The

isodose lines in Fig. 4 were less conformal to the HR-CTV

boundary as the paddle size increased, although the changes

were marginal. The corresponding DVHs in Fig. 5 also present

minimal differences when using less than 60◦ paddle sizes. The

HR-CTV D90’s of those four P-RSBT delivery settings were

91.4, 91.3, 90.5, and 88.6 Gy10, respectively. Comparisons for

T II. HR-CTV D90 (Gy10) comparison of the delivery plans using P-RSBT with different combinations of

the paddle size and the rotation stride, the HR-CTV D90’s were calculated as the mean over five clinical cases.

Rotation strides

Delivery time (min/fx) 5◦ 10◦ 15◦ 20◦ 25◦ 30◦

10 85.1 85.1 85.1 84.9 84.9 84.6

15 97.8 97.4 97.2 96.6 96.6 96.5

P-RSBT-45 20 103.7 103.2 103.0 102.0 102.0 101.6

25 106.1 105.7 105.4 104.6 104.4 103.9

30 107.2 106.5 106.2 105.3 105.1 104.5

10 85.0 85.0 84.8 84.7 84.7 84.5

15 96.6 96.4 96.3 96.0 95.8 95.1

P-RSBT-60 20 102.1 101.8 101.3 100.9 100.4 99.5

25 105.1 104.8 104.2 103.5 103.2 101.6

30 106.6 106.5 105.7 104.7 104.3 102.1

10 84.9 84.9 84.7 84.7 84.4 84.4

15 96.0 95.8 95.4 95.2 94.4 93.8

P-RSBT-90 20 100.4 100.0 99.4 99.1 98.3 96.8

25 102.0 101.6 101.0 100.4 99.8 97.8

30 102.4 102.0 101.5 100.7 100.1 98.1
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dose distributions and DVHs between P-RSBT, S-RSBT, and

D-RSBT for case #3 are shown in Figs. 6 and 7, respectively.

The delivery efficiency curves for P-RSBT with respect to

different rotation strides are shown in Fig. 8 for P-RSBT-60

and P-RSBT-90. The detailed HR-CTV D90 comparisons for

the delivery plans computed by P-RSBT with different combi-

nations of the paddle size and the rotation stride are demon-

strated in Table II. In general, the increase of the rotation

stride compromised the quality of the delivery plan with respect

to HR-CTV D90. However, the HR-CTV D90 decreases were

marginal. In all five cases, with the rotation stride increasing

from 5◦ to 20◦, the HR-CTV D90 decreases of the delivery

plans by P-RSBT were within 1.5 Gy10 while the delivery time

ranged from 10 to 30 min/fx. While the rotation stride is set to

10◦, the HR-CTV D90 decreased less than 0.6 Gy10.

4. DISCUSSION

P-RSBT outperforms S-RSBT in general. The P-RSBT

plan can be delivered using S-RSBT by setting the azimuthal

emission angle of the shield to coincide with the paddle size.

However, this S-RSBT technique may prolong the delivery

time compared to P-RSBT since P-RSBT can have multiple

paddles open simultaneously during delivery, while S-RSBT

just simulates the P-RSBT delivery with one paddle open at a

time. For a given delivery time, P-RSBT is able to achieve a

higher quality plan delivery than S-RSBT. It is also possible

for a S-RSBT plan to be converted to a P-RSBT plan with a

shorter delivery time. Our experimental data generally support

this analysis, with the exception of case #4 where the delivery

time was 10 or 15 min/fx. This was caused by the fact that

the P-RSBT shield sequencing did not seek all possible paddle

sizes. The S-RSBT plan seeks an emission angle that creates

a delivery plan analogous to the anchor plan. The emission

angles used in the S-RSBT delivery plans for case #4, while

the delivery times were 10 and 15 min/fx, respectively, were

285◦ and 235◦.

P-RSBT also performs better than D-RSBT simply because

it is able to form beam apertures with larger coverage. The

maximum beam coverage with D-RSBT is 180◦, while P-

RSBT can cover 360◦. P-RSBT does not have a significant

advantage over D-RSBT in forming beam apertures with

fine-tuned beam coverage; thus, it is not prominently better

than D-RSBT while given a sufficiently large delivery time

(∼30 min/fx), which allows using more beams with small

emission angles. With a delivery time constraint of 30 min/fx,

the average HR-CTV D90 of the delivery plans achieved using

P-RSBT was marginally higher than that achieved by D-RSBT,

which was less than 3 Gy10.

For the three RSBT delivery techniques, S-RSBT, D-RSBT,

and P-RSBT, the ability to form small beam apertures im-

proves the dose distribution quality, while the ability to form

large beam apertures reduces the treatment time. It is relatively

easy to make use of large beam apertures in S-RSBT, while

it is easy to make small beam apertures in D-RSBT. P-RSBT

provides a way to combine those two features together, yet at

the price of more complex apparatus design.

Reducing the paddle size theoretically improves the per-

formance of P-RSBT, but may significantly complicate the

design of the P-RSBT system. Fortunately, our experiments

F. 9. Delivery efficiency curves comparison between P-RSBTs with different paddle sizes with different dose optimizers for five cases.
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demonstrated that the HR-CTV D90 minimally decreased

while increasing the paddle size from 5◦ to 90◦. As shown in

Table I, P-RSBT-60 with six paddles and P-RSBT-90 with four

paddles could be considered as a good balance between system

complexity and plan quality. Further reducing the number of

paddles (e.g., P-RSBT-120) may result in significant loss of

plan quality.

The size of rotation stride r · δϕ is another important

parameter to be considered in the P-RSBT system design.

While a smaller rotation stride generally provides improved

dose conformity, it requires more precise control and tends to

be more vulnerable to motion uncertainty. Our experiments

showed marginal HR-CTV D90 decreases, while the rotation

stride increased from 5◦ to 20◦ regardless of the delivery times

between 10 and 30 min/fx. This demonstrates the feasibility

of having a P-RSBT system with a small number of paddles

and a large rotation stride, which may significantly simplify

the complexity of a P-RSBT system design.

Our experiments further reveal that the smoothness of the

emission times between adjacent beamlets in an anchor plan

played an important role for P-RSBT to achieve high-quality

plans. Figure 9 shows the delivery efficiency curves by P-

RSBT-5 and P-RSBT-60 for the anchor plans computed by

two different dose optimizers: one was the ADOS method1

in which emission time smoothness is enforced by the L2-

norm, and the other was based on the inverse planning by

simulated annealing (IPSA) technique where no smoothness

was enforced. The HR-CTV D90’s of the anchor plans using

ADOS and IPSA were 91.4 and 94.0 Gy10, respectively. HR-

CTV D90 decreases between the delivery plans when using

P-RSBT-5 and P-RSBT-60 based on the ADOS anchor plans

were larger than those based on the IPSA anchor plans. Also,

the delivery efficiency curves for the ADOS anchor plans were

superior to those for the IPSA anchor plans. These preliminary

data justify the importance of smoothness in an anchor plan for

P-RSBT to adopt large-sized paddles and large rotation strides,

thus decreasing the complexity of the delivery system.

In this study, we did not include the comparisons of high

dose levels such as HR-CTV D50 and V150 (V150 is the volume

receiving at least 150% of the prescription dose). As clinical

data indicating the maximum tolerable hot spots for cervical

cancer brachytherapy are lacking,11–13 it is not possible to

definitely claim a maximum allowable dose–volume value

corresponding to hot spots in a cervical cancer tumor. Caution

must be exercised, however, prior to using RSBT techniques

for cervical cancer.

5. CONCLUSION

The proposed P-RSBT technique shows promise for im-

proving tumor coverage (HR-CTV D90) without compromis-

ing rectum, bladder, and sigmoid sparing with a clinically

acceptable treatment time. Compared to S-RSBT and D-

RSBT, P-RSBT improved HR-CTV D90 (tumor coverage)

on average by 8.3 and 12.9 Gy10, respectively, using the

same 15 min delivery time constraint per fraction. A P-RSBT

implementation with 4–6 shield paddles would be sufficient

to outperform S-RSBT and D-RSBT if delivery times are

constrained to less than 15 min/fx.
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