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Abstract

Background: High dose rate (HDR) brachytherapy is commonly used to treat prostate cancer. 

Existing HDR planning systems solve the dwell time problem for predetermined catheters and a 

single energy source.

Purpose: Additional degrees of freedom can be obtained by relaxing the catheters’ pre-

designation and introducing more source types, and may have a dosimetric benefit, particularly in 

improving conformality to spare the urethra. This study presents a novel analytical approach to 

solving the corresponding HDR planning problem.

Methods: The catheter and dual-energy source selection problem was formulated as a 

constrained optimization problem with a non-convex group sparsity regularization. The 

optimization problem was solved using the fast-iterative shrinkage-thresholding algorithm 

(FISTA). Two isotopes were considered. The dose rates for the HDR 4140 Ytterbium (Yb-169) 

source and the Elekta Iridium (Ir-192) HDR Flexisource were modeled according to the TG-43U1 

formalism and benchmarked accordingly. 22 retrospective HDR prostate brachytherapy patients 

treated with Ir-192 were considered. An Ir-192 only (IRO), Yb-169 only (YBO), and dual-source 

(DS) plan with optimized catheter location was created for each patient with N catheters, where N
is the number of catheters used in the clinically delivered plans. The DS plans jointly optimized 

Yb-169 and Ir-192 dwell times. All plans and the clinical plans were normalized to deliver a 15 

Gy prescription (Rx) dose to 95% of the clinical treatment volume (CTV) and evaluated for the 

CTV D90%, V150%, and V200%, urethra D0.1cc and D1cc, bladder V75%, and rectum V75%. 

Dose-volume histograms (DVHs) were generated for each structure.

Results: The DS plans ubiquitously selected Ir-192 as the only treatment source. IRO 

outperformed YBO in organ at risk (OARs) OAR sparing, reducing the urethra D0.1cc and D1cc 

by 0.98% (p = 2.22*10−9) and 1.09% (p = 1.22*10−10) of the Rx dose, respectively, and reducing 

the bladder and rectum V75% by 0.09 (p = 0.0023) and 0.13 cubic centimeters (cc) (p = 0.033), 
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respectively. The YBO plans delivered a more homogenous dose to the CTV, with a smaller 

V150% and V200% by 3.20 (p = 4.67*10−10) and 1.91 cc (p  =  5.79*10−10), respectively, and 

a lower CTV D90% by 0.49% (p = 0.0056) of the prescription dose. The IRO plans reduce the 

urethral D1cc by 2.82% (p = 1.38*10−4) of the Rx dose compared to the clinical plans, at the cost 

of increased bladder and rectal V75% by 0.57 (p = 0.0022) and 0.21 cc (p = 0.019), respectively, 

and increased CTV V150% by a mean of 1.46 cc (p = 0.010) and CTV D90% by an average of 

1.40% of the Rx dose (p = 8.80*10−8). While these differences are statistically significant, the 

clinical differences between the plans are minimal.

Conclusions: The proposed analytical HDR planning algorithm integrates catheter and isotope 

selection with dwell time optimization for varying clinical goals, including urethra sparing. The 

planning method can guide HDR implants and identify promising isotopes for specific HDR 

clinical goals, such as target conformality or OAR sparing.

1. Introduction

Prostate cancer is a common malignancy in men, with an estimated 1 in 9 American 

men being diagnosed during their lifetimes1. The prognosis is generally good, with a 98% 

5-year survival rate for all stages combined1. The population of prostate cancer survivors 

in the United States is estimated to be over 3.3 million people and will continue to grow, 

highlighting the importance of maintaining effective treatment while minimizing side effects 

and prioritizing long-term quality of life2,3.

There are a wide variety of treatments available, ranging from active surveillance to surgical 

resection, chemotherapies, and radiotherapies4. The exact course of treatment depends on 

the disease stage, as well as patient preference4. High dose rate (HDR) brachytherapy 

is a widely used and effective radiation modality for managing prostate cancer. HDR 

brachytherapy can be used as a monotherapy or boost treatment in conjunction with 

external beam radiotherapy (EBRT). While more invasive than EBRT, brachytherapy allows 

for increased localized dose escalation with a lower risk of toxicity to nearby organs at 

risk (OARs)5,6. However, there is also evidence that HDR brachytherapy could increase 

the risk of genitourinary complications, such as urethral stricture, obstruction, and sexual 

dysfunction7. Urethral stricture is the narrowing of the urethral passage due to scar 

tissue build-up, causing discomfort and difficulty urinating8. Urethral stricture and other 

genitourinary toxicities have been shown to correlate with radiation dose to the urethra 

delivered during brachytherapy, so urethral sparing should be a key objective of dose 

planning9–11.

Ir-192 and Co-60 are the most prevalent sources for HDR prostate brachytherapy12. 

Brachytherapy sources are chosen based on several characteristics, including average photon 

energy, specific activity, and half-life. Yb-169 has also been proposed as an alternative to 

Ir-19213–16. Yb-169 offers lower energy than Ir-192, at 93 keV on average, as opposed to 

380 keV. The lower energy decay products have been suggested to increase the potential for 

clinical target volume (CTV) homogeneity15,17. Plan optimization studies with hypothetical 

Yb-169 sources and Ir-192 sources reported that Yb-169 plans could achieve comparable 

CTV coverage while lowering the dose to OARs and the urethra in particular17,18.

Frank et al. Page 2

Med Phys. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To fully leverage the potential of the Yb-169, catheter location must also be considered. 

Brachytherapy dosimetry is heavily dependent on the location of the source due to the 

high local dose rate and rapid fall-off. Typically, catheters are placed using a template and 

transrectal ultrasound probe, the patient is imaged and catheter positions are reconstructed, 

and then dwell time optimization is performed19. Dwell time optimization methods 

in clinical practice and in literature are varied, most prominently including simulated 

annealing20 and hybrid inverse planning21. These methods rely on anatomical contours 

and precise catheter locations and have largely replaced slow and user dependent methods 

such as graphical optimization. Initial catheter placement is often done based on physician 

and institutional experience, though computational optimization methods are available. 

Hybrid inverse planning optimization (HIPO), for example, is a popular option that uses 

stochastic simulated annealing to optimize catheter locations followed by a deterministic 

dose volume histogram-based optimization of dwell times21. Other heuristics and linear 

programming-based models for catheter selection have also been presented and shown 

to improve dosimetry22–25. In 2021, Wang et al. proposed a fast-iterative shrinkage 

thresholding algorithm (FISTA) with a group sparsity term and adaptive heuristic group 

sparsity weighting to perform simultaneous dwell time optimization and catheter selection26. 

They concluded that this was an effective method for catheter selection and improved OAR 

sparing in the final plans over manual catheter placement26. They observed that a constant 

weight with an L2,1 norm was ineffective in reducing the number of channels for selection 

purposes and resorted to a heuristic adaptive weighting based on estimates from previous 

iterations. While they may work in certain practical cases, such heuristics risk a lack of 

convergence and general applicability. Here, we propose to use FISTA with a different group 

sparsity term and systematically updated catheter weights to create a fully analytical method 

for catheter selection. FISTA scales well with large problems, making it an excellent choice 

for solving this complex planning problem in linear time.

We hypothesize that by jointly optimizing the catheter locations and the dwell times for both 

Yb-169 and Ir-192 in a single treatment plan, we can leverage the potential benefits of dual 

source treatment and generate new insights into source behavior. This study presents a novel 

analytical inverse planning framework with integrated automated catheter selection and joint 

dual-energy dwell time optimization to improve urethral sparing.

2. Methods and Materials

2.1. Brachytherapy Sources

We computed the dose rate for the Ir-192 and Yb-169 brachytherapy sources according to 

the TG-43 report and update,

Ḋ r, θ = SK ⋅ Λ ⋅ GL r, θ
GL r0, θ0

⋅ g r ⋅ F r, θ , (1)

where SK is the air kerma strength, Λ is the dose rate constant, GL r, θ  is the geometry 

function, g r  is the radial dose function, and F r, θ  is the anisotropy function27. r0 and θ0

are reference points for dosimetry measurements. We used tabulated Monte Carlo generated 

TG-43 parameters for the HDR 4140 Yb-169 source and the Elekta Ir-192 HDR Flexisource 
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from the CLRP TG-43 Parameter Database28. A line source distribution was assumed for the 

geometry function. Finally, each source was set to have an activity of 10 Ci. Interpolation 

and extrapolation from the tabulated data followed the updated TG-43 guidelines27. The 

dose rate calculation for each source was verified against Lymperopoulou et al.’s 2005 

Monte Carlo calculations and found to agree well, with differences being attributed to 

different source models17. The calculated dose rate distributions for the two sources were 

also compared directly.

2.2. Problem Formulation and Optimization

The integrated catheter selection and dose optimization is mathematically formulated as

min
t

α
2 A0t − d0 − 2

2 + β0

2 A0t − d0 + 2
2 + ∑

i = 1

N βi

2 Ait − di + 2
2 + ∑

c = 1

C
ωc tc 2

p
(2)

subject to t ≥ 0,  where the variables and parameters are defined in Table 1.

The first and second terms in the objective function penalize cumulative underdosing and 

overdosing to the CTV with respect to the prescription dose d0, respectively. The CTV 

overdosing weight can be set to zero to prevent penalizing dose escalation to the CTV, 

though in practice, we use a small, nonzero value that does not significantly impact the 

optimization results. The third term penalizes cumulative OAR overdosing above some 

threshold di. This can be set to 0 to penalize all OAR doses, but by setting di > 0 for certain 

OARs, differently shaped dose distributions can be produced29. The final term is a group 

sparsity penalty that encourages all the dwell times for an individual catheter to be zero, thus 

eliminating candidate catheters from the plan. The group sparsity weights ωc are chosen to 

counteract the bias towards short catheters with fewer dwell positions, as tc 2
p will be larger 

for longer catheters. The weights are assigned as follows

ωc = k A0
c 1 2

nc

p
2
, (3)

where nc is the number of dwell positions in catheter c,  A0
c is the dose loading matrix for 

the CTV from catheter c, and k is a constant parameter that can be used to tune the speed 

of catheter selection29. k is iteratively updated during optimization to achieve the necessary 

sparsity across all cases without prior knowledge of the optimization results.

Problem (2) was solved using the Fast Iterative Shrinkage-Thresholding Algorithm 

(FISTA), an accelerated proximal gradient optimization method for linear problems with 

a line search30. This method was chosen for its computational efficiency and practical 

implementation for solving large non-differentiable optimization problems. FISTA only 

requires that the optimization problem can be separated into the form mint f t + g t , where 

f t  is convex and differentiable, and g t  has a known proximal operator. To solve problem 

(2), we separate out
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f t =   α
2 A0t − d0 − 2

2 + β0

2 A0t − d0 + 2
2 + ∑

i = 1

k βi

2 Ait − di + 2
2, (4)

g t = ∑
c = 1

C
ωc tc 2

p . (5)

Here, the group sparsity exponent is chosen to be p = 1
2 .  p  =  1 would make the entire 

problem convex, which is numerically simpler to optimize but inefficient to converge to 

a desirable group-sparse solution, as reported in Wang et al.26. Rather than a heuristic 

modification, we have observed in previous works29,31 that p  =  1
2  yields good convergence, 

despite a nonconvex problem formulation, using FISTA and efficient elimination of 

candidate catheters while still having a computable proximal operator29,31.

The optimization is performed in two distinct steps. Initially, all dwell times are set to 1 

second. This was chosen so that in the initial solution, all candidate catheters are considered 

selected. Next, problem (2) is solved using FISTA until the number of selected catheters 

is iteratively reduced to N by the group sparsity term, and the dwell times for all other 

candidate catheters have been set to zero. Different from applying a sparsity constraint on all 

dwell positions, which would reduce the number of active dwell positions but leave a large 

number of catheters with sparse dwell positions, the group sparsity term resulted in catheters 

with zero total dwell time that can be eliminated, and catheters with dense dwell positions 

that are kept.

The group sparsity weights are increased by a constant factor of 1.2 every 500 iterations 

until the stopping criteria of N or fewer catheters with nonzero total dwell time has 

been met. 500 iterations was chosen to give the problem ample time to converge between 

each change in weighting. This is the catheter selection portion of the optimization which 

guarantees that no more than N catheters are used in each optimal plan. This approach of 

iteratively increasing the group sparsity weight until the necessary number of catheters have 

been removed prevents the need for patient-specific parameter tuning.

Then, the optimization problem is reduced to consider only the selected catheters, and 

the group sparsity term is turned off, reducing the objective to (4), which is once again 

minimized by FISTA. This fluence map optimization step smooths the dose distribution and 

prevents the catheter selection term from exerting too much influence on the final dose plan.

2.3. Patient Set-Up and Catheter Generation

We performed planning on 22 retrospective patients who had received high-dose-rate 

brachytherapy for prostate cancer using an Ir-192 source. The original HDR plans were 

created on Oncentra (Elekta Brachytherapy Solutions, Veenendaal, The Netherlands) using 

inverse planning simulated annealing (IPSA) optimization. For each patient, additional 

catheter locations were added parallel to the clinical catheter locations with respect to 
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the axial imaging plane, creating a non-uniform distribution of candidate catheter locations 

around the prostate. For each clinical catheter, a new candidate was added anterior, posterior, 

left, and right. The clinical catheters were also included in the candidate set. This approach 

was chosen to maintain the angle of catheter insertion following the patient’s anatomy 

to approximate clinically feasible placements. A candidate catheter was removed if it 

intersected the urethral contour, leaving 60–100 candidate catheters per patient. DICOM 

files with the contoured CT scans, clinical RT plan, and RT dose information were loaded 

for each patient using CERR, a MATLAB interface for handling DICOM files32. Clinical 

contours for the CTV, urethra, bladder, rectum, and body were used to define each structure. 

Then, optimization sampling points were generated for each patient to be uniformly spread 

out within the prostate and within each OAR, and the dose loading matrices were calculated 

according to equation (1).

Three plans with catheter selection were created for each patient – an Ir-192 only (IRO) 

plan, a Yb-169 only (YBO) plan, and a dual-source (DS) plan. For the dual-source plan, 

both sources can be loaded into each catheter. Each plan used the same set of candidate 

catheters and the two-step catheter selection and dose-smoothing optimization process. In 

addition, the clinical plan provided in the DICOM files was evaluated and compared to the 

optimized plans. Each optimized plan was optimized to have N or fewer catheters, where N
is the number of catheters used clinically for that patient, which ranged from 17–21 by the 

patient.

All treatment plans were normalized to deliver a prescription dose of 15 Gy in a single 

fraction to 95% of the CTV. Each plan was evaluated for the CTV D90%, V150% and 

V200%, urethral D0.1cc and D1cc, rectal V75%, and bladder V75%. The rectum and 

bladder metrics were chosen based on the recommended dose constraints posed in the 

prospective prostate brachytherapy Radiation Therapy Oncology Group (RTOG) 0321, 

which recommends that V75% < 1 cc for both structures33. The urethra dose metrics were 

chosen to identify hot spots in the urethral dose, defined here as the maximally irradiated 

0.1cc of the urethra, and the dose to a larger portion of the organ. Here, Vx% refers to the 

volume of the structure receiving x% of the prescription dose, Dx is the minimum dose 

to the maximally irradiated x% of the structure, and Dxcc is the minimum dose to the 

maximally irradiated x cubic centimeters of the structure.

The IRO plans were compared individually to the DS, YBO, and clinical plans across each 

metric. Paired t-tests were used for each comparison. A value of p  =  0.05 was used to 

determine the statistical significance of the bladder and rectum metrics. For the CTV and 

urethra metrics, values of p  =  0.0167 and p  =  0.025 were used, respectively, to account for 

the multiple comparisons within a single structure. While a similar dosimetry study does not 

adjust for multiple comparisons18, Bonferroni correction was selected here due to the small 

number of comparisons to account for intra-organ metric dependence34.
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3. Results

3.1. Dose Rate Comparison

Figure 1 shows a comparison of the radial dose functions, g r  for the Ir-192 and Yb-169 

sources. The radial dose function accounts for the different attenuation properties of photons 

in tissue. Yb-169 has a more prominent peak located at 5 cm followed by a steep fall off, 

due to the lower energy decay products. However, when the full dose rate is calculated, the 

geometry function dominates and this effect is no longer significant, as seen in the dose 

contour lines in Figure 2.

3.2. Catheter location selection

Figure 3 shows the candidate, and clinical catheter locations and optimized catheters for 

the IRO, YBO, and DS plans for a typical example patient overlaid on the prostate and 

urethra contours. The IRO-selected catheters are located closer to the urethra, while the 

YBO catheters are more peripherally loaded. The DS plan catheters are clustered around the 

urethra, like the IRO plans. This is because all 22 DS plans selected Ir-192 as the only active 

source. In this case, the selected catheters are the same for the DS and IRO optimizations. 

However, in some other cases, the catheter selection between the DS and IRO plans differs 

slightly due to the catheter weights, which account for the possible inclusion of Yb-169 in 

the DS plan.

3.3. Dual energy vs. single source comparison

The optimization times for the IRO, YBO, and DS plans were between 1.4 and 9.5 minutes, 

0.4 and 5.1 minutes, and 2.8 and 17.9 minutes, respectively. The average objective function 

values for the final IRO, YBO, and DS plans were 1.90*105 ± 6.18*104, 2.03*105 ± 

6.56*104, and 1.90*105 ± 6.17*104. Table 2 compares key CTV and OAR metrics for the 

IRO, YBO, and DS plans. The DS metrics did not significantly differ from any of the IRO 

metrics. This is because while the DS plans could utilize both sources, in all 22 plans, the 

Yb-169 dwell times were optimized to 0. Figure 4 exemplifies a 2D dose colormap for the 

clinical, DS, YBO, and IRO plans. Further, Figure 5 shows each plan type’s average dose 

volume histograms. There are no appreciable differences between the IRO plan DVHs and 

the DS plan DVHs or dose colormaps. There are only minor differences in the dwell time 

distributions for the IRO and DS plans (Figure 6), and the mean active dwell times were 

11.92 ± 16.02 seconds and 11.92 ± 16.02 seconds, respectively with total mean treatment 

times of 27.63 ± 6.41 minutes and 27.69 ± 6.53 minutes, respectively.

The YBO metrics, on the other hand, all significantly differed from the IRO plans. 

The dose colormaps (Figure 4) illustrate this difference in dosimetry. Quantitatively, the 

urethra D0.1cc and D1cc for the Yb-169 plans were, on average, 0.98% and 1.09% of the 

prescription dose greater, respectively. The bladder and rectum V75% were also larger for 

the YBO by 0.09 and 0.13 cubic centimeters, respectively. The CTV V150% and V200% 

were smaller in the YBO plans than the IRO, and the D90% was a smaller percentage of the 

prescription dose. The dose volume histograms (Figure 5) illustrate these differences, with 

lower overdosing to the CTV for the Yb-169-only plans but slightly increased doses to all 

OARs. Additionally, the YBO dwell time distribution is shifted significantly towards longer 

Frank et al. Page 7

Med Phys. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dwell times, as seen in Figure 6, and the mean active dwell time was 56.79 ± 71.86 seconds 

with a mean total treatment time of 138.36 ± 31.49 minutes.

3.4. Ir-192 only optimized plan vs. clinical plan comparison

Table 2 also compares the IRO plan and the clinical plan metrics. Significantly, the dose to 

90% of the prostate was 1.40% greater for the IRO plans. Additionally, the volume of the 

prostate receiving 150% of the prescription dose was an average of 1.46 cubic centimeters 

larger for the Ir-192 optimized plans than the clinical plans. The CTV V200% and urethra 

D0.1cc did not statistically significantly differ between the two plans. However, the D1cc 

for the urethra was significantly different, with the clinical plans averaging 95.44% of 

the prescription dose and the Ir-192 optimized plans averaging 92.62% of the prescription 

dose. Also significantly, the average bladder and rectum V75% were 1.14 and 0.27 cubic 

centimeters, respectively, in the Ir-192 only plans, but only 0.57 and 0.06 cubic centimeters, 

respectively, in the clinical plans. The average dose volume histograms, shown in Figure 

7, show that the average urethral dose is lower for the IRO plans than for the clinical 

plans. However, the clinical plans outperform the optimized plans in bladder and rectum 

sparing. For the CTV, the clinical plans deliver 15–25 Gy to a smaller structure volume but 

deliver greater than 25 Gy to a larger structure. The clinical dwell time distribution is shifted 

towards shorter dwell times, with a mean dwell time of 5.17 ± 5.85 seconds.

4. Discussion

We have developed an analytical algorithm for high-dose-rate prostate brachytherapy 

treatment planning with catheter selection and multi-source dwell time optimization. This 

novel approach affords catheter placement optimization and allows for comparison between 

source models for flexible clinical goals, including urethral sparing. Additionally, the 

analytical methods increase plan reproducibility, as the same input parameters always 

yield the same results. Further, the IRO optimization time is comparable to clinical 

Ir-192 planning times using simulated annealing. The present work is novel in several 

aspects. First, a non-convex group sparsity term was used for channel selection. The 

typical convex L2,1 norm used in external beam orientation optimization problem33 fails to 

converge to desirable sparsity. In comparison to the heuristically modified L2,1 norm26, our 

approach rids the dependence on heuristics and improves algorithm generality. While global 

convergence is not guaranteed, we have observed in previous works that the non-convex 

norm of p  =  0,  1
2 ,  2

3  allows for good convergence using FISTA and efficient elimination of 

candidate catheters, while still having an analytical proximal operator29,31. This observation 

is also supported by the successful use of this non-convex group sparsity in a series 

of external beam optimization problems29,35–42 and image processing43. Further, in this 

study, a comparison with the clinical plans shows that the locally optimal solutions are 

dosimetrically desirable.

Besides the theoretical benefits, the study leads to several novel results regarding the utility 

of Yb-169 in HDR prostate brachytherapy and the optimal treatment catheter distribution 

based on source energy.
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The differences in source dosimetry shown in Figure 1 and Figure 2 reveal the potential 

for more conformal dose plans around the OARs using Ir-192 over Yb-169. While the dose 

build-up from lower energy decay products from the Yb-169 is evident in the shape of 

the radial dose function, the overall dose rate is dominated by the rapid fall-off in photons 

further from the source, accounted for in the geometry function. Therefore, the dose rate 

for Ir-192 falls off faster, allowing for more conformal planning around the OARs. The 

importance of the geometry function in the final dose rate distribution also highlights that 

the location of seeds in relation to the patient’s anatomy is a major factor in the final plan 

dosimetry.

The optimal catheter positions for each plan type reflect the shape of these dose 

distributions. The optimized YBO catheters are more peripherally located to increase the 

distance between the dwell positions and urethra, while the optimized IRO catheters are 

more uniformly distributed throughout the prostate since the steep dose rate drop-off allows 

for more conformality close to the urethra.

The lower energy of the Yb-169 source also explains the long YBO dwell times of close 

to a minute on average when compared with the clinical, IRO, and DS dwell times, which 

averaged 5.17, 11.92, and 11.92 seconds, respectively, as well as the long overall treatment 

time. The IRO and DS dwell times are, on average, longer than the clinical dwell times 

due to the low penalty for CTV overdosing in this optimization. Further, the dwell time 

distributions for the optimized plans have higher variance than the clinical plan, as dwell 

time homogeneity was not considered in this study.

The dosimetry benefits of the Ir-192 are illustrated in practice by the plan optimization 

results. Despite having the option to use either Yb-169 or Ir-192, or both, all optimized 

DS plans chose Ir-192 only. Mathematically, this is reflected in lower final IRO and DS 

objective function values. Therefore, the DS catheter distribution shown in Figure 3 is 

identical to the IRO distribution. Additionally, the dose maps in Figure 4 are identical. 

The ubiquitous Ir-192 selection also accounts for the similar DVHs shown in Figure 5. 

The metrics also were not significantly different between the Ir-192 only and dual source 

plans. Thus, for our clinical goals of urethral sparing, we found that Ir-192 was unanimously 

superior to Yb-169. While this dual-source optimal solution is not guaranteed to be the 

global optimal solution for this problem, the universal Ir-192 selection for OAR sparing 

is supported by the differences in source dosimetry and more rapid Ir-192 dose fall 

off. There has been interest in leveraging the lower energy Yb-169 source for improved 

brachytherapy dosimetry44. Brachytherapy afterloaders accommodating dual sources were 

developed for this purpose. The clinical adoption of Yb-169 source has been slow due to 

the complexity and cost of maintaining the additional isotope, which has a short half-life 

of 32 days. The current study provides further evidence to suggest a minimal benefit-cost 

ratio to adopt isotropic Yb-169 for prostate radiotherapy. Therefore, research focus related 

to Yb-169 should be focused on directionally shielded sources for intensity-modulated 

brachytherapy45–47.

The plan differences are reflected by the dosimetry metrics. The CTV V150% and V200% 

were larger in the IRO plans, and the dose to 90% of the CTV was higher. Overall, this 
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indicates that a larger volume of the CTV receives greater than the prescription dose in 

the IRO plans than in the YBO plans. Since all plans were normalized to deliver 15 Gy 

to 95% of the prostate, we observe that the CTV dose is more homogenous using Yb-169, 

consistent with previous reports17,18. This is supported by the dose maps in Figure 4, which 

show smaller high-dose regions for the YBO plan, and the DVHs in Figure 5, which show a 

sharper dose drop-off for the CTV in the Yb-169 optimization. The lower CTV V150% and 

V200% also indicate that Yb-169 is more effective at lowering high-dose regions within the 

target, however, CTV overdosing was given low significance in this study. Unlike previous 

studies, we report improved OAR sparing for all organs using the Ir-192 source over the 

Yb-169 sources17,18. The average OAR DVHs show superior OAR sparing, as do the OAR 

dose metrics in Table 2. However, it should be noted that while these differences are 

statistically significant, the clinical difference is not directly evaluated and may be minimal.

Further, the analytical planning algorithm statistically outperformed the clinical system 

using simulated annealing in improving urethral sparing. The IRO plans reduced the 

minimum dose to the maximally irradiated 1 cubic centimeter of the urethra by an average 

of 2.82% of the prescription dose. The overall urethral DVH (Figure 7) is shifted left 

for the IRO over the clinical plans, meaning the average dose to the urethra is lower. 

However, this comes at the cost of increased bladder V75% by an average of 0.57 cubic 

centimeters. Our average optimized bladder V75% falls just above the RTOG 0321 guideline 

of < 1 cubic centimeter for all plan types, but bladder sparing was not a key objective of 

the optimization33. The average optimized rectum V75% was significantly higher for the 

optimized plans, but still fell within RTOG 0321 guidelines. Further, the DVHs (Figure 7) 

show a lower overall rectal and bladder dose in the clinical plans versus the IRO plans. The 

optimization weights for this study were tuned to prioritize urethral sparing but could be 

altered to penalize the dose to the bladder and rectum more heavily. Moreover, there was an 

increase in the CTV D90% and V150% in the IRO plan versus the clinical plan. Overdosing 

of the prostate was weakly penalized, which accounts for this change. However, there was 

no significant change in the V200%, and the CTV DVH shows that the IRO plans delivered 

> 25 Gy to a smaller volume of the structure.

Overall, our versatile planning method can optimize prostate HDR brachytherapy treatment 

plans for specific clinical goals while incorporating additional degrees of freedom, including 

channel locations and isotope energies.

5. Conclusion

In this paper, we have presented a novel analytical algorithm for HDR brachytherapy 

treatment planning with automated catheter selection and multi-energy optimization 

capabilities. We showed that treatment plans created using this framework could outperform 

the clinical plans in sparing the urethra while maintaining sufficient CTV coverage. Further, 

we found that Ir-192 is selected over Yb-169 as a more optimal treatment source for 

prostate planning with a goal of urethral sparing at the cost of higher doses to other OARs. 

This algorithm allows for repeatable dose optimization and is extendible by tuning the 

optimization parameters to prioritize other clinical goals, such as CTV homogeneity or 

bladder and rectal sparing.
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Figure 1: 
Radial dose function, g r , for the Yb-169 source (dashed) and the Ir-192 source (solid).
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Figure 2: 
Normalized dose rate contour lines for the Yb-169 source (dashed) and the Ir-192 source 

(solid).
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Figure 3: 
Example catheter selection results overlaid on collapsed prostate and urethra contours. The 

candidate catheter locations (empty circles) are shown in the upper left, with the clinical 

catheter locations shown as solid circles. The optimized catheter distributions for the DS, 

IRO, and YBO plans are shown in the lower right, upper right, and lower left, respectively.
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Figure 4: 
Axial dose distribution for an example patient for the clinical (upper left), DS (upper right), 

YBO (lower left), and IRO (lower right) plans.
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Figure 5: 
Population averaged CTV and OAR dose volume histograms for the optimized DS, IRO, and 

YBO plans. All plans are normalized to deliver the prescription dose to 95% of the CTV.
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Figure 6: 
Population averaged dwell time histogram with standard error bars for the clinical, DS, IRO, 

and YBO plans.
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Figure 7: 
Population averaged CTV and OAR dose volume histograms for the optimized Ir-192 only 

and clinically delivered plans. All plans are normalized to deliver the prescription dose to 

95% of the CTV.
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Table 1:

Problem Formulation Symbol Definitions

Symbol(s) Definition

α CTV underdosing penalty weight

β0 CTV overdosing penalty weight

βi Overdosing penalty weight for OAR i
A0, Ai CTV and OAR dose loading matrices

d0 CTV prescription dose

di Dose limit for OAR i
t Vectorized dwell times

tc Vectorized dwell times for catheter c
ωc Group sparsity weight for catheter c
p Group sparsity norm

C Set of candidate catheters

N Set of CTV and OARs

Optimization problem symbols and definitions.
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Table 2:

Dosimetry Results

CTV Urethra Bladder Rectum

D90% 
(% Rx) V150% (cc) V200% (cc) D0.1cc (% Rx) D1cc (% Rx) V75% (cc) V75% (cc)

IRO 105.11 ± 0.20 21.11 ± 1.30 7.53 ± 0.50 102.11 ± 0.34 92.62 ± 2.05 1.14 ± 0.24 0.27 ± 0.10

DS 105.08 ± 0.20
p = 0.33

20.95 ± 1.28 *
p = 0.045

7.50 ± 0.51
p = 0.36

102.02 ± 0.35
p = 0.14

92.53 ± 2.05
p = 0.056

1.10 ± 0.24
p = 0.076

0.28 ± 0.10
p = 0.24

YBO 104.62 ± 0.16 *

p = 1.42*10-4
17.19 ± 1.03 *

p = 4.67*10-10
5.62 ± 0.36 *

p = 5.79*10-10
103.09 ± 0.36 *

p = 2.22*10-9
93.71 ± 2.03 *

p = 1.22*10-10
1.23 ± 0.25*
p = 0.0048

0.40 ± 0.14*
p = 0.033

Clinical 103.71± 0.18 *

p = 8.79*10-8
19.65 ± 1.37 *

p = 0.0094
8.07 ± 0.60

p = 0.11
103.43 ± 0.67

p = 0.051
95.44 ± 1.83 *

p = 1.36*10-4
0.57 ± 0.10 *
p = 0.0022

0.06 ± 0.03 *
p = 0.019

Mean CTV and OAR metrics for the DS, IRO, YBO, and clinical plans with standard deviations. Results where the dual source, Yb-169 only, or 
clinical metrics differ significantly from the Ir-192 only plans are marked with a *.
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