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Abstract

Background The aim of this study was to assess the feasibility of using magnetic resonance (MR) images to
implement a dose painting (DP) approach in prostate high-dose-rate brachytherapy.

Methods The study included 45 patients with prostate tumors of varying grades, with the tumors (DILs) manually
segmented with a 0.5 cm margin on T2W MR Images. The bladder, rectum, and urethra were considered as organs

at risk (OARs) and treated using LLA300-KB plastic needles and the HDRplus treatment planning system. The

patients received an external dose of 45 Gy and a boost dose based on the tumor’s malignancy, with the dosimetric
evaluations and radiobiological analysis performed according to the RTOG protocol and using the equivalent dose in
2 Gy fractions (EQD2).

Results Our study found no statistically significant differences in dose values for the rectum between the DP
methods and conventional treatment planning for tumor grades 2 to 5 (p > 0.05). However, two patients with grade

5 tumors showed rectal V75cc values exceeding the limit with the DP method and a 43 Gy boost dose, although the
average V75 remained below 1 cc. The analysis revealed no significant differences in bladder dose values between
conventional treatment planning and DP methods for tumor grades 2 to 4 (p>0.05). However, the mean V75cc

of the bladder in grade 5 patients with a 43 Gy boost dose exceeded the permissible limit at 1.09. There was no
significant difference in urethral V125cc values for patients with tumor grades 2 and 3 between both DP methods and
conventional planning (p>0.05). However, a significant difference was observed for patients with tumor grades 4 and
5.The average V125% and V150% of the whole prostate remained within the standard range of 50-65% and 20-35%
respectively for all tumor grades, and both DP methods and conventional treatment planning were within acceptable
limits. However, the average V125 and V150 DILs for all tumor grades exceeded the standard limits and showed a
significant difference from conventional treatment planning (p < 0.05). Our results showed a significant difference in
EQD?2 values for the whole prostate and DIL in the DP method for all tumor grades (P<0.05).

Conclusion The DP approach offers individualized doses but may be limited by the proximity of DILs to OARs.
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Introduction

Today, prostate cancer (PCa) ranks second among other
cancers and is a significant health concern for men [1,
2]. One in every six men will be diagnosed with pros-
tate cancer during their lifetime, making it important
for researchers and medical professionals to continue to
study and improve treatment options [3, 4]. The highest
percentage of prostate cancer is related to the peripheral
area of the prostate, but it may also spread to other parts
such as the bone and lymph nodes [5]. Prostate cancer
treatment methods include surgery, hormone therapy,
chemotherapy, and radiation therapy. The choice of each
of these methods is different depending on the patient’s
specific case and the Gleason score, a system used to
grade the aggressiveness of prostate cancer [6, 7]. How-
ever, due to the significant heterogeneity of biological
characteristics in tumors, when using a uniform dose
of radiation for heterogeneous tumors, local recurrence
occurs after radiation therapy. Therefore, local con-
trol can be improved by performing a complementary
radiation for biological volumes relatively sensitive to
treatment [8]. Recent research has shown that in pros-
tate cancer, tumor recurrence occurs in DILs (domi-
nant intra-prostatic lesions), and by increasing the dose
in these areas, tumor recurrence can be prevented [9].
This highlights the importance of personalized treatment
approaches and targeting specific areas of the prostate
that are more likely to experience recurrence. In con-
clusion, it is crucial for ongoing research to continue in
order to develop more effective and targeted treatment
options for prostate cancer patients.

The main goal of radiation therapy is to deliver and pre-
scribe doses to the tumor target volume that create a suf-
ficient balance between tumor control probability (TCP)
and normal tissue complication probability (NTCP) [10].
However, this can be challenging as high doses to the
tumor can also damage surrounding healthy tissue. To
overcome this problem, the DP (dose painting) method
was proposed. This method allows for a nonuniform
dose distribution, where highly suspicious disease sites
or close margins can be treated with higher doses while
the dose in distant areas can be reduced. To achieve this,
one or more target volumes based on biology (BTV) can
be selected within the gross tumor volume (GTV) and
treated with higher doses using intensity-modulated
radiation therapy (IMRT) or brachytherapy strategy.
Brachytherapy, a form of internal radiation therapy, has
been widely used in the treatment of prostate cancer.
However, the ability to deliver high doses to the tumor
while minimizing the dose to surrounding normal tissue
remains a challenge [11-15]. To overcome this limitation,
the DP method has been proposed. Previous studies have
demonstrated the potential of the DP method in improv-
ing the treatment outcome in prostate cancer patients
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when combined with brachytherapy. A study by Rezaeijo
et al. [16] used multiparametric MRI (mpMRI) to acquire
functional and anatomical images of the prostate and
found that the combination of mpMRI and DP method
improved the accuracy of the treatment planning. Previ-
ous studies have shown that the presence of DILs inside
the prostate is the main factor for tumor recurrence
after treatment. Therefore, additional dose therapy is
a method for preventing the recurrence of these resi-
dues. If this dose is not given to the patient, the patient
will relapse after a few years [17]. Therefore, despite the
major advantages of the DP method compared to con-
ventional treatment methods in external prostate radia-
tion therapy and brachytherapy, studies in this field are
limited. Therefore, the goal of this study is to investigate
the DP method in brachytherapy for patients with differ-
ent grades of prostate tumors. In this study, the levels of
dose that are based on which, in addition to covering the
full volume of BTV or DILs, will be held at an appropri-
ate level of emergency tissue will be investigated. Also,
the parameters and limiting factors of the DP method
for different tumor grades will be examined based on the
damage to the organ at risk (OARs) such as the bladder,
urethra and rectum. Therefore, we aim to further investi-
gate the potential of the DP method in combination with
brachytherapy using T2W images, with careful reference
to mpMRI guidance in improving the treatment outcome
in prostate cancer patients. Finally, we aimed to compare
the effectiveness of the conventional treatment method
and the DP method in prostate cancer patients. To do
this, we designed two treatment plans for each patient,
one using the conventional method and the other using
the DP method. The plans were then evaluated based
on dosimetric and radiobiological analyses. By compar-
ing the results of the two treatment plans, we were able
to determine the advantages and limitations of the DP
method in comparison to the conventional method.

Materials and methods

Dataset

In this study, we used the PROSTATEx-2 dataset, which
was previously used as the training dataset for the PROS-
TATEx-2 2017 challenge. The dataset was reviewed by a
radiologist who identified suspicious lesions in each mag-
netic resonance imaging (MRI) and assigned a PI-RADS
score. Lesions with a PI-RADS score greater than 3
were subsequently examined using magnetic resonance-
guided biopsy and graded by a pathologist. These out-
comes were used as the ground truth for the study. The
dataset includes T2W, high B-Value DWI (HBVAL), and
Apparent diffusion coefficient (ADC) images, however,
for this study, we only used T2W images. The decision
to use T2W images stems from their superior anatomi-
cal detail, which is essential for precise localization and
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Table 1 MRI parameters
Sequence TR/TE Slice Matrix Size  Voxel Size
(ms) Thick- (mm)

ness

(mm)
T2W-axial 5660/104 3 384*384*19  0.5%x0.5%3
T2W-sagittal 5590/101 3 320%320%19  0.56%x0.56%3.6
DW-MRI 2500/64 3 84*128*19 2X2x45
DCE-MRI 2700/63 3 84%128*19 2X2x45

TR/TE: Repetition Time/Echo Time; FOV: Field of View

delineation of the prostate and its substructures. While
other sequences (such as DWI and ADC) provide func-
tional insights, T2W images were selected as the primary
modality for contouring due to their effectiveness in
distinguishing prostate boundaries and focal lesions for
treatment planning.

. In this study, we included a total of 45 patients, dis-
tributed among the following tumor grades: 15 patients
with grade 1 tumors, 14 patients with grade 2 tumors,
3 patients with grade 3 tumors, 7 patients with grade
4 tumors, and 6 patients with grade 5 tumors. The MR
imaging parameters are summarized in Table 1.

Contouring and treatment planning procedure

The DILs were manually segmented with a margin of
0.5 cm on T2W images, in accordance with the provided
reference location and the RTOG (Radiation Therapy
Oncology Group) protocol. The OARs considered in this
study were the bladder, rectum, and urethra. The ure-
thra was hypothetically reconstructed on the images,
and the clinical target volume (CTV) was drawn with a
margin of 3-5 mm, meeting necessary standards. In this
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study, the placement of applicators was from the anterior
(front) to the posterior (back) of the prostate to ensure
comprehensive coverage of the clinical target volume
(CTV). The applicators used were LLA300-KB plastic
needles, which were inserted through the entire pros-
tate and extended slightly beyond it to provide proper
stabilization and optimal dose distribution. This expla-
nation aligns with the 3D rendering provided in the
manuscript, which accurately illustrates the path and
positioning of the applicators and clarifies the extent of
the implant geometry [18]. For treating prostate cancer,
LLA300-KB plastic needles with a diameter of 1.65 mm
and a length of 300 mm were used. Based on the volume
of the prostate, between 14 and 16 catheters were placed
in the prostate, as shown in Fig. 1. The HDRplus treat-
ment planning system was used to plan the treatments,
with all patients receiving an external dose of 45 Gy. A
boost dose was considered for DILs of grades 2-5, based
on their malignancy, with the total prostate dose set as
a single fraction HDRBR and equal to 15 Gy for grade 1
patients. The boost doses for DILs with grade 2, 3, 4, and
5 patients were 22 Gy, 29 Gy, 36 Gy, and 43 Gy, respec-
tively. In the treatment planning using the DP method,
the dose of each tumor grade was increased by 7 Gy rela-
tive to the previous grade. Both a conventional treatment
plan and one plan using the DP method were performed
for each patient, and the results were compared based on
dosimetric and radiobiological analyses.

Dosimetric and radiobiologic evaluation
The dosimetric evaluations of the CTV and OARs were
performed according to the RTOG protocol and as

Fig. 1 The catheter positions
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Table 2 Dosimetric parameters for CTV and oars
organs Dosimetric parameters
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Table 3 Comparison of V75 dosimetric parameter for rectum in
DP and conventional methods

(@Y V100=90%
V125=50-65%
V150=20-35%

Urethra V150=0%
V125<1 cc

Bladder V75<1 cc

Rectum V75<1 cc

indicated in Table 2. For radiobiological analysis, the
equivalent dose in 2 Gy fractions (EQD2) was used.
Alpha/beta (a/f) ratio is defined in radiobiology as a
measure of intrinsic radiosensitivity of a specific tissue,
measured in Gy. In the linear quadratic model, a widely
accepted model to describe radiation-induced cell death,
a and P are constants representing two different pro-
cesses of cell death caused by radiation. In this study, the
a/p ratio for OARs was set at 3 Gy, while the o/f ratio
for the prostate was determined to be 1.5 Gy. These val-
ues were selected based on established findings from past
radiobiological studies that indicate the radiosensitivity
profiles of these tissues, ensuring consistency with widely
accepted literature.

The dose (d) delivered in each fraction (n) to the target
organ was calculated as D90, while for critical organs it
was calculated as the minimum dose to a defined volume
(D2cc).

d
BED =nd (14—
nd < +a/b> (1)
BED
EQD2 =
Q 1+ @)

Data analysis

In this study, data analysis was performed using Graph-
Pad software (GraphPad, USA). The normality of the data
was initially assessed using the Kolmogorov-Smirnov
(KS) test. If the data were found to have a normal distri-
bution, parametric statistical tests were employed; oth-
erwise, nonparametric tests were utilized. To compare
dosimetric and radiobiological parameters between the
conventional technique and the DP method, the t-test
statistical method was used when data were normally
distributed, and the Mann—Whitney test was applied
when the data were not normally distributed. A p-value
less than 0.05 was considered statistically significant, and
results with a p-value less than this threshold were inter-
preted as such.

Organ Tumor Dosimetric  Conventional  DP P-
grade parameter val-
ue
mean + stan- mean + stan-
dard deviation dard
deviation
Rec- 1 V75 cc 0.84+0.31 0.84+0.31 -
tum 2 0.76£0.29 041+0.95 0.06
3 044+047 0.64+0.43 0.54
4 0.69+0.25 0.74+0.22 0.66
5 0.59+0.43 0.78+0.48 0.26
Results

Dosimetric analysis

Table 3 shows that there was no significant difference in
dose values between the DP methods and conventional
treatment planning for the rectum in tumor grades 2 to 5
(p>0.05). The DP method for rectum in grade 2 patients
had a higher average compared to other grades despite
receiving a lower boost dose (22 Gy). This was due to the
close proximity of DILs in grade 2 patients to the rectum.
However, it was not possible to perform the DP method
in 5 out of 14 grade 2 patients. Two Grade 5 patients
show rectum V75cc value exceeding limit in DP method
with 43 Gy boost dose, but average V75 remains below
1 cc. Figure 2 displays the average values of the dosimet-
ric parameter normalized to 100 for the rectum across all
grades.

Our analysis revealed that there was no statistically sig-
nificant difference in dose values for the bladder between
conventional treatment planning and DP methods for
tumor grades 2 to 4 (p>0.05), as depicted in Table 4.
However, a significant difference was observed in patients
with tumor grade 5. In the DP method with a 43 Gy boost
dose to the tumor area, the mean V75cc of the bladder in
grade 5 patients was 1.09, exceeding its permissible limit.
In comparison, the mean V75cc of the bladder in grade 4
patients with a 36 Gy boost dose was 0.81. Unfortunately,
the implementation of the DP method was not possible
for two grade 4 patients and four grade 5 patients due
to the proximity of the bladder to the DIL. As shown in
Fig. 3, the average values of the dosimetric parameters
normalized to 100 for the bladder across all grades are
presented.

The results showed no significant difference in ure-
thral V125cc values between patients with tumor grades
2 and 3 for both DP methods and conventional plan-
ning (p>0.05). However, a significant difference was
observed for patients with tumor grades 4 and 5, as
shown in Table 5. The mean V125cc for patients with
tumor grade 5 receiving a 43 Gy boost dose in DP meth-
ods was beyond the standard limit (V125<1 cc). Accord-
ing to RTOG protocols, the permissible value of urethral
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Fig. 2 A comparison of the normalized rectum dosimetric parameter V75 between the DP and conventional methods

V150 is V150=0%. For patients with tumor grades 2 and
3, both DP methods and conventional treatment plan-
ning resulted in average V150% values between 0% and
0.03%, which are within acceptable limits. However, for
DP planning in patients with tumor grades 4 and 5, the
average urethral V150% exceeded the permissible limit,
with a value of 0.56. Figure 4 presents the average values
of dosimetric parameters normalized to 100 urethra for
all grades.

In this study, the results showed no significant dif-
ferences in dose values between the DP methods and

conventional treatment planning for V100, V125, and
V150 of the prostate in patients with tumor grades 2 to
5 (p>0.05), as shown in Table 6. The acceptable limit
for prostate V100 was set at V100=90%, and the aver-
age V100% of the entire prostate was within the accept-
able range for all tumor grades in both DP plans and
conventional treatment planning. The average V125%
of the whole prostate was within the standard range of
50-65% for all tumor grades. The average V150% of the
whole prostate for all grades was between 20% and 35%
and within the acceptable limit for both DP methods and
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Table 4 Comparison of V75 dosimetric parameter for bladder in
DP and conventional methods

Organ Tumor Dosimetric Conventional DP P-
grade parameter val-
ue
Mean*stan- Mean *stan-
dard dard
deviation deviation
Blad- 1 V75¢cc 090+0.18 0.90+0.18
der 2 0.85+0.27 0.93+0.05 0.28
3 0.73+0.19 0.78+0.01 0.69
4 0.68+0.33 0.81+0.39 0.21
5 0.68+0.29 1.09+£043 "0.01

“Significant difference

conventional treatment planning. However, the aver-
age V125 and V150 DILs for all tumor grades exceeded
their standard limits, and there was a significant differ-
ence from the conventional treatment planning (p <0.05).
The average V100 DILs for all tumor grades was equal
to 100, and its difference from the conventional treat-
ment planning was significant for all tumor grades except
grade 3 (p<0.05). Figure 5 displays the average values of
the dosimetric parameters, normalized to 100, for the
whole prostate and DILs in all grades. Figure 6 presents
the cumulative dose-volume histograms (DVH) for the
prostate and OARs in the DP and conventional treatment
planning methods. As depicted, the DP method leads
to improved dosimetric parameters for the OARs when
compared to the conventional method.

Radiobiological analysis

The comparison of EQD2 values between DP methods
and conventional treatment planning for the rectum,
bladder, and urethra showed no significant difference
(p>0.05) as demonstrated in Table 7; Fig. 7. The mean
EQD?2 values for DP methods displayed minimal devia-
tion from conventional treatment planning methods. Fig-
ure 8 depicts the average values of normalized EQD2 (to
100) for OARs across all grades.

The results of the study revealed a significant differ-
ence in EQD2 values for whole prostate and DIL in the
DP method across all tumor grades (P<0.05), as dem-
onstrated in Table 8. It should be noted that the conven-
tional dose values are exactly the same as the DP method
for the whole prostate.

The average DIL EQD2 for grades 1 to 5 was 113.1 Gy,
190 Gy, 295.3 Gy, 428.1 Gy, and 589 Gy, respectively. As
depicted in Fig. 8, the average EQD2 values normalized
to 100 for both prostate and DIL are illustrated for all
grades.
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Discussion

Prostate cancer is a disease that can occur in multiple
locations within the prostate [19, 20]. Despite this, a uni-
form dose is typically prescribed for the entire prostate.
However, increasing the dose to the entire prostate has
limitations due to the close proximity of OARs. There
is evidence suggesting that recurrence after radiation
therapy mainly occurs at the site of DILs [18]. In a study
conducted by Cellini et al. [7], 18 prostate cancer patients
were exposed to radiation doses ranging from 65 to
70 Gy. The study found that all 12 observed recurrences
in the prostate were located at the DILs, suggesting that
delivering a higher dose to these areas can reduce the risk
of metastasis. This conclusion was confirmed by PUCAR
et al. [21], who demonstrated that recurrence after exter-
nal beam radiation therapy occurs at the site of DILs
using pathology specimens after prostatectomy. Dose
escalation can be achieved through a combination of
HDR brachytherapy and external beam radiation therapy;,
with many studies suggesting that patients experience
better biochemical control when both are combined [22].
However, the reliability of imaging techniques to identify
intraprostatic lesions is a crucial issue for dose escala-
tion to DILs. The technique used in the present study has
demonstrated high sensitivity in previous studies [23—
25]. Crook et al. [26] examined the feasibility of the DP
method in 26 prostate cancer patients with intraprostatic
lesions. The treatment included HDR brachytherapy for
the entire prostate, a 12.5 Gy boost dose to the DIL, and
46 Gy of external radiation therapy. The study showed
that HDR brachytherapy based on the DP method, with
a boost dose of up to 125% of the prescribed dose to the
DILs, is possible. In the present study, the boost dose was
increased up to 43 Gy for patients with tumor grade 5,
but this resulted in excessive doses to the bladder and
urethra. The boost dose was reduced to 36-38 Gy for
grade 5 patients to prevent exceeding the standard limit
for OARs. In more than half of the patients with tumor
grade 5, the reason for increasing the dose was the close
proximity of the DILs to the bladder and urethra. In a
study by Blake et al. [27], a dose of 74 Gy was given to
the prostate and 86 Gy to the DILs, and the CTV was
increased to 86 Gy in 7 patients and limited to 80 Gy in
5 patients due to the proximity of the DIL to the urethra.
This highlights the fact that the proximity of the DIL to
OAREs is a limiting factor for the prescribed dose. In the
present study, 5 out of 14 patients with tumor grade 2
were unable to receive the DP method due to the close
proximity of the lesion to the rectum, which would result
in excessive doses to this OAR. A study conducted by
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Fig. 3 A comparison of the normalized bladder dosimetric parameter V75 between the DP and conventional methods

Skjetskift et al. [28] compared the DP method using PET
images with conventional treatment plans. The CTV
received a prescription dose of 60 Gy and a boost dose
ranging from 65 to 73 Gy. The study showed that the DP
method improved tumor control without increasing side
effects compared to conventional radiation therapy.

In a study, Ghobadi et al. [29] confirmed the possibil-
ity of dose escalation to DILs with higher Gleason scores,
this is what we used in the present study and determine
the values of dose boost compared to the malignancy of
DILs with higher Gleason scores. In order to achieve the
best result of radiation therapy, it is necessary to perform
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Table 5 Comparison of urethral dosimetric parameters (V125
and V150) in DP and conventional methods

Organ Tumor Dosi- Conventional DP P-
grade metric val-
parameter ue
meantstandard mean +stan-
deviation dard
deviation
Ure- 1 V125cc 0.26+0.14 0.26+0.14 -
thra V150% 0.04+0.08 0.04+0.08
2 V125 cc 051+0.33 057+0.52 0.31
V150% 003+0.13 0.03+£0.09 0.98
3 V125 cc 0.02+0.02 0.03+£0.02 0.67
V150% 00+£00 0.01+0.000 042
4 V125 cc 0.14+030 0264027  "0.03
V150% 00+£0.0 0.11+0.20 0.18
5 V125 cc 042+0.19 1.08+0.33 0.02
V150% 0.08+£0.20 0.56+0.62 0.12

“Significant difference

radiobiological evaluation along with dosimetric evalu-
ation. In fact, radiobiological evaluation is required for
individual treatment, Also, in this study, the radiobiologi-
cal parameters were also evaluated. Many studies have
investigated the DP method based on the radiobiologi-
cal assumptions can balance between the TCP and the

V125ce-Grade2 V125cc-Grade3

250 250-

200 200

150+ 150-
100 100-

S0+

V125¢cc (% of Conventional)
V125cc (% of Conventional)

Conventional  DP Conventional  DP

V150%-Grade2 V150%-Grade3

150 150

100

100

50

V150% (% of Conventional)
V150% (% of Conventional)

Conventional DP Conventional DP

Page 8 of 14

NTCP. Also all our goals in radiotherapy are to reach an
optimal state between TCP and NTCP.

UZAN et al. [30]conducted a study with the aim of
investigating prostate radiation therapy with the DP
method. Based on the results of their study, the TCP
increased from 71% for standard plans to 83.6% for DP
plans. Also, Gronlund et al. [10] in another study proved
that with the DP method, the increase in TCP is greater
for patients who have a lower expected TCP for admin-
istrating a homogeneous dose, and the increase in TCP
with DP is also associated with an increase in the Glea-
son score and a larger prostate volume. In our study,
radiobiological evaluation was performed by calculating
EQD2. By calculating the EQD2 values of the patients,
all EQD2 values of target organs and critical organs were
kept within standard range. It was possible to increase
the boost dose of brachytherapy up to 43 Gy for single
fraction HDRB and EQD22>90 Gy for the DIL. DIL has
significant difference in the comparison between DP and
conventional techniques and it was possible to increase
the dose of the DIL without increasing critical organ tox-
icity and the whole prostate. Radiobiological evaluations
of DIL showed a significant difference in the compari-
son between DP and conventional techniques. The aver-
age EQD2 of the OARs and the whole prostate in the DP

V125cc-Graded V125ce-Grade5
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Fig.4 A comparison of the normalized urethra dosimetric parameters (V125 and V150) between the DP and conventional methods
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Table 6 Comparison of prostate dosimetric parameters (V100, V125, and V150) in DP and conventional methods
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Organ Tumor Dosimetric Conventional DP P-value
grade parameter mean *standard mean + standard deviation
deviation
Whole prostate DIL DP-Whole prostate  DP-DIL
vs. Conventional vs. Con-
ventional
Prostate 1 V100% 90.15+15.26 90.15+15.26 90.15+15.26
V125% 62.24+£2.04 62.24+£2.04 62.24+2.04 - -—
V150% 31.87+344 31.87+344 31.87+344 - -
2 V100% 89.85+1.80 90.48+1.05 99.84+0.37 0.32 *0.0001
V125% 6191+£233 62.44+£3.31 99.89+0.21 0.59 *0.0001
V150% 30.36+9.54 33.83+£958 91.88+4.09 033 < 0.0001
3 V100% 99.10£0.10 100£0.11 100 042 <0.999
V125% 5323+£1.05 56.31£3.78 100 0.35 < 0.0001
V150% 21.80+0.72 2453+2.26 9153+5.14 0.08 “0.001
4 V100% 90.57£5.49 91.53+£897 100 0.74 *0.004
V125% 26945233 57.63+263 100 0.77 “0.015
V150% 2741+£374 30.01+£942 100 0.62 *0.015
5 V100% 89.95+£1.80 90.38+£1.48 100 0.051 *0.0001
V125% 59.28+3.64 60.33+6.37 100 0.92 “0.015
V150% 28.85+£4.60 3052+6.73 100 0.56 *0.031

“Significant difference

method were kept within their standard range, so that the
average EQD2 of the bladder and rectum was less than
75 Gy and the average EQD2 of the urethra and prostate
was less than 125 Gy, while the EQD2 was up to 528 Gy
increased for grade 5 patients, indicating that increasing
the dose of DIL improves local tumor control without
increasing critical organ toxicity.

The radiobiological evaluation in this study was per-
formed by calculating the equivalent dose in 2 Gy (EQD2)
values. The EQD?2 values of the target and critical organs
were kept within standard range, allowing for an increase
in boost dose up to 43 Gy for single fraction Brachyther-
apy and EQD2>90 Gy for DIL. A significant difference
was observed in the comparison between the DP and
conventional techniques, with the DP method allowing
for an increase in DIL dose without increasing critical

organ toxicity and the whole prostate. The average EQD2
of the OARs and the whole prostate were within standard
range, with the average EQD2 of the bladder and rectum
less than 75 Gy, and the average EQD2 of the urethra and
prostate less than 125 Gy. The EQD2 was up to 528 Gy
increased for grade 5 patients, indicating improved local
tumor control without increasing critical organ toxicity.
The present study has several limitations. Firstly, the
study is based on the PROSTATEXx-2 dataset, which was
previously used as the training dataset for the PROS-
TATEx-2 2017 challenge. This dataset was reviewed by a
radiologist and includes T2W images only, and the results
may not be generalizable to other datasets. Secondly, the
study only included a limited number of patients, distrib-
uted among different tumor grades. This may limit the
generalizability of the results to the general population.
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Fig. 5 A comparison of whole prostate and DILs dosimetric parameters (V100, V125, and V150) between the DP and conventional methods
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Table 7 Comparison of radiobiologic parameter EQD?2 for oars in

DP and conventional methods Thirdly, the survival of patients treated with the DP tech-
Organ Radiobio- Conventional  DP p-value nique is not known and more studies and multi-year fol-

logic mean+standard mean + standard low-ups are needed to assess the long-term efficacy and

parameter deviation deviation safety of the DP method. These follow-up studies should
Bladder ~ EQD2-Gy  66.35+187 69.65+234  0.10 also record the survival of these patients for several years
Rectum 65.90+3.06 67.16+240 076 to validate the results of the present study. In conclusion,
Urethra 94.71+8.82 99.51+1039 0.71 the findings of the present study should be interpreted

with caution and further studies with larger sample sizes

Rectum Bladder Urethra

150 1504 150
) 2 2
g H g
2 £ F
2 100 2 100 2 100
s 3 3
5 50 (: 501 5 504
& I &
(=] (=] (=]
o o o
= = =

0 0 o 0 ey
Conventional DP Conventional DP Conventional DP

Fig. 7 Comparison of radiobiologic parameter EQD2 for OARs between the DP and conventional methods



Rahmani et al. BMC Urology (2025) 25:54 Page 12 of 14
Grade 2 Grade 3
~ 600 ~ 600,
2
.g =
§ g
> 400 = 4001
= =
(=] (=]
&) o
E =
- < b
< 200 < 2004
ol
(=) (=)
Qo o
=1 =
Q g 4
4 > &
o‘a ’ B Q'
¢ N Q* 9
g &
é‘\o ‘.&°
QQ QQ
Grade 4 Grade 5
~ 600— _ 600
= =
8
S g
E 400 > 400
S =
© Q
3 s
S S
< 200 S 200
2 2
- o
= =
& N
o N
0\6
o
Q

Fig. 8 Comparison of radiobiologic parameter EQD2 for whole prostate and DIL between the DP and conventional methods



Rahmani et al. BMC Urology (2025) 25:54

Table 8 Comparison of radiobiologic parameter EQD2 for whole
prostate and DIL in DP

Tumor Radiobio- DP P-value
grade logic mean + standard deviation
parameter Whole prostate DIL
1 EQD2-Gy 113.1+£0.23 11314023 —
2 114.25+0.26 190+3.32 *0.03
3 11436+031 2953+385 "0.02
4 114.52+0.21 4281+581 "0<0.0001
5 114.88+0.41 589+9.165 "0<0.0001

*Significant difference

and longer follow-up periods are needed to fully evaluate
the clinical utility of the DP technique.

Conclusion

The results of the dosimetric and radiobiological evalu-
ations of the DP method demonstrate its potential as a
promising technique for increasing the dose to DILs. The
DP approach is unique in that it allows for individual-
ized dose delivery tailored to each patient’s anatomy and
the toxicity thresholds of OARs and CTV. However, the
statistical analysis revealed that the differences in OAR
dose values between the DP and conventional techniques
were not significant, highlighting a limitation in the
ability of the DP method to achieve superior sparing of
OARs compared to conventional methods. Additionally,
the close proximity of DILs to critical organs such as the
rectum, bladder, or urethra restricts the amount of boost
dose that can be safely administered.

Despite these limitations, our study supports the poten-
tial of the DP method as an effective treatment planning
strategy that can enhance dose delivery to DILs while
maintaining acceptable levels of toxicity. Future research
with larger sample sizes and extended follow-up periods
is essential to fully understand the clinical benefits and to
confirm whether the DP approach can consistently offer
superior outcomes over conventional treatment in pros-
tate cancer therapy.

Abbreviations

PCa Prostate cancer

DILs Dominant intra-prostatic lesions

TCP Tumor control probability

NTCP Normal tissue complication probability
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GTV Gross tumor volume

IMRT Intensity-modulated radiation therapy
mpMRI Multiparametric MRI
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RTOG Radiation Therapy Oncology Group
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EQD2 Equivalent dose in 2 Gy fractions
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