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InTroDuCTIon
Current prostate high-dose-rate (HDR) brachytherapy 
treats the whole prostate gland with one prescribed dose 
level since prostate cancer is known to be multifocal.1–5 
However, dominant intraprostatic lesions (DILs) are 
commonly identified in prostate cancer histopathologic 
studies. A single or few DILs provide the large majority of 
the tumor burden despite typically representing less than 
10% of the total gland volume. Importantly, the DIL is the 
most common sites of recurrence after radiation therapy.6–8 
Studies show that selectively escalating the dose to DILs has 
the potential to increase tumor control probability with low 
toxicity.9,10 Thus, it is desirable to dose escalate DILs during 
whole prostate HDR brachytherapy.

Routine DIL boost, however, is not performed due to 
several challenges. First, it requires accurate definition 
of DIL location and size. Recent advances in multipara-
metric MRI (mp-MRI) have shown efficacy in identifying 
DILs,11–14 of which the reliability, accuracy, and reproduc-
ibility are validated by pathology gold standards.15–18 Thus, 
it is promising to provide image guidance for treatment 
planning in external-beam radiation therapy (EBRT) or 
HDR brachytherapy for DIL boost.19,20 Secondly, accu-
rate image registration is needed between the mp-MRI 
images and CT simulation images to provide DIL contours 
for plan optimization and dose evaluation for CT-based 
brachytherapy. Registration of the mp-MRI with live tran-
srectal ultrasound (TRUS) images at the time of needle 
placement would also be valuable in order to optimize the 
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objective: The purpose of this study is to investigate 
the dosimetric feasibility of delivering focal dose to 
multiparametric (mp) MRI-defined DILs in CT-based 
high-dose-rate (HDR) prostate brachytherapy with MR/
CT registration and estimate its clinical benefit.
Methods: We retrospectively investigated a total of 17 
patients with mp-MRI and CT images acquired pre-treat-
ment and treated by HDR prostate brachytherapy. 21 
dominant intraprostatic lesions (DILs) were contoured 
on mp-MRI and propagated to CT images using a 
deformable image registration method. A boost plan 
was created for each patient and optimized on the orig-
inal needle pattern. In addition, separate plans were 
generated using a virtually implanted needle around 
the DIL to mimic mp-MRI guided needle placement. DIL 
dose coverage and organ-at-rick (OAR) sparing were 
compared with original plan results. Tumor control prob-
ability (TCP) was estimated to further evaluate the clin-
ical impact on the boost plans.

results: Overall, optimized boost plans significantly 
escalated dose to DILs while meeting OAR constraints. 
The addition of mp-MRI guided virtual needles facilitate 
increased coverage of DIL volumes, achieving a V150 > 
90% in 85 % of DILs compared with 57 % of boost plan 
without an additional needle. Compared with original 
plan, TCP models estimated improvement in DIL control 
by 28 % for patients with external-beam treatment and 
by 8 % for monotherapy patients.
Conclusion: With MR/CT registration, the proposed 
mp-MRI guided DIL boost in CT-based HDR brachytherapy 
is feasible without violating OAR constraints, and indi-
cates significant clinical benefit in improving TCP of DIL. 
It may represent a strategy to personalize treatment 
delivery and improve tumor control.
advances in knowledge: This study investigated the 
feasibility of mp-MRI guided DIL boost in HDR pros-
tate brachytherapy with CT-based treatment planning, 
and estimated its clinical impact by TCP and NTCP 
estimation.
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dose coverage. Accurate multimodality registrations between 
mp-MRI and TRUS, and between mp-MRI and CT are crit-
ical for precise boost treatment planning. Recently, sophisti-
cated image registration methods between MRI and TRUS, and 
between MRI and CT, has been proposed and validated in accu-
racies,21,22 which addressed the current implementation diffi-
culties in clinical application.

In the step of needle implanting, dose escalation to DILs can be 
achieved by optimizing plans either based on standard needle 
pattern or with image guided needle placement in and around 
the DIL. Recent studies introduced DIL boost planning based 
on the optimization of standard whole prostate needle place-
ment without additional targeted needles.6 Registration between 
mp-MRI and TRUS may be avoided in this method, however 
dose coverage would be expected to be worse than with the 
addition of targeted boost needles.23 Other studies proposed 
DIL boost planning with additional needles solely based on 
TRUS using rigid registration with mp-MRI and demonstrated 
successful focal boost dose delivered without violating normal 
tissue constraints.10,23 However, rigid registration has limited 
accuracy since the TRUS is acquired at a different patient posi-
tion than the MRI, and the ultrasound probe may deform the 
prostate gland.24 In addition, the TRUS images have low image 
quality and spatial resolution and thus may have inferior perfor-
mance compared with CT for organs-as-risk (OARs) contouring 
and especially for needle reconstruction.25 Moreover, although 
the dose boost feasibility is verified, its clinical benefit and impact 
remains unknown.

In this study, we investigated the feasibility and potential clin-
ical impact of DIL dose boost in HDR brachytherapy based 
on CT simulation treatment planning, with a newly developed 
deformable registration method between mp-MRI and CT.22 
The purpose of this study was to determine the extent to which 
the DIL could be boosted while maintaining OAR sparing and 
prostate coverage, and to estimate its clinical benefit. In the 
cohort of 17 patients with 21 DILs, we retrospectively evalu-
ated the dose coverage of DILs in treatment plans with added 
virtual boost needles and compared OAR sparing and pros-
tate coverage with original plans. Tumor control probability 
(TCP) and normal tissue complication probability (NTCP) 
were estimated to further evaluate the clinical impact on the 
boost plans.

MeTHoDs anD MaTerIals
Patients
We retrospectively reviewed a total of 17 patients with prostate 
HDR brachytherapy treated in our clinic. Median age was 67 
(range 45–79), clinical stage ≤T2a, median PSA was 7 (range 
0.9–20), median prostate volume was 53.3 cc measured on CT 
(range 25.1cc-124.9cc), and Gleason score was six or 7. Eight 
patients received a boost (15 Gy ×1) after 45 Gy EBRT in 25 
fractions to the prostate and seminal vesicles, and nine received 
monotherapy (13.5 Gy ×2). Institutional review board approval 
was obtained with no informed consent was required for this 
HIPAA-compliant retrospective analysis.

Image acquisition and contouring
Mp-MRI scans were performed on average 3 months before 
HDR treatment, which included T1 weighted, T2 weighted and 
diffusion weighted MRI. Scans were performed on a TrioTim 
(Siemens, Germany) 3T scanner. T1 weighted MRI used turbo-
spin echo (SE) sequence with repetition time (TR) 1240 ms, echo 
time (TE) 10 ms, echo train length 3, 0.8 mm pixel size and 3 
mm slice thickness. T2 weighted MRI used SE sequence with TR 
3480 ms, TE 101 ms, echo train length 20, 0.31 mm pixel size 
and 3 mm slice thickness. DWI MRI used a single-shot SE-echo 
planar imaging (EPI) with TR 6311 ms, TE 89 ms, 1.88 mm 
pixel size and 3 mm slice thickness. Apparent diffusion coeffi-
cient (ADC) maps were then generated for analysis. DILs were 
contoured based on the above MRI images in VelocityAI 3.2.1 
(Varian Medical Systems, Palo Alto, CA), and consensus was 
achieved by two radiation oncologists (RP and PP). An example 
of DIL delineation on T2 weighted MRI and ADC map is shown 
in Figure 1. Each patient has at least one DIL found within pros-
tate, and the average DIL volume among the 17 patients is 1.75 ± 
1.12 cc (range 0.22–4.35cc).

In the delivered HDR treatment, 12–18 (depending on prostate 
size) Nucletron ProGuide Sharp 5F needles were placed under 
TRUS guidance. CT images were acquired after needle implanta-
tion by Brilliance Big Bore (Philips, Netherlands) with 140 kVp, 
350 mAs, 0.5 mm pixel size and 1 mm slice thickness. On CT 
images, physicist reconstructed needles, and radiation oncolo-
gist delineated the whole prostate as PTV, and OARs including 
bladder, rectum, and urethra.

Deformable registration
In this treatment planning study, deformable image registration 
was applied through in-house code between mp-MRI and CT 
images to propagate the consensus DIL contours from mp-MRI 
to CT images. Conventional intensity-based deformable regis-
tration method has limited accuracy due to the intrinsic differ-
ences in grey-level intensity characteristics between the two 
modalities as well as the presence of low contrast between pros-
tate and surrounding soft tissues in CT images. We have already 
developed a dictionary-learning-based deformable registration 
method, and a clinical study demonstrated that our method 
outperformed current intensity-based registration method. The 
related study on this deformation method developed by our 
group has been published,22 and will be briefly introduced here.

Figure 1. Example of DIL delineation on T2 weighted MRI (left) 
and ADC map (right).
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In this method, a number of training MR and CT images (21 
in our study) are first registered offline by the state-of-the-art 
registration algorithms26–30 with finely tuned parameters and 
manually annotated landmarks. A set of deformation fields 
is then obtained from these training datasets and construct 
a dictionary. For any MR and CT images of a new patient, we 
assume that any image patch in the new MR image can be well 
represented by a sparse linear combination of similar patches 
from the training images. The registration can be completed by 
the following five steps. (1) A set of key points are first selected 
automatically in the new CT image. (2) A coupled dictionary is 
adaptively constructed for each key point, where each coupled 
element in the dictionary consists of a pair of patch-based image 
appearance and its associated deformation between training 
MR and CT image. (3) Given the local dictionary at each key 
point, the patch on new CT image around that key point can be 
expressed as a sparse linear combination of neighboring patches 
from the training CT images. The combination coefficients are 
solved in an optimization framework with sparse regularization. 
The initial deformation on each key point of a new MRI is then 
predicted as the linear combination of deformations from dictio-
nary with the corresponding solved coefficients. (4) Based on 
the estimation of the initial deformations on the key points of 
the subject image, B-spline is applied to interpolate the initial 
deformation field for the whole MR image. (5) The MR image is 
deformed by following the predicted deformation field. Patient 
studies show that the registration error of this method is less than 
2 mm. Thus, 2 mm margin was added on DIL contours to include 
such uncertainty of registration.

Treatment planning study
To validate the feasibility of DIL dose boost and examine the 
benefit of implanting additional needles around DILs, we 
compared the following three scenarios: The first scenario is 
the clinical treatment plan delivered on each patient with the 
original needle placement determined on CT images. The plan 
was optimized to achieve prescribed coverage on whole prostate 
(D90 >100%, V100 >90% of prescribed dose) and spare dose 
on OARs (OAR constraints used were: Bladder and Rectum 
V75 <1 cc, Urethra V125 <1 cc and Urethra D10 <118 %).31 
DILs were not considered in optimization in this current clin-
ical HDR planning. The second scenario is the treatment plan 
with original needle pattern but re-optimized for additional dose 
coverage of DILs. The third scenario is the treatment plan with 
original needle pattern and one virtual needle added near each 
DIL. For scenario 2 and 3, the dose distribution was re-opti-
mized to maximize the DIL volume receiving 150% of the whole 
prostate prescription dose while meeting OAR constraints. In 
the following context, we refer to the above three scenarios as 
“Original”, “Original Boost”, and “Additional Boost”, respectively. 
Note that although each of monotherapy patient has two sepa-
rate implants, the implant patterns are usually same, thus only 
the first treatment is included in this study. The treatment plan-
ning system was Oncentra 4.5.3 (Elekta, Stockholm, Sweden). 
Clinically relevant DVH metrics were selected for comparison 
among the three scenarios on prostate with DIL cropped, DIL, 
bladder, rectum and urethra. A Wilcoxon signed-rank test 
was performed between “Original” vs “Original Boost”, and 

“Original” vs “Additional Boost” to evaluate the significance of 
corresponding dose coverage improvement on DIL. Such test 
was also performed between “Original Boost” and “Additional 
Boost” to assess the necessity of additional needles. A p value < 
0.05 was considered as statistically significant.

TCP and NTCP modeling
To further evaluate the clinical impact of boost plans, we exam-
ined the tumor control probability (TCP) and normal tissue 
complication probability (NTCP). First, the dose in DVH was 
converted to equivalent dose in 2 Gy/fraction (EQD2) based on 
the linear quadratic model.32,33 For the DVH of prostate or DIL 
which has the  j th bin of volume  vj  receiving dose  dj  each frac-
tion to total dose  Dj  , TCP was calculated using the LQ-Poisson 
Marsden model,34 which is defined as
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Eq. (1) assumes the population of clonogenic cells (with initial 
cell density  ρclon  and constant  α/β  ratio) has radiosensitivity 
( α ) varies according to a gaussian distribution with mean  

−α  
and standard deviation  σα  . In this study, we investigated three 
cases with different  α/β  ratios (1.5 Gy, 3 Gy and 10 Gy) for 
prostate and DIL, each of which corresponds to a different set 
of parameters ( 

−α   and  σα ) as publications.35,36 Note that EQD2 
was also calculated separately for each  α/β  ratio.  ρclon  in DIL 
and non-DIL was assumed to be  1× 107  /cc and be  6.2× 104  /
cc respectively as references36,37 for all  α/β  ratios.

NTCP was calculated for bladder, rectum and urethra by Lyman-
Kutcher-Burman model with Niemierko’s equivalent uniform 
dose,38–40 which is defined as
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where  t =
EUD−TD50

mTD50   .  TD50  is the dose resulting in 50% proba-
bility of complication in a uniformly irradiated tissue, and  m  is 
inversely proportional to the dose-complication slope. EUD is 
equivalent uniform dose, which is defined as

 
EUD =

∑
j

(
D

1
n
j

vj
vtotal

)n

  
(3)

where  n  is OAR-dependent parameter and  vtotal  is the total 
volume of that OAR. The parameters  TD50  ,  m  and  n  were 
chosen according to existing studies. All the parameters for 
TCP and NTCP calculation are listed in Tables  1 and 2. The 
calculation was implemented by Biosuite software.35 For 
patients who had EBRT before HDR, the dose received from 
EBRT was included with HDR dose together in calculation, and 
were analyzed separately from monotherapy patients. Note that 
prostatic urethra was not routinely visualized, contoured or 
used as a dose limiting structure in EBRT, thus it was assumed 
to have full prescription dose in whole volume during the 
NTCP calculation.
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resulTs
In Figure 2, the dose distributions of original plan, boost plan 
and boost plan with additional needles were compared side-by-
side-for one patient as an example. In original plan, DIL received 
mostly the prescription dose of prostate. The “Original Boost” 
plan successfully deposited boost dose to the part of DIL close 
to one of the original needle (V150 = 83.0% DIL coverage) but 
further dose escalation was limited in this needle geometry due 
to OAR constraints. The “Additional Boost” with an additional 
needle around DIL achieved the highest DIL V150 coverage 
(V150 = 97.2%) among the three plans. The DVH comparison 
on this patient was shown in Figure 3. The dose deposited in the 
DIL was significantly increased from the original to the boost, 
and increased further with the additional needle. For non-DIL 
prostate region and OARs, the DVH curves did not vary signifi-
cantly among the three plans.

The comparison of DVH metrics on prostate and DIL among 
the three plans in the cohort of 17 patients were summarized in 
Table 3. For non-DIL prostate region, no significant differences 
were found except “Original” vs “Original Boost” in V100 and 
V200: “Original Boost” showed 1% less 100% prescription dose 
coverage and 1.1% larger hotspot of >200% prescription dose 
than “Original” on average with statistical significance. For DIL, 
both boost plans has significant dose increase compared with 
original plan. “Additional Boost” significantly outperformed 
“Original Boost” in D90, V150, V175 and V200. Figure 4 showed 
the percentage of DILs with different dose coverage in the three 
plans. “Additional Boost” was able to escalate dose to V150 >90% 
among 85% of DILs and V175 >90% among 35% of DILs, which 
was 30% higher than those of “Original Boost”. These results are 
consistent with the above qualitative findings and quantitatively 
demonstrate dose coverage improvement on DIL by additional 
needle.

Similar comparison of OARs was summarized in Table 4. Statis-
tically significant differences were found in rectum D2cc and 
urethra V125 between original plan and both the two boost 

plans: 0.24 and 0.31% of prescription dose increase in D2cc of 
rectum, and 0.03 cc and 0.02 cc increases in V125 of urethra for 
“Original Boost” and “Additional Boost”, respectively. There was 
no significant difference between the two boost plans on rectum 
D2cc and urethra V125.

The TCP and NTCP results were summarized in Table 5. Overall, 
the two boost plans both significantly increased the TCP of DILs 
compared to the original plan, while maintaining the TCP of 
non-DIL prostate region without significant difference. The 
increase in DIL TCP was greater for patients with prior EBRT 
compared to monotherapy patients. For “Additional Boost”, such 
gains were ~30% compared to less than 10% for monotherapy 
patients when  α/β =1.5. For monotherapy patients, DIL TCP 
improvement by “Additional Boost” for  α/β =10 (21.8%) was more 
than twice higher than that for  α/β =1.5 (7.8%), while for patients 
with EBRT, they were about the same. “Additional Boost” outper-
formed “Original Boost” in DIL TCP for all cases, and the larger 
benefit of “Additional Boost” over “Original Boost” was also on 
patients with EBRT when  α/β =1.5 (6.5%),  α/β =3 (9.3%) and  α/β

Figure 2. Dose distributions of “Original”, “Original Boost” and 
“Additional Boost” plans. Prostate and DIL are indicated by 
red and blue contours. The original needle pattern is marked 
by blue dots in top left. The additional needle is marked as 
white cross-in bottom right.

Table 1. TCP parameters

α/β(Gy)  
−α  (Gy−1)  σα (Gy−1)  ρclon (cc−1)

1.5 Prostate-DILa 0.155 0.058 6.2 × 104

DIL 0.155 0.058 1 × 107

3 Prostate-DIL 0.217 0.082 6.2 × 104

DIL 0.217 0.082 1 × 107

10 Prostate-DIL 0.301 0.114 6.2 × 104

DIL 0.301 0.114 1 × 107

aProstate - DIL = Prostate with DIL cropped.

Table 2. NTCP parameters

α/β(Gy) TD50(Gy) m n Source
Bladder Contracture/volume loss 3 76.9 0.13 0.09 Burman, et al.41

Rectum Grade 2 + late toxicity or rectal bleeding 3 80.0 0.11 0.5 Michalski, et al.42

Urethra Stricture requiring urethrotomy within 4 years after RT completion 5 70.7 0.37 0.3 Panettieri et al.43
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 =10 (13.3%) compared with monotherapy patients (1.2%, 1.8 
and 4.5% for  α/β =1.5, 3 and 10, respectively).

NTCP results for bladder and rectum had no significant differ-
ence among all the three plans for all cases. On urethra, the two 
boost plans showed 0.8–1.1% (p < 0.05) and 2.3–2.8% (p < 0.05) 
higher NTCP for patients with EBRT and monotherapy patients, 
respectively. No significant difference was shown between the 
“Additional Boost” and “Original Boost” in urethra NTCP.

DIsCussIon
In this study, we investigated the feasibility of mp-MRI-guided 
DIL boost in HDR prostate brachytherapy with CT-based treat-
ment planning, and estimated its clinical impact by TCP and 
NTCP estimation. Boost plans, both with and without additional 
needles, significantly escalated dose to DILs while maintaining 
OAR constraints. Compared with boost plans using original 
needle placement, the boost plans with additional needles 
achieved DIL dose coverage of 150% or 175% of prescription 
dose in 30% more cases. This resulted in an increase in DIL 
TCP by 28% for patients with EBRT and by 8% for monotherapy 
patients from original plan (when  α/β =1.5). The dose to non-DIL 
prostate and bladder remained unchanged. Rectal and urethral 

doses were slightly increased, but only urethra demonstrated an 
increase in NTCP (<3%).

The potential clinical utilities of mp-MRI in guiding HDR 
brachytherapy are twofold: guiding needle placement on TRUS 
around DILs in real time during the implantation and guiding 
treatment planning on CT to boost dose on DILs. Our previous 
studies proposed sophisticated image registration methods 
for mp-MRI vs TRUS and mp-MRI vs CT and validated their 
accuracies,21,22 which addressed the current implementation 
difficulties in clinical application. This study aimed to evaluate 
the potential clinical significance of mp-MRI-guided DIL boost 
plans, and to present the value of mp-MRI-guided needle place-
ment by demonstrating the dosimetric advantages of additional 
needle over standard needle placement. This study, along with 
a series of our previous studies, develops a feasible strategy to 
personalize the treatment delivery for HDR prostate patients and 
improve their tumor control probability.

Figure 3. The DVHs of patient in Figure 1 of “Original”, “Origi-
nal Boost” and “Additional Boost” plans. Prostate-DIL = Pros-
tate with DIL cropped.

Table 3. DVH metrics of prostate and DIL in different plans among all 17 patients.

Prostate-DILa DIL
D90(%) V100(%) V150(%) V200(%) D90(%) V100(%) V150(%) V175(%) V200(%)

Ib 106.6 ± 1.7 94.7 ± 1.2 35.9 ± 3.7 14.0 ± 1.7 114.6 ± 21.9 94.4 ± 9.7 46.4 ± 28.6 26.3 ± 21.4 19.1 ± 16.6

II 105.5 ± 2.6 93.7 ± 1.7 37.1 ± 4.0 15.1 ± 1.9 151.6 ± 22.8 98.7 ± 4.8 87.0 ± 15.5 69.3 ± 20.9 52.9 ± 21.9

III 106.3 ± 3.1 93.9 ± 1.9 37.1 ± 4.0 14.6 ± 2.1 164.5 ± 21.1 99.4 ± 2.5 93.0 ± 14.1 79.5 ± 18.6 65.2 ± 16.8

P-values

I vs II 0.149 0.049 0.163 0.015 <0.001 <0.001 <0.001 <0.001 <0.001

I vs III 0.979 0.326 0.215 0.070 <0.001 <0.001 <0.001 <0.001 <0.001

II vs III 0.393 0.836 0.717 0.179 0.001 0.250 <0.001 0.002 0.020
aProstate - DIL = Prostate with DIL cropped.
bI, II and III are “Original”, “Original Boost” and “Additional Boost” plans, respectively.

Figure 4. Percentage of DILs receiving different dose cover-
age in different plans.
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A similar study was previously implemented in the context of 
TRUS-based treatment planning to evaluate the feasibility of 
HDR focal boost.23 Compared with the TRUS used in this 
previous study, CT images used in this study have superior image 
quality for contour delineation and image registration. Moreover, 
instead of rigid registration, a sophisticated deformable image 
registration is used in this study to address the anatomy differ-
ence between CT and MRI. In addition to dose comparison, the 
evaluation in this study takes further steps to the TCP and NTCP 
estimation to investigate the clinical impact of HDR boost plans.

The value of additional needles to achieve an optimal boost 
dose distribution was examined in this study. First, “Addi-
tional Boost” achieved higher TCP with less variation on DIL 
than “Original Boost” (Table 5), which implied better clinical 
performance with higher stability. Specifically, patients with 
EBRT obtained more benefit from “Additional Boost” than 
“Original Boost” (around 10%) compared to monotherapy 
patients (around 2%) (assuming  α/β =3). Secondly, “Addi-
tional Boost” had less effect on original non-DIL prostate dose 
distribution than “Original Boost”. In Table 3, compared with 
original plan, on average “Original Boost” showed 1% lower 
coverage and 1% higher hotspot on non-DIL prostate region 
with statistical significance, while “Additional Boost” showed 
no significant difference. It can be because that in order to esca-
late dose on DIL, several needles close to DIL would be re-op-
timized to be hotter to achieve the objective on DIL. It would 
increase optimization difficulty and inevitably sacrifice dose 
conformity in the remaining regions since parts of the prostate 
away from the DIL location needed to be cooled slightly to keep 
OAR constraints met, especially the urethra. This effect was 
decreased when an additional needle was added in or around 
the DIL which provided a more direct method of dose escala-
tion and required much less dose contribution from the more 
distant original needles.

The additional time required for the whole procedure involving 
the additional boost needle is minimal. We estimated that the 
additional treatment time from the additional needle would be 
around 1–2 min, and the additional time in operation room 
(OR) would be 3 min in MR/TRUS guidance and 2 min in inser-
tion of additional needles.

As discussed above, the TCP results demonstrated that patients 
treated by EBRT before HDR would obtain more benefit than 
monotherapy patients from focal DIL boost in HDR treatment. 
This is likely due to the fact that original monotherapy plans are 
able to achieve a higher total BED compared to EBRT combina-
tion plans and therefore achieve a greater TCP at baseline. Thus, 
it is further from the slope of the sigmoid curve about dose, and 
the same dose increment would lead to less improvement in TCP.

In the TCP modeling of this study, we chose the  α/β  ratio of 
prostate and DIL to be 1.5 Gy, 3 Gy and 10 Gy to evaluate the 
possibility of varying tumor radiation resistance. Although 
there is controversy regarding the  α/β  ratio for prostate cancer, 
most publications recommend  α/β  ratio between 1.5 and 3 Gy 
for prostate cancer,44,45 and thus the TCP results of these corre-
sponding  α/β  ratios are more clinically relevant.

The urethral dose constraints were met for all plans on this study 
despite boost dose escalation. In addition, the absolute values of 
urethra NTCP may be overestimated using the current parameters, 
given that they predict for higher rates of urethral stricture than 
what has been previously reported after brachytherapy or EBRT 
+brachytherapy (usually from 1.8 to 8.2%) in patient studies.46–48 
The potential reason can be that the parameters used in urethra 
NTCP LKB modeling, unlike those for bladder and rectum which 
are extensively studied and included in QUANTEC review,49 lack 
enough support from solid clinical evidence. The parameters of 
urethra used in this study was extrapolated from Panettieri et al, 
where the source of these parameters is not provided.43 Another 
publication also provides a set of NTCP LKB parameters of urethra 
without additional sources.50 To the best of our knowledge, these 
are the only two publications presenting urethra NTCP LKB 
modeling parameters. Another important caveat is that given our 
assumption of urethral dose in the EBRT combination cohort, the 
reliability of the NTCP calculation may be affected and therefore 
should be viewed with caution.

ConClusIons
In this study, we investigated the feasibility of mp-MRI-guided DIL 
boost in HDR prostate brachytherapy, and reported the clinical 
impact of this technique using TCP and NTCP estimation. Overall, 
with constraints maintained, boost plans with additional needles 

Table 4. DVH metrics of OARs in different plans among all 17 patients

Bladder Rectum Uretha
D2cc(%) V75(cc) D2cc(%) V75(cc) V125(cc)

Ia 8.68 ± 1.06 0.48 ± 0.46 8.00 ± 1.01 0.19 ± 0.28 0.00 ± 0.01

II 8.67 ± 0.96 0.51 ± 0.34 8.24 ± 1.05 0.28 ± 0.34 0.03 ± 0.03

III 8.56 ± 0.97 0.46 ± 0.41 8.31 ± 1.09 0.31 ± 0.35 0.02 ± 0.02

P-values

I vs II 0.758 0.796 0.039 0.168 0.001

I vs III 0.423 0.679 0.016 0.094 0.003

II vs III 0.756 0.421 0.918 0.998 0.856
aI, II and III are “Original”, “Original Boost” and “Additional Boost” plans, respectively.
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around DILs were able to achieve V150 and V175 prescription 
coverage in 30% more DILs compared with boost plans using the 
original needle pattern. This was modeled to result in an increase 
in DIL TCP by 28% for patients with EBRT and by 8% for mono-
therapy patients compared with original plan. This retrospective 
study also suggested the use of mp-MRI-defined DIL to optimize 
needle placement may represent a strategy to personalize treatment 
delivery and improve tumor control.
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Table 5. TCP and NTCP of different plans for patients with EBRT and without EBRT

TCP, α/β=1.5 Gy TCP, α/β=3 Gy TCP, α/β=10 Gy

Prostate-DILa DIL Prostate-DIL DIL Prostate-DIL DIL

Patients with EBRT (8)

I b 89.3 ± 4.8 61.7 ± 28.5 85.2 ± 6.2 50.4 ± 33.2 63.3 ± 11.7 25.3 ± 33.0

II 87.8 ± 4.9 83.6 ± 13.9 83.4 ± 6.1 75.9 ± 19.8 60.5 ± 11.5 45.8 ± 33.9

III 87.4 ± 6.0 90.1 ± 7.5 83.1 ± 6.9 85.2 ± 11.3 60.7 ± 12.1 59.1 ± 27.1

P-values

I vs II 0.250 0.008 0.195 0.016 0.250 0.008

I vs III 0.469 0.016 0.469 0.016 0.297 0.016

II vs III 0.297 0.031 0.219 0.031 0.219 0.031

Patients without EBRT (9)

I 94.8 ± 0.7 89.5 ± 16.9 91.1 ± 1.1 84.5 ± 21.0 70.8 ± 2.9 63.0 ± 25.3

II 94.5 ± 1.1 96.1 ± 5.2 90.6 ± 1.6 93.5 ± 8.4 69.9 ± 4.1 80.3 ± 19.6

III 94.3 ± 1.4 97.3 ± 3.0 90.3 ± 2.2 95.3 ± 5.2 69.0 ± 5.5 84.8 ± 14.9

P-values

I vs II 0.258 0.004 0.250 0.004 0.426 0.004

I vs III 0.219 0.004 0.301 0.004 0.359 0.004

II vs III 0.805 0.008 0.734 0.008 0.652 0.008

NTCP

Bladder Rectum Uretha 

Patients with EBRT (8) I 10.5 ± 9.8 0 71.0 ± 2.1 

II 11.1 ± 7.3 0 72.1 ± 1.8 

III 8.5 ± 4.2 0 71.8 ± 1.8 

P-values 

I vs II 0.945 N/A 0.008 

I vs III 0.938 N/A 0.016 

II vs III 0.297 N/A 0.688 

Patients without EBRT (9) I 0.1 ± 0.2 0 46.1 ± 5.9 

II 0.5 ± 1.2 0 48.4 ± 6.3 

III 0.2 ± 0.4 0 48.9 ± 6.9 

P-values 

I vs II 0.652 N/A 0.004

I vs III 0.570 N/A 0.008

II vs III 0.426 N/A 0.250
aProstate - DIL = Prostate with DIL cropped.
bI, II and III are “Original”, “Original Boost” and “Additional Boost” plans, respectively.
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