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Abstract
To report clinical outcomes following highly hypofractionated biaxially rotational 
dynamic radiation therapy (BROAD-RT), a unique radiation therapy method that fa-
cilitates non-coplanar volumetric-modulated arc therapy (VMAT) without the need 
to rotate the couch or reposition the patient, for high-risk prostate cancer (PCa) with 
simultaneous integrated boost (SIB) for intra-prostatic dominant lesions (IPDLs), we 
performed a single-center prospective pilot study. In this study, patients with high-
risk PCa according to the D'Amico classification or those with cT3aN0M0 PCa were 
eligible. VMAT was performed using BROAD-RT, and a dose of 54 Gy in 15 fractions 
was prescribed for the prostate in combination with SIB for IPDLs at a dose of 57 Gy 
in 15 fractions. Short-term neoadjuvant androgen-deprivation therapy (median: 
6.9 months) was conducted. Neither adjuvant androgen-deprivation therapy nor fi-
ducial marker implantation to the prostate was applied for any patient. In total, 26 
patients were registered in this study between August 2018 and November 2020. 
Their median age was 73 years at the initiation of RT. The median follow-up period 
was 49.7 months. The 4-year cumulative incidence rates of grade 2 late GU and GI 
toxicities were 15.4 and 3.8%, respectively. No grade 3 or higher acute or late tox-
icities were observed. The 4-year biochemical failure-free survival rates were 87.7%. 
In conclusion, highly hypofractionated RT using BROAD-RT for high-risk PCa with 
SIB for IPDLs was feasible and facilitated favorable oncological outcomes. Therefore, 
this approach is considered a promising method to achieve safe dose escalation and 
shorten the treatment duration.
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1 | INTRODUCTION

IMRT is a sophisticated treatment modality for non-metastatic 
PCa.1,2 VMAT, which is rotational IMRT with the advantage of a re-
duced treatment delivery time compared with conventional static 
field IMRT, has become widely applied in clinical practice, especially 
in PCa treatment.3 Meanwhile, local intra-prostatic recurrence is an 
important recurrence pattern that needs to be resolved in IMRT for 
PCa. Local intra-prostatic recurrence has been reported to primarily 
occur at the site of the primary tumor.4,5 The effectiveness of focal 
dose escalation for IPDLs has been reported as one of the promising 
methods to improve tumor control without increasing toxicity.6–8

Compared with most other malignant tumors, a low alpha/beta 
ratio of PCa, in the range of 1–2 Gy, has been reported, being lower 
than that of adjacent dose-limiting normal structures, such as the 
rectum or bladder.9,10 Owing to this relationship of the alpha/beta 
ratio between PCa and normal tissue, the application of hypof-
ractionation could further improve the therapeutic ratio of RT for 
PCa. According to the hypofractionated RT guidelines for localized 
PCa set by ASTRO, ASCO, and AUA, the hypofractionation size is 
classified into the following two fractionation categories: moder-
ate hypofractionation with a fraction size between 2.4 and 3.4 Gy, 
and ultra-hypofractionation with a fraction size ≥5 Gy.11 However, 
a fraction size between moderate hypofractionation and ultra-
hypofractionation (3.4–5 Gy per fraction) has not been defined due 
to the lack of high-level evidence regarding this fraction range. In 
addition, although there have been several reports on this fraction-
ation, most studies have investigated clinical outcomes primarily in 
low-risk and intermediate-risk populations.12–19 To date, clinical data 
on this fractionation among high-risk populations have been limited.

We previously conducted a prospective pilot study of hypofrac-
tionated IMRT for patients with low-risk and intermediate-risk PCa 
employing dose fractionation that was intermediate between those 
two categories (3.6 Gy per fraction), and reported its usefulness and 
long-term safety.12,13 In addition, we have developed a unique RT 
method, BROAD-RT, previously known as three-dimensional uni-
cursal irradiation (Dynamic WaveArc).20,21 BROAD-RT facilitates 
non-coplanar VMAT without the need to rotate the couch or re-
position the patient, and has facilitated improved dose distribution 
across various treatment sites.22–26 Here, we performed a prospec-
tive pilot study of hypofractionated RT using BROAD-RT for pa-
tients with HR PCa with the same dose fractionation in combination 
with focal dose escalation to IPDLs.

2  |  PATIENTS AND METHODS

2.1  |  Study design and participants

This single institutional prospective pilot study followed the ten-
ets of the Declaration of Helsinki, with approval from the institu-
tional ethics committee (approval numbers: C1388-1 and R1048-2). 
Written informed consent was required prior to participation. This 

study was registered in the University hospital Medical Information 
Network (UMIN) database (UMIN000033344).

Inclusion criteria were as follows: pathologically confirmed PCa, 
categorized as high risk according to D'Amico classification27 or 
T3aN0M0 diseases, received ADT as neoadjuvant therapy (less than 
12 months at the initiation of RT), aged 50–85 years, and Eastern 
Cooperative Oncology Group PS of 0–1. Pretreatment evaluations 
involving chest-abdominal CT, pelvic MRI, bone scintigraphy, and 
blood examination including the serum PSA level were mandatory. 
Exclusion criteria were as follows:

(1) patients with all of the following unfavorable risks: clinical 
T3a, GS sum ≥ 8, and PSA ≥ 30 ng/mL (as we selectively used long-
term ADT for those risks28);

(2) presence of overlapping or asynchronous cancer within 
5 years (except carcinoma in situ, intramucosal cancer, or T1N0M0 
glottic cancer);

(3) severe diabetes mellitus;
(4) severe concomitant illnesses, such as cardiovascular, respira-

tory, or hepatic diseases;
(5) severe psychosis;
(6) history of radiation therapy to the pelvis;
(7) history of surgery in the pelvic area (except appendectomy, 

inguinal hernia, or area not overlapping RT field);
(8) history of prostate surgery (such as transurethral resection 

of the prostate, or sub-capsular enucleation), orchidectomy, or high-
intensity focused ultrasound of the prostate;

(9) history of chemotherapy for prostate cancer;
(10) history of inflammatory bowel disease;
(11) difficulty of withdrawing from an anticoagulant;
(12) difficulty of meeting the dose constraints for the small or 

large bowel due to factors such as their location;
(13) cases with diffuse tumor spread in the prostate or in which a 

large portion of the prostate had been replaced by the tumor;
(14) severe artifact on CT images due to procedures such as bi-

polar hip arthroplasty;
(15) patients not meeting dose constraints on RT planning.

2.2  |  Radiation therapy

RT was performed using BROAD-RT.20,21 This is a unique RT method, 
facilitating continuous beam delivery of non-coplanar VMAT with-
out the need to rotate the couch or reposition the patient through si-
multaneous rotation of the gantry and body of Linac (O-ring) around 
two axes.

Details of the treatment planning have been described previ-
ously.29 In brief, a dose of 54 Gy in 15 fractions (3.6 Gy per fraction, 
daily) was prescribed for the prostate (EQD2 of 78.7 Gy, assuming 
an alpha/beta ratio of 1.5), in combination with a SIB to IPLs at a 
dose of 57 Gy in 15 fractions (3.8 Gy per fraction) (EQD2 of 86.3 Gy, 
assuming an alpha/beta ratio of 1.5).

The CTV consisted of the prostate and proximal two-thirds 
of seminal vesicles. The PTV of the prostate and seminal vesicles 
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(PTV_PSV), which received 54 Gy in 15 fractions, was defined by add-
ing an 8-mm margin (except for 6 mm in the rectal direction) to CTV. 
The GTV was defined as IPDLs. For delineation of GTV, we fused pre-
treatment MRI to CT, and contoured IPDLs in consideration of the PI-
RADS ver.2 recommendation.30 No maximum number of IPDLs was 
stipulated. The PTV_boost, involving 57 Gy in 15 fractions, was set 
by adding a 3-mm margin universally to GTV. Elective regional lymph 
node irradiation was not performed. The prescribed dose (57 Gy) was 
defined as the dose prescribed to 50% of the volume of the PTV_
boost (D50 for the PTV_boost). In addition, IMRT optimization was 
performed to cover PTV_PSV with 95% of 54 Gy universally, except 
in the posterior direction (90% of 54 Gy in the posterior direction). 
The details of dose constraints are shown in Table S1. An example of 
the structure delineation and dose distribution is shown in Figure 1.

The treatment plans were created using a single arc trajectory 
or two non-coplanar arc trajectories, which were selected based 
on the physician's choice, and used a 6-MV photon beam from the 
Vero4DRT System (Hitachi High-Tech Ltd., Tokyo, Japan). An exam-
ple of arc trajectory is shown in Figure 1.29

Patients were instructed to void their urinary bladder and rec-
tum 1–1.5 h before CT simulation and each treatment session. Our 
methods of image guidance have been described previously.31 In 
brief, prostate position-based image-guided RT using cone-beam CT 
was employed in each treatment session. Fiducial markers were not 
used in any patients.

2.3  |  Androgen-deprivation therapy

The use of neoadjuvant ADT (6–12 months) was mandatory. No 
adjuvant ADT following RT completion was permitted in any pa-
tients. Instead, salvage ADT was initiated if PSA levels were >4 
ng/mL, in a monotonically increasing manner, or when any CF was 
detected. Details of the salvage ADT method were previously 
described.32

2.4  |  Study endpoints and follow-up

The primary endpoints were the rates of acute GU and GI toxicities 
(within the first 90 days after RT initiation). The prespecified second-
ary endpoints were the cumulative incidence rate of late GU and 
GI toxicities and BF-free survival at 2 years. As the un-prespecified 
endpoints, we evaluated the cumulative incidence rate of late GU 
and GI toxicities, BF-free survival rate, and CF-free survival rate at 
4 and 5 years.

GU and GI toxicities were evaluated based on the Common 
Terminology Criteria for Adverse Events version 4.0. BF was based 
on the Phoenix definition (>2.0 ng/mL above the nadir after treat-
ment).33 CF was defined as a recurrent disease confirmed via radio-
graphic evaluations.

Patients were clinically assessed and had their PSA concentra-
tion measured at least every 4 months for 2 years, and then every 

6 months thereafter. No additional radiographic evaluation after RT 
was required, unless an increase in the PSA level or symptom sug-
gesting CF was observed.

2.5  |  Statistical analysis

This was a single institutional pilot study. The sample size was set at 
25, which was estimated pragmatically. We previously performed a 
pilot study of highly hypofractionated IMRT for patients with low-
risk and intermediate-risk PCa to evaluate its safety and efficacy.12,13 

F I G U R E  1  An example of structure delineation and dose 
distribution (A). Each colored line shows the targets and organs at 
risk (OARs). Key: yellow prostate, orange planning target volume 
(PTV) of the prostate and seminal vesicles (PTV_PSV), purple 
Gross tumor volume (GTV), red PTV-boost, brown rectum wall. 
An example of arc arrangement of biaxially rotational dynamic 
radiation therapy (BROAD-RT) (B). The orange band shows the non-
coplanar trajectory of BROAD-RT.
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    |  1007AIZAWA et al.

The sample size of the current study was set as the same as that used 
in this previous pilot study.

For the calculation of each endpoint, time zero was defined as 
the date of RT initiation. Rates of acute GU and GI toxicities were 
calculated as the ratios of patients developing toxicities (incidence 
of worst-grade toxicities) within 90 days after RT initiation. The cu-
mulative incidence method accounting for death without each event 
being a competing risk was used to assess the rates of late GU and GI 
toxicities. For toxicities persisting from the acute phase, events were 
counted as occurrences on day 91. The Kaplan–Meier method was 
used to assess BF-free and CF-free survival rates.

All statistical analyses were performed using EZR version 
1.41,34 which is a graphical user interface for R version 3.6.1 (The R 
Foundation for Statistical Computing, Vienna, Austria).

3  |  RESULTS

Between August 9, 2018 and November 4, 2020, 26 patients were 
enrolled and gave signed consent. All proceeded to RT (all cases met 
dose constraints on RT planning).

The median patient age was 73 (range: 56–82) years at the initi-
ation of RT. The median initial PSA level was 14.8 (range: 5.0–33.5) 
ng/mL. More than half of the patients (N = 15) had ≥ T3a disease, 
and approximately 70% of the patients (N = 18) had a GS sum ≥ 8. 
Consequently, 3.8, 11.5, 38.5, and 46.2% of the patients were cate-
gorized into favorable intermediate-risk, unfavorable intermediate-
risk, high-risk, and very high-risk groups according to the National 
Comprehensive Cancer Network (NCCN) risk classification (version 
1, 2024),35 respectively. The median duration of neoadjuvant ADT 
was 6.9 (range: 6.0–9.8) months. Numbers of IPDLs were one in 
84.6% (N = 22) and two in 15.4% (N = 4), respectively. Details of pa-
tient and treatment characteristics and dose results for targets and 
organs at risk are summarized in Table 1 and Table S2.

The median follow-up period was 49.7 (range: 29.3–63.3) 
months. No patient died during follow-up. Although the follow-up 
protocol specified on-site visits, some patients were switched to 
telephone-based follow-up between April 2020 and April 2022 due 
to the COVID-19 pandemic.

Incidences of grade 2 acute GU and GI toxicities were 26.9% 
(N = 7) and 7.7% (N = 2), respectively. No ≥ grade 3 acute toxici-
ties were noted. Of observed toxicities, 71% (N = 5/7) of acute GU 
toxicities and 100% (N = 2/2) of acute GI toxicities had improved 
to grade 0–1 at 90 days after RT. Details of the acute toxicities 
are shown in Table  2. Regarding late GU toxicities, grade 2 uri-
nary retention and urinary frequency continued from the acute to 
late phases in 7.7% (N = 2) and 3.8% (N = 1), respectively, and 3.8% 
(N = 1) developed grade 2 urinary urgency 19.1 months after RT. 
One patient developed gross hematuria 12 months after RT, consid-
ered to be due to bladder cancer. Regarding late GI toxicities, 3.8% 
(N = 1) developed grade 2 rectal bleeding 11.3 months after RT. No 
≥ grade 3 late GU or GI toxicities were observed. Cumulative inci-
dence rates of ≥ grade 2 late GU and GI toxicities were 15.4% (95% 

CI: 4.7–31.8) and 3.8% (95% CI: 0.3–16.8) at 2 years, and same at 4, 
and 5 years, respectively (Figure 2A,B). Details of the late toxicities 
are shown in Table 3.

During the follow-up, 11.5% (N = 3) of patients developed BF, 
of which PSA decreased without any treatments in one patient. 
Of those, 66.7% (N = 2) developed CF. Initial sites of CF were the 
mediastinal lymph nodes in 50% (N = 1) and seminal vesicles in 
50% (N = 1), with both detected on PSMA-PET/CT evaluation. No 
patients developed intra-prostatic local failure. The 2-, 4-, and 5-
year BF-free survival rates were 92.3% (95% CI: 72.6–98.0), 87.7% 
(95% CI: 66.3–95.9), and 75.2% (95% CI: 39.4–91.6), respectively 
(Figure 3A). The 2-, 4-, and 5-year CF-free survival rates were 96.2% 
(95% CI: 75.7–99.4), 92.0% (95% CI: 71.5–97.9), and 80.5% (95% CI: 
44.4–94.4), respectively (Figure 3B).

TA B L E  1  Patient and treatment characteristics.

Characteristics

Number of patients 26

Age (years), median (range) 73 (56–82)

Performance status, n (%)

0 25 (96.2%)

1 1 (3.8%)

Initial PSA (ng/mL), median (range) 14.8 (5.0–33.5)

Clinical T stage, n (%)

T2a 3 (11.5%)

T2b 1 (3.9%)

T2c 7 (26.9%)

T3a 15 (57.7%)

Gleason score

7 8 (30.8%)

8 10 (38.4%)

9 8 (30.8%)

NCCN risk group (ver. 1. 2024)

Favorable intermediate 1 (3.8%)

Unfavorable intermediate 3 (11.5%)

High 10 (38.5%)

Very high 12 (46.2%)

Neoadjuvant ADT (months), median 
(range)

6.9 (6.0–9.8)

Adjuvant ADT –

Number of IPDLs

1 22 (84.6%)

2 4 (15.4%)

Ratio of the target volume (%)

PTV_boost / PTV_PSV, median 
(range)

5.6% (1.6–12.8)

Abbreviations: ADT, androgen-deprivation therapy; IPDLs, intra-
prostatic dominant lesions; NCCN, National Comprehensive Cancer 
Network; PSA, prostate-specific antigen; PTV_boost, planning target 
volume for intra-prostatic dominant lesions; PTV_SV, planning target 
volume of the prostate and seminal vesicles.
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4  |  DISCUSSION

To the best of our knowledge, this is the first prospective study to 
investigate the clinical outcomes of hypofractionated RT mainly for 
patients with high-risk PCa with focal boosting for IPDLs employing a 
fraction size between moderate and ultra-hypofraction. Specifically, 
54 Gy to the prostate and 57 Gy to IPDLs were prescribed in 15 
fractions. Our approach was considered safe in terms of acute and 
late toxicities, and facilitated favorable tumor control (5-year BF-
free survival rate: 75.2%). In addition, BROAD-RT was used as the 
RT method. To date, no prospective clinical data exclusively on PCa 
treatment using this RT method have been reported.

In the current study, the dose to the prostate was an EQD2 of 
78.7 Gy at an alpha/beta ratio of 1.5, which has been commonly used 
as a total dose of conventional fractionation (78 Gy in 39 fractions). 
The increased dose to IPDLs was EQD2 of 86.3 Gy at an alpha/beta 
ratio of 1.5 and a BED1.5 of 201.4 Gy. According to the meta-analysis 
that investigated the association of BED via various radiation frac-
tionation regimens and clinical outcomes,36 although an increase 
in BED1.5 to 200 Gy was associated with increased disease control, 
doses above BED1.5 of 200 Gy did not result in any additional clinical 
benefit among patients with HR PCa. Specifically, the 5-year free-
dom from BF rates increased from 55% to 79%, with a BED escala-
tion to BED1.5 of 200 Gy; however, that plateaued at 81.0% above 
a BED1.5 of 200 Gy and no additional improvement was observed. 
Therefore, we set the dose applied to IPDLs as 57 Gy in 15 fractions 

(BED1.5 of 201.4 Gy). In the FLAME phase III trial, which investi-
gated the benefits of focal dose escalation mainly among patients 
with HR PCa (84%), a dose of 77 Gy in 35 fractions (2.2 Gy per frac-
tion) was prescribed for the prostate, and the dose applied to IPDLs 
was increased up to 95 Gy (2.7 Gy per fraction, EQD2 of >110 Gy),6 
which was higher than that of our study. After a median follow-up 
of 72 months, significant improvement in biochemical disease-free 
survival was demonstrated without increasing RT-related toxici-
ties (92 vs. 85% at 5 years, respectively, hazard ratio: 0.45; 95% CI: 
0.28–0.71, p < 0.001). Similarly, in the hypo-FLAME phase II trial, 
which investigated safety outcomes of focal boosting in the setting 
of ultra-hypofractionation (35 Gy in 5 weekly fraction to the pros-
tate), the dose applied to IPDLs was increased to 50 Gy.8 The optimal 

TA B L E  2  Summary of acute toxicities.

Number of patients with GU Grade 2 7 (26.9%)

Urinary frequency 6 (23.1%)

Urinary retention 4 (15.4%)

Urinary urgency 1 (3.8%)

Urinary tract pain 1 (3.8%)

Number of patients with GU ≥ Grade 3 0 (0%)

Number of patients with GI Grade 2 2 (7.7%)

Diarrhea 1 (3.8%)

Rectal bleeding 1 (3.8%)

Number of patients with GI ≥ Grade 3 0 (0%)

Abbreviations: GI, gastrointestinal; GU, genitourinary.

F I G U R E  2  Cumulative incidence curves of (A) ≥ grade 2 late 
genitourinary toxicities or (B) gastrointestinal toxicities after 
intensity-modulated radiation therapy. GI, gastrointestinal; GU, 
genitourinary.

TA B L E  3  Summary of late toxicities.

Number of patients with GU Grade 2 4 (15.4%)

Urinary frequency 1 (3.8%)

Urinary retention 2 (7.7%)

Urinary urgency 1 (3.8%)

Number of patients with GU ≥ Grade 3 0 (0%)

Number of patients with GI Grade 2 1 (3.8%)

Rectal bleeding 1 (3.8%)

Number of patients with GI ≥ Grade 3 0 (0%)

Abbreviations: GI, gastrointestinal; GU, genitourinary.
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dose for IPDLs requires further investigation to clarify the optimal 
balance between tumor control and toxicity.

With regards to the normal tissue dose, the dose to normal 
tissue in the current study was EQD2 of 71.3 Gy (54 Gy per 15 
fractions) or 77.5 Gy (57 Gy per 15 fractions) at an alpha/beta 
ratio of 3.0. As the dose to IPDLs was equivalent to the typically 
applied dose of conventional fractionated IMRT, our method was 
considered safe even in the presence of dose-limiting tissues, 
such as the rectum or urethra being close to IPDLs, although 
we added 3-mm PTV margins around IPDLs. As a result, our ap-
proach was considered safe and feasible. Specifically, grade 2 
GU and GI late-toxicity rates were only 15.4 and 3.8% at 5 years, 

respectively, and no severe toxicities (≥ grade 3) were observed. 
For further dose escalation, we acknowledge the need to reduce 
the PTV margin for IPDLs. Indeed, neither the aforementioned 
FLAME phase III trial nor the hypo-FLAME phase II trial added 
PTV margins for IPDLs.

Other strengths of our fractionation regimen are the short 
treatment duration and non-invasiveness. The treatment duration 
of the currently used moderate hypofractionation regimen ranges 
from 4 to 6 weeks, while that of our regimen is 3 weeks, being con-
venient for both patients and clinicians. In addition, fiducial markers 
to correct errors in prostate location, mainly employed in ultra-
hypofractionation, were not necessary as delivery involved 15 frac-
tions. Therefore, our fractionation regimen is considered promising, 
with its optimal balance between tumor control and toxicities, short-
ened treatment duration, and lack of invasiveness.

In the current study, we used BROAD-RT as the RT method, 
facilitating sequential coplanar beam delivery without the need to 
rotate the couch by being able to simultaneously rotate the gantry 
and O-ring around two axes, consequently eliminating the need to 
reposition the patient. Non-coplanar irradiation could improve the 
target-dose concentration,37,38 consequently having the potential to 
lower RT-induced toxicities. According to a dosimetric analysis by 
Shafo et al., which compared non-coplanar with coplanar VMAT in 
SBRT for patients with localized PCa, the use of non-coplanar VMAT 
significantly reduced the dose to both the rectum (p < 0.001) and 
bladder (p < 0.001).39 However, the application of non-coplanar 
beams in a frequently used C-arm linear accelerator requires pro-
longed treatment time due to couch rotation, which may result in 
decreased treatment accuracy due to intra-fractional motion error 
of the prostate. This decreased treatment accuracy may be critical, 
especially regarding focal dose escalation for IPDLs. In this regard, 
BROAD-RT can use non-coplanar beams without impairing the ac-
curacy as it does not prolong the treatment time. According to a 
planning study by Miura et al., the use of BROAD-RT facilitated a 
reduced dose for the OARs (bladder and femoral heads) and more 
favorable homogeneity compared with coplanar VMAT.26 Therefore, 
BROAD-RT is also considered an ideal RT method for focal dose es-
calation for IPDLs, and would be particularly advantageous if further 
dose escalation to IPDLs is necessary.

Our study had several limitations. Due to the nature of a pilot 
study to primarily investigate toxicities, our cohort was considered 
too small to draw any definitive conclusion regarding disease con-
trol. Furthermore, our clinical data were based on medium-term 
results (median follow-up: 49.7 months), and so a longer follow-up 
is needed. However, our study generated clinical data on patients 
with HR and VHR PCa, for whom focal dose escalation is considered 
the most beneficial. In addition, as long-term adjuvant ADT, which 
is recommended for HR and VHR PCa in current treatment guide-
lines,35,40 was not used in the current study, our results enable an 
observation of a direct effect of dose escalation on IPDLs. Given the 
growing enthusiasm for hypofractionation and focal dose escalation 
for IPDLs, as well as non-invasiveness, our data are considered of 
particular importance.

F I G U R E  3  Kaplan–Meier curves of (A) biochemical failure-free 
survival and (B) clinical failure-free survival rates after intensity-
modulated radiation therapy. BF, biochemical failure; CF, clinical 
failure.
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In conclusion, highly hypofractionated RT using BROAD-RT for 
patients with HR PCa with SIB for IPDLs was feasible and facili-
tated favorable oncological outcomes. Therefore, this approach is 
considered a promising method to achieve safe dose escalation and 
shorten the treatment duration. To clarify the optimal dose for the 
IPDLs, further investigations are warranted.
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