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Background and purpose: Ultrahypofractionated radiation therapy is increasingly used in the treatment of prostate
cancer. High-dose-rate brachytherapy (HDR-BT) and stereotactic body radiotherapy (SBRT) are representative
methods of ultrahypofractionation. This study was performed to compare clinically applied treatment plans for
patients who had been treated using HDR-BT vs. conventional or robotic SBRT.

Materials and methods: Calculated dose-volume indices between HDR-BT without a perirectal spacer (n = 20),
robotic SBRT without a spacer (n = 40), and conventional (non-robotic) SBRT with a spacer (n = 40) were
compared. Percentages against the prescription dose regarding the planning target volume (PTV), bladder,
rectum, and urethra were statistically compared.

Resuits: The D50% of the PTV with HDR-BT (140.5% =+ 4.9%) was significantly higher than that with robotic or
conventional SBRT (116.2% =+ 1.6%, 101.0% + 0.4%, p < 0.01). The D2cm?® of the bladder with HDR-BT (65.6%
+ 6.4%) was significantly lower than those with SBRT (105.3% =+ 2.9%, 98.0% + 1.3%, p < 0.01). The D2cem?® of
the rectum with HDR-BT (60.6% =+ 6.2%) was also significantly lower than those with SBRT (85.1% =+ 8.8%,
70.4% + 9.6%, p < 0.01). By contrast, the DO.1cm?® of the urethra with HDR-BT (117.1% + 3.6%) was signif-
icantly higher than those with SBRT (100.2% =+ 0.7%, 104.5% =+ 0.6%, p < 0.01).

Conclusions: HDR-BT could administer a higher dose to the PTV and a lower dose to the bladder and rectum, at
the cost of a slightly higher dose to the urethra compared with SBRT.

hypofractionation [2]. The first reported HDR-BT monotherapy regimen
comprised eight to nine fractions of 6 Gy per fraction [3] followed by
other regimens with a smaller number of fractions and a larger dose per

1. Introduction

Radiation therapy (RT) is a standard treatment option for localized

or locally advanced prostate cancer with curative intent [1]. RT consists
of external beam radiation therapy (EBRT) and brachytherapy (BT). In
the history of BT, low-dose-rate BT initially prevailed widely, whereas
high-dose-rate (HDR) BT has gained momentum recently. HDR-BT was
first used as a boost in combination with EBRT; however, HDR-BT is now
also used as monotherapy. HDR-BT monotherapy is an ultimate form of

fraction [4-6]. Currently, the most widely accepted regimen is two
fractions of 13 to 13.5 Gy per fraction [7,8].

In the field of EBRT, a dose of 1.8 to 2 Gy per fraction was used for
several decades. The trend recently changed toward hypofractionation.
Moderate hypofractionation using 2.4 to 3.4 Gy per fraction [9] has
become a standard treatment option [10,11]. The next step was
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ultrahypofractionation, defined as > 5 Gy per fraction [9]. This regimen
is now used worldwide, although establishing evidence of its non-
inferiority is ongoing [12,13]. The typical dose fractionation regimen
is five fractions of 7.25 to 8 Gy per fraction [1,9]. Hence, one may
reasonably presume that the most advanced form of hypofractionated
RT for prostate cancer as of today is two-fraction HDR-BT monotherapy
or five-fraction SBRT.

Several reports have compared treatment planning between HDR-BT
monotherapy and SBRT [14-16]. Fuller et al. [14] compared their ro-
botic SBRT treatment planning to “virtual HDR” planning, where HDR-
BT had not actually been performed. Later, Chatzikonstantinou et al.
[15] performed a similar study, and Spratt et al. [16] compared their
HDR-BT treatment planning with virtual SBRT planning. Those reports
included one real dose plan and another virtual plan that was not used
for the real treatment. Additionally, SBRT could be delivered by a ro-
botic linear accelerator or by a conventional (non-robotic) one, and the
dose distribution of each might differ from each other. The aim of this
study was to determine whether there are significant differences in dose-
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volume indices in the real dose plans between these treatment options
that would explain intrinsic differences between the treatments and
make it easier to interpret future clinical results.

2. Materials and methods
2.1. Patients

This retrospective study was approved by the institutional review
boards of the two participating institutions, and the study was con-
ducted in 2022. All 100 patients had biopsy-proven adenocarcinoma;
received staging workups comprising bone scintigraphy, computed to-
mography (CT), and magnetic resonance imaging (MRI); and were
diagnosed with T1c-T3aNOMO prostate cancer. Intermediate- and high-
risk patients received 6 months of androgen deprivation therapy (ADT)
before RT, and high-risk patients also received 18 months of adjuvant
ADT (total ADT duration: 2 years). Patients in one institution received
either HDR-BT monotherapy (n = 20) or conventional SBRT (n = 40).

Fig. 1. Representative dose distributions of: (A) high-
dose-rate brachytherapy as monotherapy, transverse
section, and (B) sagittal section; (C) robotic stereo-
tactic body radiation therapy (SBRT), transverse sec-
tion, and (D) sagittal section; (E) conventional linear
accelerator SBRT, transverse section, and (F) sagittal
section. The red isodose line indicates 120% of the
prescription dose, orange: 110%, yellow: 100%,
white: 90%, purple: 80%, green: 70%, cyan: 50%, and
blue: 30%. Light cyan in (E) and (F) represents a
perirectal spacer. (For interpretation of the references
to colour in this figure legend, the reader is referred to
the web version of this article.)
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Patients in the other institution received robotic SBRT (n = 40). Patients
who did not choose either HDR-BT or SBRT (who were not enrolled in
this study) received moderately hypofractionated intensity-modulated
RT (IMRT) with 70 Gy in 28 fractions (or iodine-125 low-dose-rate
BT, if indicated). Data for consecutive patients treated with HDR-BT or
conventional SBRT were collected from February 2018 to June 2022,
excluding data for six SBRT patients who did not undergo perirectal
hydrogel spacer injection for various reasons. Forty patients were
treated with robotic SBRT, excluding one patient who underwent spacer
injection. The 2-year preliminary clinical results of robotic SBRT,
including for these 40 patients, have been published elsewhere [17]. The
methods for the three ultrahypofractionated RTs are described below.

2.2. HDR-BT monotherapy

HDR-BT was performed as monotherapy using an HDR iridium-192
source equipped in an HDR unit (microSelectron HDR; Elekta, Stock-
holm, Sweden). A total of 27 Gy in two fractions was administered in
two separate implants under general anesthesia with a 2- to 4-week
interval. Typically, 13 outer plastic needles and 4 inner plastic needles
were inserted under transrectal ultrasound guidance [3,18]. Next, an in-
room CT scanner was used to ensure that the needles were inserted to
just beneath the bladder lumen, and the treatment planning was based
on the CT images. We did not perform MRI for treatment planning. The
clinical target volume (CTV) was defined as the prostate gland plus a 3-
mm margin except on the rectal side, and 10% to 75% of the volume of
the seminal vesicles was included in the CTV according to the risk
classification. The planning target volume (PTV) was equivalent to the
CTV. The dose-volume constraints for each organ are shown in Sup-
plemental Table S1, and a representative dose distribution is shown in
Fig. 1A and B. The treatment planning was performed using Oncentra
Brachy (Elekta). No patients underwent perirectal hydrogel spacer
injection.

2.3. Robotic SBRT

The CyberKnife robotic SBRT method has been described elsewhere
[17]. Briefly, three fiducial gold markers were implanted in the prostate.
CT and MRI were performed on the same day for treatment planning.
The CTV was defined as the prostate gland plus a 3-mm margin
excluding the bladder and rectum, and the proximal 1 cm of the seminal
vesicles was included in intermediate- and high-risk patients. The PTV
was defined as the CTV plus a 2-mm margin in all directions. Notably,
the urethra was identified in the treatment planning MRI and CT, and
the planning goal for the urethra was set at 95% to 102% of the pre-
scription dose. We used the Multiplan treatment planning system
(Accuray, Inc., Sunnyvale, CA). The prescription dose was 36.25 Gy in
five fractions. It was defined as D95 to the PTV, with an adjustment of
75% to 85% of the peak dose to meet the dose constraints and a PTV
minimum dose of greater than 70% of the peak dose. The real peak dose
(D2%) in the PTV ranged from 116% to 126% of the prescription dose.
The dose-volume constraints for each organ are shown in Supplemental
Table S1, and a representative dose distribution is shown in Fig. 1C and
D. Irradiation was performed using the CyberKnife M6 (Accuray) on five
consecutive weekdays. Before every irradiation, CT was performed to
confirm the presence of a full bladder and empty rectum. During irra-
diation, the prostate position was checked and corrected every 20 to 60 s
using fiducial marker tracking. No patients underwent perirectal
hydrogel spacer injection.

2.4. Conventional SBRT

The TrueBeam conventional SBRT method was performed in accor-
dance with our experience with more than 500 patients who received
IMRT using 2 Gy per fraction [19]. Patients also received daily enemas
before irradiation as well as portable ultrasonography to check for a full
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bladder. Cone-beam CT was performed daily, and the position of the
fiducial marker was checked before, during, and after every irradiation
using ExacTrac (Brainlab AG, Munich, Germany). Approximately 1
month before irradiation, one fiducial gold marker was implanted in the
prostate, and a perirectal hydrogel spacer (SpaceOAR Hydrogel; Boston
Scientific Corporation, Marlborough, MA) was injected. Two weeks
later, CT and MRI were performed on the same day for treatment
planning. The CTV was defined as the prostate gland plus a 3-mm
margin excluding the bladder and rectum, with the proximal 2 cm of
the seminal vesicles included in intermediate- and high-risk patients.
The PTV was defined as the CTV plus a 4-mm margin in all directions.
We used the Eclipse treatment planning system (Varian Medical Sys-
tems, Inc., Palo Alto, CA). We administered a total dose of 36.25 Gy in
five fractions to D98 of the CTV, while keeping D95 of the PTV at 90% of
the prescription dose and D50 of the PTV at 100% of the prescription
dose. Dose-volume constraints for each organ are shown in Supple-
mental Table S1, and a representative dose distribution is shown in
Fig. 1E and F. The treatment was delivered using a TrueBeam linear
accelerator (Varian Medical Systems). Irradiation was performed on five
consecutive weekdays.

2.5. Analysis

As mentioned above, one HDT-BT patient had received two implants,
each with a different treatment plan. However, those two plans in a
single patient might not be considered statistically independent.
Therefore, the dose-volume indices of the two implants in the same
patient were simply totaled. We averaged the two curves in the cumu-
lative dose-volume histogram of each implant; that is, we added the
numbers of the Y-axis at any point of the X-axis and divided by two.
Values in the HDR-BT column in Table 1 may be overestimations
because hot spots would not have appeared in the same locations for the
two implants.

Comparisons of each dose-volume parameter were performed using
the two-sided t-test. When we compared three groups at once, we used
one-way analysis of variance. Regarding repeated comparisons between
the three groups (HDR-BT vs. robotic SBRT vs. conventional SBRT), p-
values of < 0.01 were considered statistically significant.

3. Results

The results of the comparisons are shown as Fig. 2 in the form of
dose-volume histograms, and as Table 1 with the numerical dose-
volume indices, between HDR-BT without a spacer, robotic SBRT
without a spacer, and conventional SBRT with a spacer. In Fig. 2A, it was
visually confirmed that the higher dose than the prescription dose was
administered into the CTV in the order of HDR-BT, robotic SBRT, and
conventional SBRT. In Fig. 2B and C, the moderate to high dose to the
blader and rectum was shown to be lower in HDR-BT than SBRT. Fig. 2D
shows that the urethral dose in HDR-BT was higher than robotic SBRT.

As shown in Table 1, the PTV with conventional SBRT (89.3 + 29.9
em® (average =+ standard deviation)) was significantly larger than that
with robotic SBRT (51.6 4 14.8 cm3, p < 0.01), and that with robotic
SBRT was significantly larger than that with HDR-BT (34.7 + 7.7 cm®, p
< 0.01). These were in the same order as the width of the CTV-to-PTV
margins of 4, 2, and 0 mm. In the reverse order, the D50% of the PTV
with HDR-BT (140.5% + 4.9%) was significantly higher than that with
robotic SBRT (116.2% =+ 1.6%, p < 0.01), and that with robotic SBRT
was significantly higher than that with conventional SBRT (101.0% =+
0.4%, p < 0.01). The same trend was confirmed for the V100% and
D90% of the PTV.

The dose-volume parameters for the bladder and rectum were
consistently favorable for HDR-BT with statistical significance. The
D2cm? of the bladder and rectum with HDR-BT (65.6% + 6.4%, 60.6%
+ 6.2%) were smaller than those with robotic SBRT (105.3% 4= 2.9%,
85.1% =+ 8.8%, both p < 0.01) and conventional SBRT (98.0% =+ 1.3%,
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Table 1
Comparison of the dose-volume indices between HDR-BT, robotic SBRT, and conventional SBRT with or without a perirectal spacer

HDR-BT Robotic SBRT Conventional SBRT p (HDR-BT p (HDR-BT p (Robotic P

without spacer without spacer with spacer vs. Robotic) vs. Conv.) vs. Conv.) (all)
N 20* 40 40
Prostate volume (cm3) N.A. 27.9+11.1 31.2+15.3 N.A. N.A. 0.21 N.A.
CTV (cm®) 34.7+7.7 38.9+£12.7 50.5+21.1 0.13 <0.01 <0.01 <0.01
PTV (cm®) 34.7+£7.7 51.6+14.8 89.3+29.9 <0.01 <0.01 <0.01 <0.01
PTV_V100% (%) 96.7+1.4 95.6+0.5 58.6+3.5 <0.01 <0.01 <0.01 <0.01
PTV_D90% (%) 111.44+3.4 103.84+0.6 92.6+0.6 <0.01 <0.01 <0.01 <0.01
PTV_D2% (%) N.A** 121.94+1.9 103.84+0.5 N.A. N.A. <0.01 N.A.
PTV_D50% (%) 140.5+4.9 116.2+1.6 101.0+0.4 <0.01 <0.01 <0.01 <0.01
PTV_Dmean (%) N.A *** 114.1+1.4 99.3+0.4 N.A. N.A. <0.01 N.A.
PTV_D98% (%) 96.6+4.1 97.1+0.8 88.9+0.8 0.57 <0.01 <0.01 <0.01
BladderD1cm?® (%) 71.8+6.7 109.8+2.7 99.6+0.8 <0.01 <0.01 <0.01 <0.01
BladderD2cm? (%) 65.6+6.4 105.3+2.9 98.0+1.3 <0.01 <0.01 <0.01 <0.01
BladderD5cm® (%) 54.5+6.2 93.1+£5.0 92.1+3.2 <0.01 <0.01 0.31 <0.01
BladderV50% (cm®) 7.4+2.9 12.8+3.9 28.6+10.1 <0.01 <0.01 <0.01 <0.01
BladderV100% (cm®) 0.04+0.1 1.84+0.6 0.8+0.5 <0.01 <0.01 <0.01 <0.01
RectumD1cm® (%) 68.5+6.1 93.6+6.5 78.4+10.2 <0.01 <0.01 <0.01 <0.01
RectumD2cm® (%) 60.6+6.2 85.1+8.8 70.4+9.6 <0.01 <0.01 <0.01 <0.01
RectumD5cm® (%) 46.6+5.3 63.0£10.2 55.3+7.5 <0.01 <0.01 <0.01 <0.01
RectumV50% (cm®) 4.2+1.5 16.4+3.7 6.5+2.1 <0.01 <0.01 <0.01 <0.01
RectumV100% (Cms) 0.0+£0.0 0.9+£0.5 0.0+0.0 <0.01 0.13 <0.01 <0.01
UrethraD0.035cm® (Yo)**** 119.6+4.1 101.04+0.7 104.7+0.6 <0.01 <0.01 <0.01 <0.01
UrethraD0.1cm® (Yo 117.14£3.6 100.24+0.7 104.5+0.6 <0.01 <0.01 <0.01 <0.01
Urethrav110% (cm? 0.44+0.1 0.0+0.0 0.0+0.0 <0.01 <0.01 N.A. <0.01
UrethraV125% (cm®)* 0.0+0.0 0.0+0.0 0.0+0.0 0.01 0.01 N.A. <0.01

Abbreviations: HDR-BT = high-dose-rate brachytherapy, SBRT = stereotactic body radiation therapy, CTV = clinical target volume, PTV = planning target volume.
Note: Data are averages + standard deviations. *Each value for the two implants in a single patient were totaled, and percentages against the total dose are shown.
**Values were too high to calculate. ***The treatment planning system could not calculate Dmean. ****Because there was no urethral contour in the coventional SBRT

plan, values for PTV were substituted.

70.4% + 9.6%, both p < 0.01). The Dlcm?, D5cm®, and V50% of the
bladder and rectum showed the same trend.

The parameters for the urethra, by contrast, were unfavorable for
HDR-BT. The DO0.1cm?® of the urethra with HDR-BT (117.1% + 3.6%)
was significantly higher than that with robotic SBRT (100.2% =+ 0.7%, p
< 0.01) and conventional SBRT (104.5% + 0.6%, p < 0.01). This trend
was confirmed also for the D0.035cm? of the urethra.

4. Discussion

We performed a comparative study of the real dose plans between
HDR-BT monotherapy, robotic SBRT, and conventional SBRT for pros-
tate cancer. To the best of our knowledge, this is the first report to
directly compare these three methods of ultrahypofractionated RT, and
we found a clear difference in dose-volume indices for bladder, rectum,
urethra, and PTV between them.

Some reports have compared two methods, namely HDR-BT mono-
therapy and any type of SBRT, as already mentioned in the Introduction
[14-16]. Two of these three studies showed a significantly lower dose to
the rectum with HDR-BT than with SBRT [15,16], whereas the third
study showed a similar dose [14]. Regarding the bladder dose, one study
showed that HDR-BT was better [15], another showed that SBRT was
better [14], and the third showed no significant difference between the
methods [16]. Regarding the urethral dose, two of the studies suggested
an advantage of SBRT compared with HDR-BT [14,15], whereas the
third study did not indicate a significant difference between the methods
[16]. Generally, intraprostatic doses were higher with HDR-BT than
with SBRT in all three studies [14-16].

The results of the current study are similar to those of the three
abovementioned studies. Regarding the bladder and rectum doses, HDR-

BT was associated with statistically significantly lower doses than those
with robotic SBRT and conventional SBRT. Only rectum V100% showed
the same results with HDR-BT and conventional SBRT because both
were 0.0 cm®. This finding could be attributed to the use of a perirectal
spacer in conventional SBRT. In contrast, the maximum dose to the
urethra was statistically significantly higher with HDR-BT than with
both SBRT methods. Intraprostatic doses (i.e., V100%, D90%, and D50%
of the PTV) decreased obviously in the following order: HDR-BT, robotic
SBRT, and conventional SBRT. Whether a higher dose than the pre-
scription dose for PTV is beneficial or harmful is unknown, as Correa
et al. [20] discussed as a matter of the greater heterogeneity in the dose
distribution of HDR-BT. One may consider HDR-BT as a “universal
boost,” presuming a benefit with a higher dose in the PTV, on condition
that the organs at risk (bladder, rectum, and urethra) are avoided, based
on the positive results of the FLAME study [21]. A benefit could also be
presumed on the basis of a uterine cervical cancer study in which an
IMRT or SBRT boost was not a substitute for BT [22], or on the basis of
the success of BT itself. However, such a presumption, if true, should be
endorsed by clinical results; e.g., by showing that HDR-BT or HDR-like
robotic SBRT with a heterogeneous dose distribution yields a better
local control rate than conventional SBRT with a homogeneous dose
distribution.

Comparing robotic SBRT with conventional SBRT was not the main
subject of this study; however, this is an interesting issue. Robotic SBRT
was intended to provide an HDR-like dose distribution, which meant
significantly more volume receiving a higher dose than the prescription
dose in the PTV, with statistically significant differences in all PTV-
related indices (Table 1). For example, the PTV Dmean of robotic
SBRT was 114%, while that of conventional SBRT was 99% of the pre-
scription dose (p < 0.01). By contrast, all rectum-related conventional
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Fig. 2. Dose-volume histograms for the (A) clinical target volume (CTV), (B)
bladder, (C) rectum, and (D) urethra. Each curve represents the average of the
40 implants of high-dose-rate brachytherapy (HDR-BT), of the 40 patients
treated with robotic stereotactic body radiation therapy (SBRT), or of the 40
patients treated with conventional SBRT. Note that a perirectal spacer was used
for the conventional SBRT cases only.

SBRT indices were significantly better than those of robotic SBRT,
although the CTV-to-PTV margin of conventional SBRT (4 mm) was
larger than that of robotic SBRT (2 mm). This could be attributed to the
effect of the perirectal spacer used with conventional SBRT, consistent
with a previous study [23]. The maximum urethral dose in robotic SBRT
was constrained below 100% to 102% of the prescription dose, which
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resulted in a significantly lower urethral dose than the dose with HDR-
BT. One may speculate that HDR-like robotic SBRT had superiority over
the other two modalities because it was incorporating the benefits while
ignoring the drawbacks of HDR-BT and conventional SBRT. This meant a
moderate dose escalation in the PTV with robotic SBRT while keeping
the urethral dose equal to the prescription dose.

Technological innovation, such as MRI-linear accelerator (MRI-
linac), may cause a change in the treatment planning especially for
SBRT. It was reported by den Hartogh et al. [24] that SBRT with focal
ablative boosting using MRI-linac was feasible without deterioration of
plan quality. Tetar et al. [25] and Yang et al. [26] reported that MRI-
guided prostate SBRT with daily online plan adaptation was feasible
by showing their practice strategy and successful experience. Willigen-
burg et al. [27] conducted a comparative planning study to evaluate the
feasibility of delivering a single 19 Gy dose to a local recurrent prostate
cancer lesion using a 1.5 Tesla MR-linac system. The simulated MR-linac
plans were compared to clinically delivered focal salvage HDR-BT plans.
They concluded that they could create an acceptable and comparable
MR-linac plan for the majority of the patients who were actually treated
with HDR-BT.

The major strength of this study is that it includes real dose plans
from patients that were treated according to the plan. The authors
emphasize that real dose plans were compared and that this was not a
planning study. This may at the same time be a weakness of the study in
that the three groups were not completely comparable. Notably, the
patients treated with HDR-BT were suitable candidates for invasive
procedures including general anesthesia, suggesting that they were
healthier and younger than those treated with the other modalities. Only
conventional SBRT patients had received perirectal hydrogel spacer
injection, which made it difficult to interpret the differences in rectal
dose-volume parameters. In addition, this study was solely a comparison
of treatment planning and was not accompanied by clinical results.
Differences in dose-volume indices by themselves are not fully mean-
ingful unless clinical results verify differences in oncologic outcomes or
toxicities. Other groups have begun studies involving such clinical
comparisons, although there are few published reports to date
[20,28,29], and the superiority or inferiority of HDR-BT or SBRT is
unknown. It will take some years until our own clinical results are
mature.

In conclusion, the current study clearly showed a difference in dose-
volume parameters between HDR-BT and SBRT regardless of whether
SBRT was used with a robotic chasing system or a perirectal spacer.
HDR-BT without a spacer could yield a more favorable dose distribution,
including a higher dose to the PTV and a lower dose to the bladder and
rectum, at the cost of a slightly higher dose to the urethra. Future
comparisons of mature clinical results are warranted.
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