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ABSTRACT

Background: The addition of an integrated focal boost to the intraprostatic lesion is associated with improved biochemical disease-free survival (bDFS) in patients
with intermediate- and high-risk prostate cancer (PCa) in conventionally fractionated radiotherapy. Furthermore, whole gland stereotactic body radiotherapy (SBRT)
demonstrated to be non-inferior to conventional radiotherapy for low- and intermediate-risk PCa. To investigate the combination of ultra-hypofractionated prostate
SBRT with iso-toxic focal boosting for intermediate- and high-risk PCa, we performed the hypo-FLAME trial.

Methods: Patients with intermediate- or high-risk PCa were enrolled in the phase II hypo-FLAME trial. All patients were treated with 35 Gy in 5 weekly fractions to the
whole prostate gland with an iso-toxic integrated boost up to 50 Gy to the multiparametric MRI-defined tumor(s). If the dose constraints to the normal tissues would
be exceeded, these were prioritised over the focal boost dose. The current analysis reports on the 5-year bDFS, late toxicity and health-related quality of life (HRQoL).
Results: Between 2016 and 2018, 100 men were treated with a median follow-up of 61 months. The estimated 5-year bDFS (95 % CI) was 93 % (86 % to 97 %). At 5
years, the prevalence of grade 2 + genitourinary and gastrointestinal toxicity was 12 % and 4 %, respectively.

Conclusion: Ultra-hypofractionated focal boost SBRT is associated with encouraging biochemical control rates up to 5-year follow-up in patients with intermediate-
and high-risk PCa. Furthermore, prostate SBRT with iso-toxic focal boosting is associated with acceptable late genitourinary and gastrointestinal toxicity rates.

Introduction

Prostate cancer (PCa) affects over 1.4 million men each year
worldwide [1]. External beam radiotherapy (EBRT) is an appropriate
treatment for a large proportion of patients with intermediate- or high-
risk PCa. Traditionally the prescribed radiation dose is being delivered
by means of 35 - 40 daily treatment sessions, delivering 1.8 — 2.0 Gy per
session. In the late 2010s, moderate hypofractionated EBRT, treating
patients in about 20 sessions, became a standard treatment for localized
PCa based on several phase III trials [2-7]. The positive results of these
moderate hypofractionation trials led to a growing interest in ultra-
hypofractionation delivering the treatment in about five sessions,
using stereotactic body radiation therapy (SBRT). Excellent outcome

rates for mainly low- and intermediate-risk PCa patients were obtained
by different ultra-hypofractionation trials, including the randomized
HYPO-RT-PC and PACE-B trial [8-10]. The 5-year results of the PACE-B
trial, showing non-inferiority of a 5-fraction SBRT schedule delivering
36.25 Gy to the whole prostate gland compared to patients treated by a
conventionally or moderated hypofractioned scheme, supported ultra-
hypofractionated SBRT to become a new standard of care for patients
with low- and favorable-intermediate-risk PCa [11]. In addition to a
theoretical potential to obtain biological dose escalation because of the
low o/p ratio of PCa by using hypofractionation, the financial and
logistical advantages of ultra-hypofractionated regimens are major
benefits of this strategy, as well as patients’ convenience. The question
arises whether a 5-fraction SBRT regimen could also be effective in men
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with higher risk PCa.

Based on previous research, it is assumed that higher-risk disease
requires higher conventionally fractionated radiation doses for compa-
rable effectiveness [12]. Physical whole-gland dose escalation to 80 Gy
and higher, using conventional fractionation delivering 2 Gy per session,
led to lower rates of biochemical failure and distant metastases and
improved overall survival in patients with high-risk PCa [13-16]. Un-
fortunately, the positive results of whole-gland dose escalation come
often at the cost of increased toxicity [17]. Furthermore, local re-
currences are still observed, mostly at the site of the primary tumor
[18,19]. The phase III Focal Lesion Ablative Microboost in prostatE
cancer (FLAME) trial showed that iso-toxic focal boosting of the intra-
prostatic tumor(s) up to 95 Gy in addition to EBRT to the whole prostate
gland improved biochemical disease-free survival (bDFS) without
significantly increasing toxicity or deteriorating health-related quality
of life (HRQoL) in patients with intermediate- or high-risk PCa [20].
Both, the non-boosted standard and focal-boosted experimental group
were treated by a conventionally fractionated, 35-session, scheme.

By combining physical dose escalation, using the focal boost strat-
egy, with biological dose escalation based on ultra-hypofractionation,
one could combine the advantages of both, especially in patients who
are at higher risk of disease recurrence. To investigate the delivery of an
ablative microboost to the macroscopic tumor(s) within the prostate
using ultra-hypofractionation, we performed the hypo-FLAME trial.
Early, favourable toxicity results were reported previously [21]. Here,
we report the efficacy, clinician-assessed toxicity and patient-reported
HRQoL outcomes up to 5 years after treatment.

Material and methods
Study design and participants

The hypo-FLAME trial is a prospective, multicenter, phase II trial
conducted at four hospitals, of which three are in the Netherlands, i.e.
University Medical Center Utrecht (UMCU) (Utrecht), Netherlands
Cancer Institute/Antoni van Leeuwenhoek Hospital (NKI-AvL)
(Amsterdam), and Radboud University Medical Center (RadboudUMC)
(Nijmegen), and one in Belgium, i.e. University Hospitals Leuven (UZL)
(Leuven). This trial was approved by the institutional ethical review
boards of UMCU for the Netherlands (NL53719.041.15a) and UZL for
Belgium (B322201731522) and was conducted in accordance with the
principles of Good Clinical Practice. The trial is registered with Clin-
icalTrials.gov as NCT02853110.

The trial recruited patients with PCa who were planned to receive
radical EBRT as their primary treatment. Eligible patients were men
aged 18 years and older who had World Health Organization (WHO)
performance status score 0-2 and histologically confirmed adenocarci-
noma of the prostate without evidence of lymph node or distant me-
tastases. Patients were required to be diagnosed with EAU intermediate-
or high-risk PCa with at least one of the following risk criteria: clinical T-
stage T2b, T2c, T3a or T3b with less than 5 mm invasion in the seminal
vesicles on multiparametric MRI (mpMRI) according to the TNM 7th
edition; Gleason score of 7 or higher; or iPSA concentration > 10 ng/mL.
If iPSA concentration was > 30 ng/mL, patients were excluded. Patients
were eligible to participate if they had at least one tumor lesion visible
on mpMRI. Patients with a medical contraindication to undergo MRI
scanning or prostatic fiducial marker implantation were considered
ineligible. Furthermore, patients were excluded if they had undergone
prior pelvic radiotherapy or a prior transurethral resection of the pros-
tate (TURP); or if they had severe lower urinary tract symptoms defined
by an International Prostate Symptom Score (IPSS) of 15 or more. Pa-
tients needed to provide written informed consent before enrolment.

Procedures

All patients underwent a radiotherapy planning CT and mpMRI scan,
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which were co-registered for delineation purposes. The radiotherapy
planning CT and all treatment sessions were performed with a
comfortably filled bladder. At one out of the four participating centers
(RadboudUMC) a rectal balloon was used. The radiotherapy planning
mpMRI exam consisted of several sequences including T2-weighted,
dynamic contrast-enhanced, and diffusion-weighted MRI. Before per-
forming the radiotherapy planning CT scan, three to four prostatic
fiducial markers were placed in all participants by a transperineal or
transrectal approach for target positioning. Androgen deprivation
therapy (ADT) was prescribed at the discretion of the treating radiation
oncologist with no specific treatment intervention required by the trial
protocol.

The prostate clinical target volume (CTV) comprised the whole
prostate gland including a 4 mm margin around the gross tumor volume
(GTV) for microscopic extracapsular extension, excluding the sur-
rounding organs at risk (OARs). Visible tumor lesions on mpMRI were
contoured as GTV in collaboration with an experienced uroradiologist.
The seminal vesicles were contoured up to the radiation oncologist’s
discretion. In case of seminal vesicle invasion, the entire seminal vesicles
were included by all radiation oncologists. The planning target volume
(PTV) was created by adding an isotropic margin of 4-5 mm to the CTV.
The rectum, anal canal, bladder, urethra, small bowel, penile bulb and
femoral heads were delineated as OARs. A 2 mm isotropic planning risk
volume (PRV) margin was generated for both the rectum and urethra.
All patients were aimed to be treated with an SBRT plan delivering 35 Gy
to the whole prostate gland in 5 weekly fractions with a simultaneous
integrated iso-toxic focal boost up to 50 Gy to the GTV. The volume of
the CTV receiving at least the prescribed dose of 35 Gy (V35) needed to
be at least 99 %. The prescription dose to the prostate PTV was 33.25 Gy
(95 % of 35 Gy), and the prescription dose to the GTV was an iso-toxic
boost up to 50 Gy. The focal boost dose was escalated as high as
achievable while maintaining the OAR dose constraints. No limit on
target dose heterogeneity was specified by the protocol, but effort was
made to limit the maximum dose (D0.1 cc) to < 52 Gy. The detailed
planning objectives are summarized in eTable 1. Treatment planning
software was used to create VMAT plans with photon energies > 6 MV.
All patients were treated on C-arm linear accelerators. Daily on-line
position verification of the prostate was performed either by orthog-
onal on-board kV X-ray imaging or CBCT.

Outcomes

The primary endpoint on feasibility and acute toxicity has been
previously reported [21]. In the current analysis, prespecified secondary
endpoints on bDFS, late toxicity and HRQoL were analysed. Biochemical
failure was defined by the Phoenix consensus definition as an increase in
serum PSA of at least 2 ng/mL above the nadir value [22]. Additionally,
to prevent patients with a benign PSA bounce after SBRT being incor-
rectly classified as PSA failures, PSA failure required consecutive rises in
PSA without a spontaneous decrease to the pre-bounce level or lower
[23]. Late toxicity was defined as toxicity occurring at least 90 days after
the first radiation treatment. Clinician-reported outcomes were
measured using the Common Terminology Criteria for Adverse Events
version 4.0 (CTCAE v4.0). Patient-reported outcomes were collected
using the European Organization for Research and Treatment of Cancer
(EORTC) QLQ-C30 questionnaire and the prostate-specific EORTC QLQ-
PR25 questionnaire. Participants were assessed at baseline, during the
acute toxicity period, and then once every 6 months for the first year and
once every year up to year five.

Statistical analysis

The sample size of 100 patients was calculated, based on the primary
endpoint, to achieve a power of 82 % with a one-sided significance level
of 0.05 to detect a > 6 % increase of the acute toxicity incidence grade >
3 compared to the acute toxicity percentages reported during and after
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conventional EBRT [21]. All analyses were performed in the as-treated
population with patients included if they received at least 1 radio-
therapy session. Descriptive analysis was conducted for all patients with
medians, IQRs, and ranges calculated for continuous variables and
proportions calculated for categorical variables. The Kaplan-Meier
method was used to perform time-to-event analyses. Data for patients
were censored for the bDFS analysis at the date of death or time of last
PSA assessment. We created a dose-response curve with the predicted
probability of biochemical failure up to 7 years as a function of the near
minimum dose (Dgg) to the intraprostatic lesion using logistic
regression.

The frequency and percentage of each toxicity grade was assessed at
each timepoint for genitourinary toxicity, gastrointestinal toxicity and
sexual function. Patient-reported HRQoL outcome scores were calcu-
lated for the urinary (Q31-Q37; Q39), bowel (Q40-Q43) and sexual
activity (Q50-Q51) subdomains based on the EORTC QLQ-C30 and
EORTC QLQ-PR25 questionnaires. All HRQoL scores were calculated in
accordance with the EORTC QLQ scoring manual, converted to 0-100
scales and, if necessary, reversed so that 100 represents good HRQoL,
high functionality and low symptom complaint. Linear mixed models
were used to assess changes in HRQoL outcomes over time. A p-value <
0.05 was considered statistically significant, using Bonferroni correc-
tion. Changes in HRQoL score from baseline to follow-up were defined as
little (~5-10), moderate (x10-20) and significant (>20) minimally
clinically important change (MCIC) at individual patient level [24,25].
All data were analysed using SPSS, version 29.0.1 (IBM Corp., Armonk,
NY, USA).

Results
Between April 2016 and December 2018, 100 men were enrolled and

treated in the hypo-FLAME trial. Patient demographics and treatment
characteristics are outlined in Table 1. The median age at time of first

Table 1
Patient demographics, clinical characteristics and treatment details.
Characteristic Total study cohort, No. (%) (n =
100)
Age, median (range), year 73 (57 - 84)
EAU risk group
Intermediate 25
High 75
NCCN risk group
Favorable intermediate 11
Unfavorable intermediate 21
High 45
Very high 23

Initial PSA, median (range), ng/mL
AJCC 7th edition clinical tumor stage

10.8 (3.0 - 29.0)

Tlc 3
T2a 25
T2b 11
T2c 14
T3a 44
T3b 3
ISUP grade group
1 18
2 33
3 24
4 15
5 10
Intended androgen deprivation therapy
LHRH agonists/antagonists 59
Antiandrogens 3
None 38
Intended androgen deprivation therapy
duration
None 38
Short term (< 6 months) 31
Long term (6 — 36 months) 31

Radiotherapy and Oncology 201 (2024) 110568

treatment was 73 years (range, 57-84 years). Of note, 75 % of the pa-
tients were classified as high-risk PCa patients according to the EAU risk
classification [26]. Hormone therapy was prescribed to most patients
(62 %). The median near minimum dose received by 99 % of the GTV
volume (Dgg) was 40.3 Gy (range, 36.2-50.7 Gy), with a median mean
dose (Dean) to the GTV of 44.7 Gy (range, 37.7-50.9 Gy). Detailed dose
statistics for each structure are summarized in eTable 2.

At the time of analysis, all patients had a potential follow-up of 5
years and median follow-up was 61 months. At 5-year follow-up, six
patients had evidence of biochemical failure, resulting in an actuarial 5-
year bDFS of 93 % (95 % CI, 86 % to 97 %) (Fig. 1). All patients with
biochemical failure underwent prostate-specific membrane antigen
positron emission tomography (PSMA PET) imaging. Out of the six
relapsed patients, one patient, in whom GTV Dgg reached 39.9 Gy, had a
local recurrence in combination with distant metastatic disease, two
patients failed in the pelvic lymph nodes without local recurrence and
three patients had distant metastatic disease without local failure. For
two additional patients, biochemical failure was reported after more
than 5 year follow-up. Furthermore, for two patients, the PSA value
reached the criteria for biochemical failure with a subsequent sponta-
neous decrease below these criteria. Both were classified as a benign PSA
bounce. The biochemical failure rate up to 7 years is shown as a function
of the achieved Dgg to the GTV (Fig. 2). Six patients died up to 5 years
after treatment of whom none due to PCa, resulting in a 5-year overall
survival of 94 % (95 % CI, 87 % to 97 %).

At 5 years, 12 % of the patients had CTCAE grade 2 or worse geni-
tourinary toxicity and cumulative incidence rates of late CTCAE grade 2
or worse genitourinary toxicity were 28 % (Fig. 3). The most frequently
reported CTCAE grade 2 or worse late toxicity was urinary frequency,
which peaked at 6 months, with 14 % of the patients reporting grade 2
urinary frequency. The cumulative incidence rate of late grade 3 geni-
tourinary toxicity was 2 %. According to the CTCAE criteria, 4 % of the
patients had grade 2 or worse gastrointestinal toxicity at 5 years and
cumulative incidence rates of late grade 2 or worse gastrointestinal
toxicity were 14 % (Fig. 3). The cumulative incidence rate of late grade 3
gastrointestinal toxicity was 1 %. Neither CTCAE grade 4 or 5 genito-
urinary nor gastrointestinal toxicity was reported up to 5 years after
treatment. The prevalence of CTCAE grade 2 or worse erectile
dysfunction at 5 years was 45 % with a baseline prevalence of 20 %. The
cumulative incidence of late CTCAE grade 2 or worse erectile dysfunc-
tion in the patients treated without ADT (n = 38) was 58 % with a
baseline prevalence of 6 %.

Based on the observed data at 5 years, 24 %, 12 % and 24 % of the
patients experienced a moderate or significant MCIC in urinary, bowel
function and sexual activity HRQoL, respectively (Fig. 4). The mean
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HRQoL score due to urinary bother was back to baseline after 6 months.
There was a significant difference between the bowel function HRQoL
mean score at baseline compared with 5 years after treatment (p =
0.014). There was no significant difference between the sexual activity
mean score at baseline compared to the 5-year value.

Discussion

In this 5-year analysis of the hypo-FLAME trial, the efficacy and late
clinician- and patient-reported side effects of focal boosted SBRT for
intermediate- and high-risk PCa were evaluated. In contrast to most
previous ultra-hypofractionation trials, the hypo-FLAME trial was
heavily weighted towards high-risk patients (75 %). When comparing
the reported 5-year outcomes of focal boosted SBRT for patients with
mainly high-risk PCa with the results of the PACE-B trial, delivering
whole gland SBRT to patients with mainly intermediate risk PCa, the
observed bDFS of 93 % in the hypo-FLAME trial approximates the 5-year
bDFS of 95.7 % reported in the PACE-B trial [11]. Until now, only a
limited number of other SBRT studies that included patients with high-
risk PCa reported 5-year biochemical control rates ranging from 81 % to
85 % [27-29].

When comparing the treatment administered in the hypo-FLAME
trial with that in the PACE-B trial, some differences can be noted.
First, a considerable proportion of patients in the hypo-FLAME trial were
concomitantly treated by hormonal therapy. A synergistic effect be-
tween hormonal treatment and radiotherapy may be responsible for
approaching the 5-year oncological outcome rates of the ultra-
hypofractionation arm of the PACE-B trial in a substantially higher-
risk population. A second possible reason for approaching the excel-
lent outcome of the PACE-B results in the hypo-FLAME trial is the higher
dose administered to the macroscopic intraprostatic tumor. The patterns
of failure analysis of the FLAME trial showed a dose-response rela-
tionship, whereby an increase in focal boost dose was associated with
improved local, regional and distant metastatic disease control in pre-
dominantly high-risk PCa [30,31]. In the hypo-FLAME trial, adminis-
tration of a simultaneous integrated iso-toxic focal boost up to 50 Gy was
aimed for, with final achievement of median Dgg of 40.3 Gy and a Dyean
of 44.7 Gy delivered to the GTV, compared to the aim of the PACE-B trial
to deliver at least 40 Gy to 95 % of the whole gland CTV. This focal dose
escalation also seems to be a possible explanation for the higher bDFS
found in the hypo-FLAME trial compared, although not randomized, to
the previous studies in patients with high-risk PCa, delivering doses
ranging from 35 Gy to 40 Gy to the whole prostate gland [28,29].
Furthermore, the 5-year bDFS outcome results of the hypo-FLAME trial
are in line with the 92 % in the focal boost arm of the conventionally
fractionated phase III FLAME trial. In line with the FLAME trial out-
comes, the dose-response relation for biochemical failure seems to
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decrease with increasing near minimum GTV dose.

Focussing on the long term safety and tolerability of the hypo-FLAME
strategy, similar long term clinician- and patient-reported toxicity rates
were found compared to other non-boost ultra-hypofractionation trials.
The reported CTCAE grade 2 or worse genitourinary and gastrointestinal
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toxicity rates at 5 year were slightly higher compared to the Radiation
Therapy Oncology Group (RTOG) grade 2 or worse genitourinary and
toxicity rates of around 5 % and 1 %, respectively, found by the non-
boosted HYPO-RT-PC and PACE-B trials. However, when comparing
the results of the hypo-FLAME trial with the non-boosted trials, we
should consider the known 10 % underestimation of toxicity as
measured by RTOG compared with CTCAE scoring [32,33]. The hypo-
FLAME toxicity outcomes suggested that ultra-hypofractionated, iso-
toxic focal dose escalation can be achieved without increasing late side
effects. This was already demonstrated for both moderate hypofractio-
nated and conventionally fractionated schedules by the DELINEATE and
FLAME trial, respectively [20,34]. The observed difference between the
bowel function HRQoL mean score at baseline compared with 5 years
after treatment is in line with the HRQoL results of the ProtecT trial in
which patients were treated with conventionally fractionated radio-
therapy [35]. Considering the anorectal dose-effect relationship for late
gastrointestinal toxicity, demonstrated in the FLAME trial, the adoption
of technological innovations leading to lower anorectal doses is of in-
terest for future improvement in late bowel function HRQoL [36].

A limitation of the current trial is its nonrandomized character.
However, to our knowledge, to date the hypo-FLAME trial provides the
best evidence supporting the tolerability and efficacy of focal boosted
SBRT in intermediate- and high-risk PCa. Thereby, we need to empha-
sise that the included high-risk patients the trial are limited to men with
clinical T3a and T3b tumors with less than 5 mm invasion in the seminal
vesicles on mpMRI and patients with an iPSA concentration < 30 ng/mL.
So far, a few other phase I/II trials add to the evidence base for focal
boosted SBRT in intermediate- and high-risk PCa [37-39]. Randomized
validation is needed and currently ongoing with the phase III hypo-
FLAME 3.0 (NCT05705921) and HypoFocal-SBRT (DRKS00022915)
trial [40]. Another shortcoming, inherent to focal boosting, is the po-
tential imperfection of GTV delineation and its’ dose coverage. Never-
theless, despite the presence of these hardly avoidable imperfections,
the phase III FLAME trial showed a clinical benefit of conventionally
fractionated focal boosting [20,41,42]. Finally, the prescribed dose of
35 Gy to the non-intraprostatic tumor prostate is less than the currently
minimum recommended prostate SBRT dose of 36.25 Gy in 5 fractions
by the National Comprehensive Cancer Network (NCCN). Considering
the excellent disease outcome results achieved in the hypo-FLAME trial,
the slightly lower dose delivered to the whole prostate gland could
potentially be seen as a step towards de-escalation in combination with
focal boosting to maximize disease control while minimizing toxicity
[43]. Further whole prostate gland dose de-escalation to 30 Gy in 5
fractions combined with a focal boost up to 45 Gy to the GTV with a 4
mm intraprostatic margin is currently under investigation in the phase II
DESTINATION trial (NCT05709496).

In conclusion, five-fraction prostate SBRT with an iso-toxic focal
boost to the mpMRI-defined macroscopic intraprostatic tumor demon-
strated encouraging 5-year efficacy outcomes in patients with mainly
high-risk PCa. Furthermore, focal boosted ultra-hypofractionation for
PCa appears to be feasible with low rates of toxicity, comparable to
moderate and conventionally fractionated radiotherapy schedules.
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