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Introduction: Dose escalation to dominant intraprostatic lesions (DILs) is a novel method to increase the
therapeutic ratio in localised prostate cancer. The Stereotactic Prostate Augmented Radiotherapy with
Cyberknife (SPARC) trial was designed to determine the feasibility of a focal boost defined with multi-
parametric magnetic resonance imaging (mpMRI) using stereotactic ablative body radiotherapy (SABR).
Materials and methods: Patients were included with newly diagnosed intermediate to high risk prostate
cancer with at least one of: Gleason score 4 + 3, stage T3a, or PSA > 20 ng/ml. Visible disease on mpMRI
was mandatory and up to 2 separate nodules were allowed. All patients received androgen deprivation.
Patients received 36.25 Gy in 5 fractions using CyberKnife� and the DIL received a simultaneous boost to
a maximum of 47.5 Gy, as allowed by OAR constraints. Genitourinary (GU) and gastrointestinal (GI) tox-
icity was reported using the RTOG scoring criteria. International Index of Erectile Function (IIEF) and EQ-
5D global health scores were regularly captured.
Results: An interim safety analysis was performed on the first 8 patients, recruited between July 2013 and
December 2015. Median follow up was 56 months (range 50–74). Median D95 values for the prostate PTV
and boost volume were 36.55 Gy (range 35.87–36.99) and 46.62 Gy (range 44.85–48.25) respectively. Of
the dose constraints, 10/80 were not achieved but all were minor dose variations. Grade 2+ acute GU and
GI toxicities were 37.5% respectively while grade 2+ late GU and GI toxicities were 12.5% and 0% respec-
tively. IIEF and quality of life scores recovered over time and all patients remain in biochemical remission.
Conclusion: The first patients have been successfully treated with prostate SABR and focal boost on the
SPARC trial, with excellent adherence to the planning protocol. Toxicity and efficacy results are promising
and further recruitment is underway.
Crown Copyright � 2020 Published by Elsevier B.V. on behalf of European Society for Radiotherapy and

Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

In the treatment of localised prostate cancer, dose-escalated
radiation therapy improves biochemical control at the expense of
increased toxicity [1]. Stereotactic ablative body radiotherapy
(SABR) is a technique that enables dose escalation and early ran-
domised evidence suggests excellent tolerability [2]. The treatment
of prostate cancer using extreme hypofractionation is guided by
the likelihood of an improved therapeutic ratio between prostate
cancer cell death and late rectal complications. Based on radiobio-
logical and patient data, there is strong evidence that the alpha/-
beta ratio of prostate cancer may be as low as 1.4 Gy [3] while
the alpha/beta ratio of the rectum is around 3 Gy [4]. Extreme
hypofractionation may have a proportionally larger effect on pros-
tate cancer cells than normal surrounding tissues.

The region at highest risk of recurrence has been shown to cor-
respond to the dominant intraprostatic lesion (DIL) both clinically
and radiologically [5,6]. As this nodule often exhibits the most
aggressive biological behaviour in multifocal disease, it can dictate
the overall clinical prognosis [7]. Data supporting dose escalation
to the DIL is growing in both external beam and brachytherapy lit-
erature [8], with randomised studies currently underway.
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The Stereotactic Prostate Augmented Radiotherapy with Cyber-
knife (SPARC) trial was designed following an initial planning
study at our institution [9]. The primary objective is to assess acute
genitourinary (GU) toxicity. Secondary endpoints include acute
gastrointestinal (GI) toxicity, late toxicity, dosimetric feasibility,
quality of life and biochemical control. Here, we report an
unplanned interim safety analysis for the first 8 patients treated
on the SPARC trial, prior to further patient enrolment.
2. Materials and methods

In July 2013, we began a phase 2 study that was approved by
the local Research Ethics Committee (Clinical Trials.gov ID:
NCT02145494).

2.1. Patient eligibility

Patients were included with newly diagnosed and previously
untreated prostate cancer, confirmed with a minimum of 10 biopsy
cores. Patients must have at least one of: Gleason score 4 + 3,
American Joint Committee on Cancer stage T3a, or prostate specific
antigen (PSA) >20 ng/ml. The DIL was defined as any intraprostatic
lesion likely to harbour clinically significant cancer on multipara-
metric magnetic resonance imaging (mpMRI). The likelihood of
the presence of prostate cancer was determined based on an over-
all combination of the findings from T2WI, DWI, and DCE-MRI
using a Likert scale between 1 and 5 (1, very low level of suspicion;
5, definitely cancer) [10]. Up to 2 separate nodules was allowed. All
patients required a bone scan to exclude metastatic disease within
3 months of their initial staging CT and mpMRI. Patients were
excluded if there were>2 DILs on mpMRI, disease visible in > 50%
of the prostate volume on any axial slice, PSA > 40 ng/ml, T3b dis-
ease or greater, presence of nodal or distant metastases, con-
traindications to MRI, fiducials or ADT, any previous treatments
for prostate cancer or any previous radiotherapy to the pelvis. Once
enrolled, patients were commenced on androgen deprivation ther-
apy (ADT), which included 4 weeks of cyproterone acetate fol-
lowed by subcutaneous injections of a luteinizing hormone-
releasing hormone (LHRH) analogue. The duration of ADT was at
the discretion of the treating clinician. Arrangements were made
for planning once the PSA dropped below 4 ng/ml.

2.2. Planning

Three to four gold seed fiducials were implanted at least 1 week
prior to planning CT under antibiotic cover. A urinary catheter was
inserted at time of planning and all patients had standardised blad-
der filling (300 mls at 45 min prior to planning CT scan). To ade-
quately prepare the bowel, patients were prescribed Micolette�

enemas for 2 days prior to and on the day of planning CT. The stan-
dardised 3 T mpMRI performed at enrolment (prior to ADT and
fiducial insertion) was fused with the planning CT. Fusion was pri-
oritised at the region of the prostate containing the DIL. Boost vol-
umes were defined jointly by an oncologist and radiologist, with
particular reference to the T2, diffusion (DWI) and perfusion
(DCE) images. The MultiPlan� treatment planning system (Accuray
inc, Sunnyvale, CA) was employed.

Our institutional margins for prostate SABR match those used in
the current randomised PACE trial [11]:

GTV (n) = dominant nodule (s) on MRI
PTV (n) = GTV (no margin)
GTV(p) = Prostate and proximal 2/3 seminal vesicles (adapted at

clinician discretion). This volume always entirely includes the GTV
(n).

PTV (p) = CTV + 5 mm/3mm posteriorly
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Constraints for organs at risk (OAR) were based on those cur-
rently used at our institution for standard (non-boost) prostate
SABR and previously validated in a boost setting [9]. To ensure iso-
toxic dose escalation, OAR constraints were prioritised over boost
volume coverage. These include:

� Rectum: V18.1 Gy < 50%, V29 Gy < 20%, V36 Gy < 1 cc (optimal)
and < 2 cc (mandatory).

� Bladder V18.1 Gy < 40%, V37 Gy < 5 cc (optimal) and < 10 cc
(mandatory)

� Prostatic urethra: V42Gy < 50%, V45.6 Gy < 10%
� Femoral head V14.5 Gy < 5%
� Penile Bulb: V29.5 Gy < 50%
� Bowel: V30 Gy < 1 cc, V18.1 Gy < 5 cc

Our planned cohort size is 20 patients, which confers 80% power
to rule out >50% grade 2 + GU toxicity over the follow up period,
assuming a true rate of toxicity <20% [12]. Statistical analysis to
identify correlations between dosimetric and patient variables
was unable to be performed in this interim analysis due to small
sample size. A Gaussian distribution could not be assumed of any
variable and hence descriptive statistics are presented as median
and range where appropriate.

2.3. Treatment and follow up

All patients were followed prospectively. SABR was delivered
using the CyberKnife� in 5 fractions delivered on alternate days.
Patients received 36.25 Gy (7.25 Gy/fraction) and the DIL received
a simultaneous isotoxic boost to a maximum of 47.5 Gy, as allowed
by OAR constraints. Using an a/b ratio of 1.5 Gy, this corresponds
to bioequivalent does of 212 Gy to the whole prostate and
348 Gy to the visible cancer. Patients could start treatment on
any day of the week and all treatment was completed within
14 days of commencement. Dose was prescribed to cover � 95%
of PTV(p) and � 95% of PTV(n). In addition, the prostate GTV was
ideally covered by 40 Gy in 5 fractions such that GTV
V40Gy � 95%. 30–60 s intra-fraction monitoring was employed.

Patients were seen twice in the first month, every 3 months in
the first two years, and 6 monthly thereafter. GU and GI toxicity
was reported at each follow up visit using the Radiation Therapy
Oncology Group (RTOG) scoring criteria and International Prostate
Symptom Score (IPSS), along with PSA. International Index of Erec-
tile Function (IIEF) and EQ-5D global health score [13] were cap-
tured at 6 month intervals. Biochemical failure was determined
using the Phoenix definition [14].
3. Results

Between July 2013 and December 2015, 8 patients were
recruited. Median follow up was 56 months (range 50–74) and
median patient age was 75 (range 62–80). All but one patient
had T3a disease and the majority of DILs were in the peripheral
zone. Patients had either Gleason 3 + 4 or 4 + 3 disease (4 patients
each). Median duration of ADT was 6 months (range 6–18). Patient
characteristics are outlined in Table 1. Median predicted treatment
time was 44 min (range 36–56). Median beam number was 209
(range 165–222) and median node number was 79 (range 45–
88). An example of an MRI-defined DIL and corresponding radio-
therapy plan is shown in Fig. 1.

3.1. Toxicity

The median IPSS before treatment was 10.5 which increased in
the acute phase, peaking at 16.5 2 weeks post treatment. IPSS



Table 1
Patient characteristics. AJCC = American Joint Committee on Cancer, PSA = prostate
specific antigen, DIL = dominant intraprostatic lesion, GTV = gross tumour volume,
PTV = planning target volume.

Characteristic Value (range)

Median age 75 (62–80)
Median follow up 56 months (50–74)
Gleason Score
3 + 4 4
4 + 3 4

AJCC stage
T2c N0 1
T3a N0 7
Median PSA 7.4 ng/ml (4.7–10.8)
Median prostate volume (GTVp) 40.7 cc (16.0–66.0)

DIL location
Peripheral Zone 5
Transition Zone 2
Central Zone 1

Median DIL volume (GTVn) 0.6 cc (0.3–3.5)
Median PTV and rectum overlap volume 1.8 cc (1.3–2.9)
Median DIL distance to rectum 3.6 mm (1.5–29.9)
Median DIL distance to urethra 3.5 mm (1.2–15.2)
Median DIL distance to bladder neck 17.7 mm (0.7–28.1)
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returned to baseline after approximately 2 months and continued
to drop below baseline values during follow up. GU toxicity corre-
sponded with IPSS with a peak at 2 weeks post treatment (Fig. 2).
The rate of grade 2+ acute GU toxicity was 37.5%. The patient who
experienced grade 3 cystitis (haematuria) was referred for cys-
toscopy but no intervention was required. All acute GU toxicities
resolved by 3 months. The rate of grade 2+ late GU toxicities was
12.5%. Similar to GU toxicity, the rates of GI toxicity peaked at
2 weeks post treatment (Fig. 3). 37.5% developed grade 2+ toxici-
ties which were predominantly increased stool frequency. Only 1
patient developed late grade 1 toxicities. No grade 2+ late GI events
were observed.

Only a small variation in erectile function was observed. Median
baseline IIEF was 11.5 and nadired to 8 at 6 months post treatment.
Interestingly, the median value recovered to pre-treatment levels
at 12 months, with a slow decline thereafter. This decline could
be a combination of treatment and age-related changes. No large
impact on quality of life was observed via the EQ-5D global health
score. At 3 months, the median health score had dropped from 90
Fig. 1. (a) T2-weighted MRI showing localized, low signal abnormality in the right per
Isodose lines: 47.5 Gy (red), 40 Gy (white), 36.25 Gy (orange), 29 Gy (yellow), 18.1 Gy (m
legend, the reader is referred to the web version of this article.)

90
to 80 but recovered to baseline values at 12 months. There was no
obvious change in EQ-5D score during follow up.

3.2. PSA response

Median baseline PSA was 7.35 ng/ml (range 4.7–10.8). PSA
dropped immediately due to the introduction of ADT, to a median
value of 0.035 (range 0–1.8) at 12 months. All median PSA values
remained below 0.2 after 6 months of follow up. No biochemical
relapse was observed. A small rise in median PSA was observed
at 18 months (0.105, range 0–1.1).

3.3. Dosimetry

Median prescription isodose was 70%. Median conformity index
(the ratio of volume encompassed by the prescription isodose to
the PTV volume) was 1.08. The 50% gradient index (the ratio of vol-
ume encompassed by the 50% isodose to the PTV volume) ranged
between 3.22 and 4.65. Complete PTVp coverage was achieved in
6 patients (75%) while GTVp coverage was achievable in only 3
patients (37.5%). As expected, PTVn coverage was more difficult
to achieve within the predefined OAR constraints. Only 3 plans
(37.5%) achieved a D95 > 47.5 Gy. A summary of target volume
coverage and OAR constraints is outlined in Table 2.

10/80 optimal OAR goals were unable to be met. 3 plans (pa-
tients 1, 2 and 5) had minor variations in maximum rectal dose
(i.e. V36 = 1–2 cc). Factors possibly associated with rectal DVH
variations, such as prostate volume, boost volume, PTV/rectum
overlap and boost distance to rectum were investigated but no
obvious association was found. Similarly, 3 plans (patients 1, 2
and 8) had minor protocol variations in maximum bladder dose
(V37 = 5–10 cc) and no obvious correlative factors. Fig. 4 shows
the median rectal and bladder dose-volume histogram (DVH) and
ranges. The right femoral head constraint was exceeded in 3
patients (patients 1, 6 and 7). All urethral, penile and bowel con-
straints were achieved.
4. Discussion

The use of SABR to treat prostate cancer can be considered as an
alternative to standard fractionation in patients with low risk pros-
tate cancer [15] however the role of SABR in higher risk disease is
ipheral zone. (b) PTVp shown as shaded dark blue and PTVn as shaded light blue.
agenta), 10 Gy (purple). (For interpretation of the references to colour in this figure



Fig. 2. Genitourinary (GU) toxicity. EOT = end of treatment.

Fig. 3. Gastrointestinal (GI) toxicity. EOT = end of treatment.

Table 2
Treatment planning goals and achieved dosimetry, GTV = gross tumour volume,
PTV = planning target volume.

Structure Criteria Goal Median delivered (range)

GTVp D95 40 Gy 39.16 Gy (37.32–40.69)
PTVp D95 36.25 Gy 36.55 Gy (35.87–36.99)
GTVn = PTVn D95 47.5 Gy 46.62 Gy (44.85–48.25)
Rectum V18.1 Gy <50% 29.65% (25.0–36.7)

V29Gy <20% 12.10% (10.2–13.8)
V36Gy <1cc 0.93 cc (0.6–1.96)

Bladder V18.1 Gy <40% 22.70% (9.7–43.2)
V37Gy <5cc 4.44 cc (1.74–6.98)

Prostatic urethra V42Gy <50% 30.5% (0.7–42.9)
V45.6 Gy <10% 0% (0–9)

Left Femoral Head V14.5 Gy <5% 0% (0–0.1)
Right Femoral Head V14.5 Gy <5% 2.15% (0–15.2)
Penile Bulb V29.5 Gy <50% 0% (0–7.7)
Bowel V30Gy <1cc 0% (0–0.13)

V18.1 Gy <5cc 0% (0–2.98)
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not well defined. The feasibility of incorporating a simultaneous
boost into SABR plans has been confirmed using both CyberKnife�

and gantry-based linear accelerator platforms [16–19]. These stud-
91
ies utilise robust image guidance to safely model DIL boosts of up
to 55 Gy in 5 fractions within established OAR constraints. Multi-
parametric MRI is the most common imaging modality used to
guide focal boosts as it can detect high risk lesions in approxi-
mately 90% of cases when compared to prostatectomy specimens
[20]. PSMA PET has also shown promising results in the evaluation
of intraprostatic tumour burden, although the combination of both
modalities seems to provide the most accurate localization [21].
Evidence to support dose escalation to the DIL is increasing, with
the hypo-FLAME trial recently reporting favourable results [22].
A recent systematic review identified 22 trials of prostate radiation
therapy with focal dose escalation to the intraprostatic dominant
nodule [8], a term used interchangeably with DIL. Biochemical con-
trol was achieved in 80–100% of cases.
4.1. Toxicity in published studies

A systematic review of 2036 prostate SABR patients showed
pooled late grade 3+ GU and GI toxicity to be 2% and 1% respec-
tively [23]. Studies incorporating a DIL boost report slightly higher
grade 3+ toxicity; between 2 and 6% for IMRT and brachytherapy



Fig. 4. Dose-volume histogram for rectum (blue) and bladder (red). Median values shown as solid lines and range values as dotted lines. (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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boost techniques, and up to 10% for SABR boosts [8] but long term
follow up is lacking.

Only a small number of centres have reported toxicity data for
prostate cancer treated with SABR plus a DIL boost. Aluwini et al.
[24] treated 50 patients with low and intermediate risk prostate
cancer to a dose of 38 Gy in 4 daily fractions with an simultaneous
boost to 44 Gy using CyberKnife�. EORTC/RTOG grade 2+ acute GU
toxicity was 23% and grade 2+ acute GI toxicity was 14%. Herrera
et al published dose-finding study of DIL boost whilst treating
the whole prostate to 36.35 Gy in 5 fractions using CyberKnife�

in intermediate and high risk prostate cancer [25]. Only 1 patient
received concurrent ADT and all patients had rectal SpaceOAR
insertion. Dose escalation to 50 Gy was found to be feasible with
25% grade 2+ acute GU toxicity and 5% grade 2+ acute GI toxicity.
Toxicity results of the 5STAR trial was recently reported by Alayed
et al [26]. 30 patients with intermediate or high risk prostate can-
cer received 35 Gy to the prostate, 25 Gy to the pelvis, and a DIL
boost up to 50 Gy in 5 fractions. All patients received 12–18months
ADT. Grade 2+ acute GU toxicity was 66.7% and grade 2+ acute GI
toxicity was 16.7%. Finally, the hypo-FLAME trial [22] treated 100
patients with intermediate and high risk prostate cancer with an
isotoxic DIL boost to 50 Gy in 5 fractions. After a median follow
up of 18 months, no grade 3+ toxicities have been reported.

Our median follow up is among the largest in current SABR
boost literature and it is encouraging that the results still compare
favourably in GU, GI, sexual and quality of life domains. Unfortu-
nately, recruitment was slow due to the restricted commissioning
of SABR on the NHS and direct comparison with other groups is
difficult.
4.2. Dosimetry

Prior to institutional ethics approval, a feasibility study of 15
patients with DIL who had been treated with IMRT was performed
at our institution [9]. Both Cyberknife� and RapidArc� plans were
generated. Clinically acceptable boost plans of 47.5 Gy in 5 frac-
tions were produced using both planning systems and the number
of missed constraints was identical for both (11/75). The ideal rec-
tal constraint of 1 cc < 36 Gy was most difficult to meet, as is the
case in our initial patient experience. Similarly, maximum bladder
dose (V37 Gy) was also difficult to achieve. All urethral, penile bulb
and bowel constraints were met. Our first 2 patients had the most
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DVH protocol variations between them, which may reflect the
learning curve with the new technique. Patient 1 had challenging
anatomy with a small bladder fill (131 ml) as well as the biggest
boost volume (3.5 cc) and rectum/PTV overlap (2.9 cc). In contrast,
the majority of planning parameters for patient 2 were close to
median. There were no obvious associations with target coverage
or OAR goals. As expected, the majority of DIL locations were in
the peripheral zone and so plan optimisation was often limited
by proximity to anterior rectum and urethra.

Aluwini et al restricted 80% of the prescription dose to <1.5 cc
for both bladder and rectum. Minor variations (80% PD to 1.5–
2 cc) for both bladder and rectum were accepted in 30% of patients
which was similar to our experience. Dosimetry reported by Mac-
donald et al. [27] showed excellent PTV and boost volume coverage
within slightly more permissive planning goals (rectum and blad-
der D1cc < 38.06 Gy). Planning goals published by Herrera et al.
[25] were similar to our study.

4.3. PSA response

No biochemical recurrence has been detected at this stage of
follow up. The immediate and significant PSA drop can be attribu-
ted to the introduction of ADT however these levels were main-
tained after cessation of ADT. A small rise in median PSA was
observed at 18 months but this did not meet the definition of
PSA bounce. Benign PSA bounces are described in up to 30% of
patients undergoing prostate SABR and are defined as a PSA rise
of at least 0.2 ng/mL above its previous nadir with a subsequent
decline to that nadir or lower [28]. This phenomenon can occur
up to 30 months from treatment. In our cohort, the transient PSA
rise could be due to the recovery of testosterone levels.

Given the novel approach of SABR boost, the majority of current
evidence is tailored towards feasibility and toxicity rather than PSA
response. However, early results suggest a 2 yr biochemical
disease-free survival between 95 and 100% [24,29].
5. Conclusion

The first patients have been successfully treated with prostate
SABR and focal boost on the SPARC trial, with excellent adherence
to the planning protocol. Target volume coverage was satisfactory
whilst respecting the same OAR dose constraints used for conven-
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tional SABR at our institution. Maximum rectal and bladder doses
were the most difficult constraint to achieve. Toxicity and efficacy
results are promising and further recruitment is underway.
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