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37The aim of this review is to present the available radiobiological, technical and clinical data about
38extreme hypofractionation in primary prostate cancer radiotherapy. The interest in this technique is
39based on the favourable radiobiological characteristics of prostate cancer and supported by advantageous
40logistic aspects deriving from short overall treatment time. The clinical validity of short-term treatment
41schedule is proven by a body of non-randomised studies, using both isocentric (LINAC-based) or non-
42isocentric (CyberKnife

�
-based) stereotactic body irradiation techniques. Twenty clinical studies, each

43enrolling more than 40 patients for a total of 1874 treated patients, were revised in terms of technological
44setting, toxicity, outcome and quality of life assessment. The implemented strategies for the tracking of
45the prostate and the sparing of the rectal wall have been investigated with particular attention. The urin-
46ary toxicity after prostate stereotactic body irradiation seems slightly more pronounced as compared to
47rectal adverse events, and this is more evident for late occurring events, but no worse as respect to con-
48ventional fractionation schemes. As far as the rate of severe acute toxicity is concerned, in all the available
49studies the treatment was globally well tolerated. While awaiting long-term data on efficacy and toxicity,
50the analysed studies suggest that the outcome profile of this approach, alongside the patient convenience
51and reduced costs, is promising. Forty-eight ongoing clinical trials are also presented as a preview of the
52expectation from the near future.
53� 2016 Published by Elsevier Ltd.
54
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58Introduction

59Prostate cancer (PC) is the most common male malignancy in
60the Western countries and the second most frequently diagnosed
61cancer among males worldwide [1,2]. Approximately 80% of men
62with newly diagnosed PC will have organ-confined disease.
63Evidence-based and scientifically approved conventional treat-
64ment options for prostate-confined cancer include radical prosta-
65tectomy, external beam radiotherapy (EBRT), brachytherapy (BT)
66and active surveillance [1,3]. Since head-to-head comparison of
67different options is not available, the choice is based on the tumour
68stage and characteristics, patient general conditions and prefer-
69ences and the centre expertise [1,4,5]. Radiation therapy (RT) is

http://dx.doi.org/10.1016/j.ctrv.2016.08.005
0305-7372/� 2016 Published by Elsevier Ltd.

Abbreviations: AIRO, Italian Association of Radiation Oncology; BT, brachyther-
apy; bRFS, biochemical relapse free survival; CT, computed tomography; CTV,
clinical target volume; ERB, endorectal balloon; EBRT, external beam radiotherapy;
EPIC, expanded prostate cancer index composite; GU, genitourinary; HDR, high
dose-rate; IGRT, image-guided radiotherapy; IMRT, intensity modulated radio-
therapy; IPSS, International Prostatic Symptoms Score; kV, kilo-voltage; LINAC,
linear accelerator; MRI, magnetic resonance imaging; MU, monitor unit; MV, mega-
voltage; PC, prostate cancer; PTV, planning target volume; QoL, quality of life; RT,
radiation therapy; SBRT, stereotactic body radiation therapy; USC, universal
survival curve.
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Table 3
Stereotactic body radiation therapy trials: definition of the Regions of Interest (ROIs).

Region of
Interest (ROI)

Definition Reference

CTV Prostate [Aluwini 2013] [Mcbride 2012] [King 2012][Loblaw 2013][Madsen
2007]a[Kim 2014] [Boike 2011]a

Prostate (LR PC); Prostate + SV (IR and HR PC) [Kang 2011][Alongi 2013]a

Prostate + SV (1 cm) + 3 mm (1 mm posteriorly) [Freeman 2011]
Prostate + SV (1/3) [Bolzicco 2013][Chen 2013]
Prostate (LR PC); Prostate + SV (2 cm, IR and HR PC) [Oliai 2013]
Prostate + SV [Arscott 2014]
Prostate + 2 mm (0 mm posteriorly, LR PC) or + 5 mm (0 mm posteriorly, IR PC). [Fuller 2014]
Prostate + proximal SV [Janowsky 2014][Ju 2013]
Prostate + involved SV [Lee 2014]
Prostate (LR PC); Prostate + SV (1 cm, IR and HR PC) [Tree 2014]

PTV CTV + 3 mm [Aluwini 2013] [Arscott 2014] [Boike 2011]a

CTV + 5 mm (3 mm posteriorly) [Mcbride 2012][King 2012][Bolzicco 2013] [Chen 2013] [Janowsky
2014][Tree 2014][Katz 2014] [Ju 2013]

CTV + 4 mm (2 mm posteriorly) [Kang 2011]
CTV + 2 mm [Freeman 2011]
CTV + 2.5 mm [Lee 2014]
CTV + 4 mm [Loblaw 2013]
CTV + 2–3 mm [Kim 2014]a

CTV + 3–5 mm [Alongi 2013]a

Rectum Anterior rectal wall + rectal mucosa [Aluwini 2013]
Solid organ from the anus to the sigmoid [Madsen 2007]a

The rectal wall has been divided and separately contoured into anterior, lateral,
and posterior walls in the region of the PTV

[Kim 2014]a [Boike 2011]a

From recto-sigmoid flexure to anal verge [Tree 2014]

Bladder Constant bladder filling of 1000 cc (obtained using a Foley catether) [Aluwini 2013]
Outer 5 mm of the entire bladder contour [Kim 2014]a [Boike 2011]a

Solid organ from base to dome [Tree 2014]

Urethra Defined using Foley catheter [Aluwini 2013] [Fuller 2014][Kim 2014]
Indwelling catheter and/or urethrogram. [McBride 2011] [Bolzicco 2013]
MRI based delineation, without catheter [Katz 2014]

Bowel Space within the peritoneal cavity that could contain bowel [Tree 2014]

The description of the definition of femoral heads, penile bulb, sigmoid/bowel is never detailed in the analysed articles, even in those generally declaring that these ROIs had
been contoured.
In the study by Boike et al. [68] an endorectal balloon was used.
Abbreviations: HR = high risk; IR = intermediate risk; LR = low risk; PC = prostate cancer; SV = seminal vesicles.

a LINAC based treatment, with or without non-coplanar fields.
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343 bleeding in patients treated with ERB than in patients treated with-
344 out it and less high-grade telangiectases in mucosal areas receiving
345 >40 Gy at the anterior rectal wall [63]. This phenomenon could be
346 attributed to either a physical property of the ERB (i.e. dose build-
347 up), or a radiobiological phenomenon related to the stretching of
348 the mucosa, leading to hypoxia and thus radioresistance. Other

349clinical experiences confirmed a low incidence of grade 3 late toxi-
350city in patients treated with ERB, usually <3% [64–68]. As can be
351seen, most of data on the use of rectal balloon and fiducials refers
352to a general overview, not specific to prostate SBRT. Adoption of
353these devices could be translated in the SBRT-scenario to improve
354the accuracy of delivery and the toxicity profile. Furthermore, the

Table 4
Constraints adopted in the available studies on prostate stereotactic body radiation therapy.

Region of Interest (ROI) Constraints Reference Author Year [Reference]

PTV V100% P 95%; Dmax < 150% Aluwini 2013 [77]
V100% P 95% (prescribed at the isodose of 70–90%) McBride 2012 [73]
V100% P 95% (prescribed at the isodose of 77–80%) Kang 2011 [75], Bolzicco 2013 [78]
V100% P 95% (prescribed at the isodose of 88–92%) Freeman 2011 [74], King 2012 [76]
V100% P 95% (prescribed at the isodose ofP 75%) Chen 2013 [79], Arscott 2014 [82], Janowsky 2014[84]
V100% P 95% (prescribed at the isodose of 75–85%) Oliai 2013 [81]
D100% P 90% Madsen 2007a [87]
V100% P 95%; Dmax 6 150% Fuller 2014 [72]
V100% > 95% Lee 2014 [85]
V95% > 99%; Dmax < 105% Loblaw 2013 [47]
V100% > 95% Kim 2014 [89], Boike 2011a [69]
V95% > 95% Alongi 2013a [88]
V100% P 95% (prescribed at the isodose of 83–87%) Katz 2014 [83]
V95% > 95% (prescribed at the isodose of 91–94%) Ju 2013 [80]

Rectum Dmax 6 38 Gy (anterior rectal wall); D1cm3 6 32.5 Gy (85% of the PD) Aluwini 2013 [77]
V36Gy < 1 cm3 McBride 2012 [73], Oliai 2013 [81]
ALARA; Dmax 6 100%; D50% 6 50% Kang 2011 [75]
V50% 6 50%; V80% 6 20%; V90% 6 10%; V100% 6 5%; V36Gy 6 1 cm3. Freeman 2011 [74]
V50% 6 50%; V80% 6 20%; V90% 6 10%; V100% 6 5%. King 2012 [76]
D5% 6 38 Gy (mean 50 cm3) Bolzicco 2013 [78]
V50% < 50%; V75% < 25%; V80% < 20%; V90% < 10%; V100% < 5%; V36Gy < 1 cm3 Chen 2013 [79], Janowsky 2014 [84]
V50% < 50%; V80% < 20%; V90% < 10%; V100% < 5% Katz 2014 [83]
V36Gy < 1 cm3; Posterior wall: Dmax 6 50% Oliai 2013 [81]
ALARA Madsen 2007a [87]
Dmax 6 100%; Rectal mucosab: Dmax 6 75% Fuller 2014 [72]
D50% < 50%; D100% < 5% Lee 2014 [85]
V28Gy 6 40%; V32Gy 6 33% Loblaw 2013 [47]
Anterior wall: Dmax 6 105%; Lateral walls: D3cm3 6 90%; Posterior wall:
Dmax 6 45%.

Kim 2014a [86], Boike 2011a [69]

D50% < 18.1 Gy; D20% < 29 Gy; D10% < 32.6 Gy; D5% < 36.25 Gy; V36Gy < 1 cm3 Tree 2014 [86]
V18Gy < 35%; V28Gy < 10%; V32Gy < 5%; D1% < 35 Gy Alongi 2013a [88]

Bladder Dmax 6 41.8 Gy; D1 cm3 6 38 Gy Aluwini 2013 [77]
V37.5 Gy < 5 cm3 McBride 2012 [73],
V37 Gy < 5 cm3; V 100% < 10%; V 50% < 40% Chen 2013 [79], Janowsky 2014 [84]
D10 cm3 6 37 Gy Oliai 2013 [81]
ALARA Kang 2011 [75]
V37 Gy 6 10 cm3 Freeman 2011 [74]
V50% < 40%; V100% < 10% King 2012 [76], Chen 2013 [79], Katz 2014 [83]
D5% 6 40 Gy Bolzicco 2013 [78]
Dmax 6 120% Fuller 2014 [72]
V32 Gy 6 40% Loblaw 2013 [47]
Outer 5-mm wall: Dmax < 105%; D10 cm3 6 18.3 Gy Kim 2014a [89], Boike 2011a [69]
D40% < 18.1 Gy; D10% < 36.25 Gy; V37 Gy < 10 cm3 Tree 2014 [86]
D1% < 35 Gy. Alongi 2013a [88]

Urethra D5% 6 45.5 Gy; D10% 6 42 Gy; D50% 6 40 Gy; Dmax 6 45.6 Gy. Aluwini 2013 [77]
V49 Gy < 10% McBride 2012 [73]
D5% or 2 cm3 6 40 Gy Bolzicco 2013 [78]
V37 Gy < 50% Arscott 2014c [82], Chen 2013 [79]
Dmax 6 133% Janowsky 2014 [84]
Dmax 6 120% Fuller 2014 [72]
Dmax 6 105% Kim 2014a [89], Boike 2011a [69]
ALARA Alongi 2013a [88]
No urethral constraint Katz 2014 [83]

Femoral Heads Dmax 6 24 Gy Aluwini 2013 [77]
V40% < 5% King 2012 [76], Katz 2014 [83]
D25% 6 25 Gy Bolzicco 2013 [78]
V14.5 Gy < 5% Tree 2014 [86]
ALARA Alongi 2013a [88]

Bowel/Sigmoid Dmax 6 28.5 Gy Aluwini 2013 [77]
V30 Gy < 1 cm3 Chen 2013 [79], Janowsky 2014 [84]
V18.1 Gy < 5 cm3 Tree 2014 [86]
ALARA Alongi 2013a [88]

(continued on next page)
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355 use of rectal balloon and fiducials has allowed drawing dose esca-
356 lation SBRT-studies for low- and intermediate-risk PC [69].

357 Planning and dosimetric considerations

358 Dosimetrically, the large dose, and accordingly the high monitor
359 unit (MU) numbers, for each fraction associated with the intensity-
360 modulated SBRT delivery might often be different from the con-
361 ventionally fractionated IMRT. Therefore, SBRT delivery implies
362 additional efforts in the treatment planning process, due to the
363 need of keeping more beams and more intensity segments within
364 the machine constraints of delivering (1–2 MU/segment). This
365 optimisation process allows the safe delivery of high doses with
366 a rapid dose fall-off and enhanced conformality compared to con-
367 ventionally fractionated IMRT, which is mandatory to counterba-
368 lance the superior risk of radiation damage. The first feasibility
369 study on the use of the SBRT by means of CyberKnife� showed
370 superior bladder and rectal tissue sparing as compared to IMRT,
371 although no superior efficacy or reduced complications was docu-
372 mented [70]. Moreover, Hossain et al. showed that non-isocentric
373 CyberKnife� plans exhibited significantly improved conformity
374 than the 9-field isocentric IMRT plans at a relative greater dose
375 inhomogeneity [71]. Ultimately, Fuller et al. showed that the dose
376 distribution of CyberKnife� SBRT closely mimic the high-dose-rate
377 (HDR) BT dosimetry, thus laying the ground for a non-invasive vir-
378 tual HDR [72]. Table 3 summarizes the doses, the delivery techni-
379 ques and the dosimetric aspects of the studies having enrolled at
380 least 40 patients treated with prostate SBRT as exclusive treat-
381 ment. In the majority of the studies, the co-registration of CT
382 images with prostate magnetic resonance imaging (MRI) was per-
383 formed to define the contours, except in McBride et al., who per-
384 formed an MRI ‘‘when feasible” [73] and in the multicentric
385 study by Freeman et al., where MRI was performed only for
386 patients treated in one of the two involved centers [74]. Rectal
387 and bowel preparation was performed before the acquisition of
388 simulation CT scan and before each treatment in all the studies.
389 Rectum and urinary bladder were always defined in the analysed
390 studies, while some of the other avoidance structures (penile bulb,
391 urethra, femoral heads, bowel) were not contoured in some of the
392 studies and/or there were no special constraints on these struc-
393 tures (see Tables 3 and 4). We could probably assume that, when

394not otherwise specified, the authors tried to obtain the doses that
395were as low as reasonably possible.

396Clinical outcomes

397Table 1 summarizes data about the clinical outcomes and the
398toxicity rates of the analysed studies [47,69,72–89]. In the majority
399of these trials, low/intermediate-risk PC patients who underwent
400experimental schedules of fraction sizes ranging between 6.7 and
40110 Gy were the target population. The majority of clinical evidence
402of prostate SBRT comes from trials using the non-coplanar Cyber-
403Knife� platform. It is estimated that more than 10,000 PC patients
404have been treated with this technique since 2003 in U.S. [72–86].
405The first long-term outcomes from a prospective trial of SBRT
406for low-risk PC were published by King et al. [76] who treated 67
407low-risk patients with 35–36.25 Gy delivered in five fractions. At
408a median follow-up of 2.7 years, there was no grade 3 or higher
409rectal toxicity, no grade 4 urinary toxicity and 3.5% grade 3 urinary
410toxicity. Both gastrointestinal and genitourinary (GU) low-grade
411toxicities were found to be substantially less frequent in the
412alternate-day versus daily dose regimen. The 4-year actuarial free-
413dom from biochemical failure was 94%. Katz et al. [83] reported on
414the largest series published so far: 515 patients with low- (324),
415intermediate- (153) and high-risk (38) PC were treated with SBRT
416using CyberKnife� technology. One-third and two-third received a
417total dose of 35 Gy and 36.25 Gy, respectively, delivered in five
418daily fractions. After a median follow-up of 72 months, the actuar-
419ial 7-year freedom from biochemical failure was 95.8%, 89.3%, and
42068.5% for low-, intermediate-, and high-risk groups, respectively
421(p-value < 0.001), with no difference between doses of 35 and
42236.25 Gy. No patients with grade 3 or 4 acute complications were
423encountered and fewer than 2% of patients developed late grade
4243 GU toxicity. The authors also investigated different QoL items
425by means of EPIC scores and found that urinary, bowel and sexual
426QoL profiles compared favourably to those published for high- and
427low-dose BT, proton beam, and dose-escalated IMRT [90–93]. In a
428pooled analysis of 8 institutions [94], 1100 patients (58% low-
429risk; 30% intermediate-risk and 11% high-risk) were treated with
430CyberKnife� SBRT to a median dose of 36.25 Gy in 4–5 fractions
431in the context of prospective Phase II trials. A short-course of
432androgen deprivation therapy was administered in less than 15%
433of patients. After a median follow-up of 36 months, the 5-year bRFS

Table 4 (continued)

Region of Interest (ROI) Constraints Reference Author Year [Reference]

Penile Bulb V29.5 Gy < 50% McBride 2012 [73], Chen 2013 [79], Janowsky 2014 [84]
D25% 6 29 Gy; Bolzicco 2013 [78]
V20 Gy 6 90% Loblaw 2013 [47]
V29.5 Gy < 50% Tree 2014 [86]
ALARA Alongi 2013a [88]

Testes D20% < 2 Gy Chen 2013 [79], Janowsky 2014 [84]

In the study by Boike et al. [69] an endorectal balloon was used.
In the study by Alongi et al. [88] a spacer was injected before SBRT in some selected cases.
Abbreviations: ALARA = as low as reasonably achievable; PD = prescribed dose.
DX% 7 Y%: The dose received by the X% of volume is 7 of the Y% of the prescription dose.
DX% 7 Y Gy: The dose received by the X% of volume is 7 of Y Gy.
DX cm3 7 Y%: The dose received by the X cm3 of volume is 7 of the Y% of the prescription dose.
DX cm3 7 Y Gy: The dose received by X cm3 of volume is 7 of Y Gy.
Dmax: maximum dose.
VX% 7 Y%: The X% of the prescription dose is received by 7 of the Y% of the volume.
VX% 7 Y cm3: The X% of the prescription dose is received by 7 of Y cm3 of volume.
VX Gy 7 Y%: The dose of X Gy is delivered to 7 of the Y% of the volume.
VX Gy 7 Y cm3: The dose of X Gy is delivered to 7 of Y cm3 of volume.

a LINAC based treatment, non-coplanar fields.
b The rectal mucosa was defined as a solid structure formed by a 3-mm contraction of the rectal wall.
c This constraint was applied to the membranous urethra, while no constraints were applied on the prostatic urethra.
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