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A B S T R A C T   

Background: Due to superior image quality and daily adaptive planning, MR-guided stereotactic body radiation 
therapy (MRgSBRT) has the potential to further widen the therapeutic window in radiotherapy of localized 
prostate cancer. This study reports on acute toxicity rates and patient-reported outcomes after MR-guided 
adaptive ultrahypofractionated radiotherapy for localized prostate cancer within the prospective, multicenter 
phase II SMILE trial. 
Materials and methods: A total of 69 patients with localized prostate cancer underwent MRgSBRT with daily 
online plan adaptation. Inclusion criteria comprised a tumor stage ≤ T3a, serum PSA value ≤ 20 ng/ml, ISUP 
Grade group ≤ 4. A dose of 37.5 Gy was prescribed to the PTV in five fractions on alternating days with an 
optional simultaneous boost of 40 Gy to the dominant intraprostatic lesion defined by multiparametric MRI. 
Acute genitourinary (GU-) and gastrointestinal (GI-) toxicity, as defined by CTCAE v. 5.0 and RTOG as well as 
patient-reported outcomes according to EORTC QLQ-C30 and -PR25 scores were analyzed at completion of 
radiotherapy, 6 and 12 weeks after radiotherapy and compared to baseline symptoms. 
Results: There were no toxicity-related treatment discontinuations. At the 12-week follow-up visit, no grade 3 +
toxicities were reported according to CTCAE. Up until the 12-week visit, in total 16 patients (23 %) experienced a 
grade 2 GU or GI toxicity. Toxicity rates peaked at the end of radiation therapy and subsided within the 12-week 
follow-up period. At the 12-week follow-up visit, no residual grade 2 GU toxicities were reported and 1 patient 
(1 %) had residual grade 2 enteritic symptoms. With exception to a significant improvement in the emotional 
functioning score following MRgSBRT, no clinically meaningful changes in the global health status nor in 
relevant subscores were reported. 
Conclusion: Daily online-adaptive MRgSBRT for localized prostate cancer resulted in an excellent overall toxicity 
profile without any major negative impact on quality of life.   
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Introduction 

In patients with localized prostate cancer, stereotactic body radiation 
therapy (SBRT) is a standard of care option for patients eligible for ra-
diation therapy [1,2]. Randomized controlled trials have demonstrated 
that SBRT is non-inferior to conventional fractionated radiotherapy 
regarding biochemical recurrence free survival and acute toxicity [1,2]. 

The key advantage of MR imaging is its superior soft tissue contrast. 
With the introduction of MR-guided radiotherapy in prostate cancer 
treatment, this superior contrast was combined with the ability to pro-
vide real-time visualization of pelvic anatomy and its dynamic changes. 
The improved visualization allows for more accurate target delineation, 
which in turn enables the reduction of planning target volume (PTV) 
margins [3] without the need for gold marker placement. Additionally, 
MR-guided radiotherapy offers the opportunity of online replanning to 
deliver an optimized plan to the patient’s daily anatomy. Moreover, the 
MR-guided approach allows for the observation of anatomical changes 
in the bladder and rectum, critical organs that can differ in volume 
during the course of treatment. Using beam gating, the beam is auto-
matically turned off when the target volume moves out of its predefined 
localization intra-fractionally, leading to reduced radiation exposure to 
healthy surrounding tissues. Reduced margins, daily plan reoptimiza-
tion and intrafraction-gating may further widen the therapeutic window 
of prostate cancer treatment, allowing for reduced treatment toxicity. 

Local recurrence of localized prostate cancer after radiation typically 
occurs at the original dominant tumor site [4], such that dose escalation 
for the dominant intraprostatic lesion (DIL) carries potential for opti-
mized local tumor control [5]. The FLAME trial demonstrates that a 
focal boost to the DIL improves biochemical disease-free survival in 
localized intermediate- and high-risk prostate cancer without adverse 
effects on toxicity and quality of life [6]. In recent years, dose escalation 
to the DIL has been safely implemented in ultrahypofractionated dose 
regimens [7]. 

The SMILE trial is a multicenter, prospective phase II trial aiming to 
evaluate safety and feasibility of online-adaptive MR-guided ultra-
hypofractionated stereotactic radiotherapy in prostate cancer. Here, we 
report on the physician-reported acute toxicity up to 12 weeks after 
radiotherapy and patient-reported quality of life. 

Materials and methods 

Study design and participants 

The study protocol was published previously [8]. In summary, SMILE 
is a prospective, single-arm, multicenter phase II trial evaluating the 
feasibility and safety of ultrahypofractionated radiotherapy with online- 
adaptive magnetic resonance-guided radiation therapy (MRgRT) in 
localized prostate cancer. The inclusion criteria specified in the study 
protocol involved patients with low-/intermediate- and early high-grade 
risk groups including ≤ cT3a, ≤ Gleason Score 8, PSA ≤ 20 ng/ml, an 
International Prostate Symptom Score (IPSS) of ≤ 12, and a prostate 
gland volume of less than 80 cc. Patients with previous local therapies of 
the prostate were not eligible for enrolment. For risk assessment, the 
d’Amico criteria [9] were applied albeit T2c-tumors were categorized as 
intermediate risk. 

In 19 out of 69 (28 %) patients with T2 tumor, there was insufficient 
pre-treatment data on DRE-tumor extension. Therefore, the classifica-
tion as T2 relies on the baseline MRI, where no indication of extrac-
apsular extension was observed in these patients. Patients with suspicion 
for nodal involvement were excluded from enrolment. Antiandrogen 
therapy was allowed per treating physicians’ discretion with a 
maximum permitted neoadjuvant treatment period of 3 months. 

The study was approved by the local Institutional Review Boards of 
all three centers (Heidelberg University, LMU Munich, University of 
Zurich). 

Treatment planning and dose specifications 

All patients underwent a 0.35 T MRI simulation scan at the MRIdian 
LINAC (ViewRay, Inc.) using a True Fast Imaging with Steady State 
Procession (TRUFI) sequence [10]. Diagnostic pelvic multiparametric 
MRI (mpMRI) was performed for contouring in addition to standard 
planning computer tomography without contrast. Apart from correcting 
for positional setup, online plan adaptation involved a daily online-MRI 
scan which was registered to the MRI of the base plan based on the 
clinical target volume (CTV) contour. After recontouring, the base plan 
was applied onto the anatomy of the day. If there were any dose viola-
tions in this predicted plan of either organs at risk (OAR) dose con-
straints or the PTV coverage, the plan was reoptimized by the medical 
physicist and approved by the treating radiation oncologist. 

SBRT was delivered as daily online-adaptive MR-guided step-and- 
shoot intensity-modulated radiation therapy with target volume gating 
using the MRIdian LINAC (ViewRay, Inc). In low-risk cancers the target 
volume was defined as the prostate. The extent of additional contouring 
of the seminal vesicles in intermediate-risk and high-risk patients, 
respectively, was in accordance with the ESTRO ACROP guidelines [11]. 
The CTV was expanded by 3 mm isotropically to form the PTV. Per 
protocol, at least 95 % of the PTV should receive 95 % or more of the 
prescribed dose, and the maximum dose should not exceed 107 % of the 
prescribed dose. A prescribed dose of 37.5 Gy was delivered in 5 frac-
tions every other day with an optional simultaneous boost up to 40 Gy to 
the dominant intraprostatic lesion as defined by mpMRI. A urethral PRV 
was formed by adding a 2 mm margin to the urethra with a dose re-
striction of D0.2cc ≤ 37.5 Gy. No fiducial markers, rectal spacer gels, or 
other rectal devices were used. 

Outcomes 

The primary endpoint of the SMILE trial is a composite measure that 
includes the occurrence of grade 2 or higher genitourinary (GU) or 
gastrointestinal (GI) toxicity scored on the Common Terminology 
Criteria for Adverse Events (CTCAE) version 5.0, within one year after 
start of radiotherapy, as well as treatment-related discontinuation of 
therapy. In this work, baseline symptoms and toxicity up to 12 weeks 
after radiotherapy were analyzed accordingly as a secondary endpoint. 
This endpoint was not reached if the GU or GI symptoms equivalent to a 
grade 2+ toxicity are already present at baseline unless the toxicity 
grade increased as compared to baseline. A sample size of 69 patients 
was calculated to show that the rate of events for the primary endpoint 
(genitourinary (GU) or gastrointestinal (GI) CTCAE toxicity ≥ grade 2 
within one year after the initiation of radiotherapy or treatment-related 
discontinuation) falls below a clinically acceptable threshold of 40 %. 
This calculation was done with a statistical power of 80 % and a one- 
sided significance level of 2.5 % using an exact binomial test. Under 
the alternative hypothesis, an event rate of 23.8 % was assumed based 
on data from Bruynzeel et al. [12]. A prespecified interim analysis was 
conducted after 30 patients had undergone the follow-up visit after 12 
weeks with no concerns regarding the continuation of the trial. 

Further secondary endpoints included patient-reported quality of life 
(QoL) measures such as the EORTC QLQ-C30 and QLQ-PR25. 

Results 

From 03/2021 to 03/2023, 69 patients were enrolled in the trial. 
Baseline patients’ and treatment characteristics are displayed in Table 1. 
There were no reported treatment discontinuations. 

Physician-reported toxicity 

GU and GI baseline symptoms and longitudinal changes in acute 
toxicity according to the CTCAE definition are shown in bar plots in 
Fig. 1. No grade 3 toxicities were reported. During the follow-up period, 

C.A. Fink et al.                                                                                                                                                                                                                                  



Clinical and Translational Radiation Oncology 46 (2024) 100771

3

12 patients (17 %) experienced a grade 2+ GU toxicity, 6 patients (9 %) 
a grade 2+ GI toxicity. In total 16 patients (23 %) experienced any grade 
2 GU or GI toxicity according to CTCAE up until the 12-week visit. 

GU and GI baseline symptoms and longitudinal changes of acute 
toxicity according to the RTOG definition [13] are shown in bar plots in 
Fig. 2. Apart from sexual dysfunctions, 22 patients (32 %) experienced 

any GU or GI grade 2+ toxicity according to RTOG up until the 12-week 
visit. Of note, approximately a quarter of the cohort reported baseline 
voiding and obstructive symptoms equivalent to a grade 1 RTOG toxicity 
and more than a third of patients reported nocturia equivalent to grade 1 
or 2 RTOG toxicity at baseline (Fig. 2). 

At the 12-week follow-up visit, only minimal residual GU and GI 
symptoms were reported (Table 2). 

Patient-reported quality of life measures 

Baseline QLQ-C30 scores and longitudinal changes after MRgRT are 
shown in Fig. 3. Regarding the emotional functioning subscore, there 
was a significant improvement at week 6 (p = 0.006) and week 12 (p =
0.039) compared to baseline as tested by the Mann-Whitney U test. 
Regarding the global health status and all relevant subscores, no clini-
cally meaningful changes were reported. In line with physician-reported 
toxicity, baseline GU symptoms and sexual dysfunctions were consistent 
with a senior study population and most residual symptoms subsided 
between the follow-up visit after 6 and 12 weeks (Fig. 4). 

Discussion 

The multicenter SMILE phase II trial aimed to demonstrate the 
feasibility and safety of daily online-adaptive MR-guided ultra-
hypofractionated stereotactic radiotherapy for localized prostate cancer. 
The study evaluated both physician- and patient-reported outcomes, 

Table 1 
Patients’ and treatment characteristics.  

Patients [n] 69 
Age, median (IQR) [years] 68 (64–75) 
Karnofsky performance status, median (IQR) [%] 100 (90–100) 
Gleason Score [n] 

6 
7a 
7b 
8  

19 (28 %) 
34 (49 %) 
14 (20 %) 
2 (3 %) 

Low-risk [n] 8 (12 %) 
Intermediate-risk [n] 58 (84 %) 
High-risk [n] 3 (4 %) 
iPSA, median (IQR) [ng/ml] 7.4 (5.7 – 9.2) 
IPSS, median (IQR) 7 (4 – 9) 
Prostate volume, median (IQR) [ml] 38 (27 – 48) 
SIB to the DIL [n] 17 (25 %) 
ADT use [n] 8 (12 %) 

IPSS: international prostate symptom score, SIB: simultaneous integrated boost, 
DIL = dominant intraprostatic lesion, ADT: androgen deprivation therapy. 

Fig. 1. Baseline symptoms and longitudinal changes after MRgRT according to CTCAE v. 5.0 up to 12 weeks after the start of radiotherapy.  

Fig. 2. Baseline symptoms and longitudinal changes after MRgRT according to RTOG up to 12 weeks after the start of radiotherapy. Note that the toxicity endpoint in 
the analysis and Table 2 was not met if the GU or GI symptoms equivalent to a grade 2 + toxicity are already present at baseline unless the toxicity grade increased as 
compared to baseline. 
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demonstrating very favorable short-term tolerability with low toxicity 
rates and no clinically meaningful adverse effects on quality of life, thus 
supporting MR-guidance and online-adaptation in prostate SBRT. 

Comparing acute toxicity profiles of previously published ultra-
hypofractionation regimens and their corresponding toxicity profiles is 
challenging due to differing dose prescriptions. The PACE-B trial 
compared acute toxicity in the context of conventionally fractionated or 
moderately hypofractionated radiotherapy versus five-fraction SBRT for 
low- to intermediate-risk localized prostate cancer. For the regimen of 
36.25 Gy in 5 fractions (with 40 Gy to the CTV), RTOG GU grade 2+
toxicity was reported at 23.1 % and GI grade 2+ toxicity at 10.4 % [14]. 

These figures are comparable to the acute toxicity observed in the SMILE 
trial. The phase II hypo-FLAME 2.0 trial, delivering 35 Gy in 5 fractions 
to the entire prostate gland with a boost up to 50 Gy to the DIL, reports 
GU 2+ toxicity rates of 47.5 % with biweekly radiotherapy and 34.0 % 
with weekly fractions [7], indicating a significant contribution of the 
DIL boost to the overall GU toxicity rate. In this context, an MR-guided 
urethral dose avoidance may mitigate acute and long-term GU toxicity 
in focal boost applications [15]. 

The introduction of MR-guidance represents a significant technical 
advancement in the field, offering superior soft tissue contrast and the 
possibility for daily online plan adaptation. As demonstrated in the 

Table 2 
Highest-grade physician-reported GU and GI toxicity up to and at the 12-week follow-up visit.    

RTOG CTCAE  
Highest Grade Toxicity GU GI GU and/or GI GU GI GU and/or GI 

up to 12 weeks I 37 (54%) 14 (20%) 32 (46%) 6 (9%) 9 (13%) 8 (12%)  
II 10 (14%) 12 (17%) 19 (28%) 12 (17%) 6 (9%) 16 (23%)  
III 1 (1%) 3 (4%) 3 (4%) - - - 

at 12 weeks I 21 (31%) 8 (12%) 22 (33%) 1(1%) - 1 (1%)  
II - 4 (6%) 4 (6%) - 1 (1%) 1 (1%)  

Fig. 3. Baseline scores and longitudinal changes of QLQ-C30 scores up to 12 weeks after the start of MRgRT. Trajectories showing median and IQR.  
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randomized MIRAGE trial, the superior tissue contrast allows for a 
reduction in the PTV margin compared to CT-guided SBRT [3]. Although 
oncological outcomes are pending, the reported acute GU grade 2+
toxicity rates with MR-guidance were 24.4 % (compared to 43.4 % with 
CT-guidance) and GI grade 2+ toxicity was 0 % with MR-guidance 
(compared to 10.5 % with CT-guidance). While MIRAGE and SMILE 
are not directly comparable due to differences in radiation doses, 
toxicity measures, urethra constraints and the application of online plan 
adaptation in the SMILE trial, both trials report favorable GI toxicity 
rates in line with previously published results of trials using MRgSBRT 
for localized prostate cancer [12,16]. Moreover, apart from reduced 
margins, MR-guidance provides the additional benefits of daily online 
plan adaptation and online gating. Although a recent study has indicated 
that gating has only a minimal impact on dose parameters [17], the use 
of online plan reoptimization helps to improve GTV coverage and 
further minimize the radiation dose to organs at risk [18–20]. 

Despite the favorable toxicity profile observed in this prospective 
multicenter trial, it is important to note its limitations, such as a rela-
tively small patient cohort and a relatively short follow-up interval. Due 
to the low toxicity rates and limited patient numbers, a multivariate 
analysis to identify risk factors for grade 2+ toxicity development was 
not feasible. Nevertheless, the trial results suggest that future trials 
exploring markerless, ultrahypofractionated SBRT for localized prostate 
cancer may be designed with less stringent inclusion criteria, potentially 
allowing the inclusion of patients with larger prostate volumes and 
higher IPSS scores. 

In summary, initial findings from the SMILE phase II trial demon-
strate encouraging rates of acute gastrointestinal and genitourinary 
toxicity with online-adaptive MR-guided ultrahypofractionated stereo-
tactic radiotherapy for localized prostate cancer. Patient-reported out-
comes also indicate no notable impact on quality of life measures 
following radiotherapy. Longer-term follow-up is required to validate 
these early toxicity findings and support them with acceptable onco-
logical outcome parameters. 
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