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§ Improvement of soft tissue contrast

§ No IGRT extra dose

§ Inter-intrafraction motion management 

Hybrid Machines: MRgRT

To see
To treat
To adapt



SITE  similar HU densities/sensitive OAR 

MOBILITY high intra-fraction motion

MODIFICATION tumor shrinkage

TREATMENT high dose

The ‘ideal’ target for MRgRT 

Henke et al Clin Oncol (R Coll Radiol). 2018
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Courtesy of F. Alongi

Prostate SBRT 
35 Gy in 5 fr

16 field IMRT(VMAT like)

Fraction 1 Fraction 2 Fraction 3 Fraction 4

On-line adaptive RT



Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 

Courtesy of F. Alongi

Ø Sexual structures preservation
Ø Boost to the dominant intraprostatic lesion (DIL)
Ø Margins reduction/single shot treatments



fraction. In the case of low-risk PC, the clinical target vol-
ume (CTV) was the prostate gland only, whereas in the
case of intermediate-risk PC, the entirety of the seminal
vesicles (SV) was included. The planning target volume
(PTV) consisted of CTV + 5mm margins in each direc-
tion, except 3 mm posteriorly, according to previously
published experiences [12]. As organs at risk, the rectum,
bladder, penile bulb, urethra, and femoral heads were
delineated.
The SBRT schedule consisted of five fractions of 7 Gy

(total prescription dose, Dp, equal to 35 Gy) for all pa-
tients delivered on 5 consecutive days, corresponding to
normalized total doses of 2 Gy per fraction (NTD2) be-
tween 70 and 85 Gy for an α/β estimated between 3 and
1.5 Gy for PC.
The dose distribution was normalized to assure that at

least 95% of the PTV received at least 95% of Dp (33.2
Gy), while less than 2% of the PTV received 107% of Dp
(37.5 Gy). By considering that less than 1 cm3 of the
PTV overlapping the rectum, bladder, and urethral
planning-risk-volume (i.e., 3 mm isotropic expansion
from the urethra) had to receive Dp, no less than 95%
Dp (33.2 Gy) had to be assured to 95% of the PTV-
minus-any-overlap with the rectum, bladder, or urethral
PRV. However, 98% of any of such three overlapping
volumes needed to receive at least 32 Gy [6].
Baseline treatment plans were generated using static

field intensity modulated radiotherapy (IMRT) delivered
with 16 beams.
Constraints for planning approval were the following:

(1) for the rectum: V18 Gy ≤ 35%, V28 Gy ≤ 10%, V32
Gy ≤ 5%, Dmax ≤35 Gy; (2) for the bladder: Dmax ≤35
Gy; (3) for the urethral PRV Dmax ≤35 Gy. Dmax was
always referred to the hottest 1 cm3 of the conceived
organ at risk.
The two treatment plan “adaptive” strategies available

for Elekta Unity are ‘adapt-to-position’ (ATP) and
‘adapt-to-shape’ (ATS). For ATP, daily delineation is nei-
ther needed nor possible, and only the (isocenter) pos-
ition is modified in the pre-treatment CT. In the case of
ATS, the daily MRI is re-contoured to adapt the treat-
ment plan of the day [13].
In the PC SBRT patients group presented here, ATS

was performed for all patients in every session [13]. In
detail, prior to each fraction, a new T2-weighted MRI se-
quence (preMRi) was performed and rigidly registered to
the simulation MR.
Through deformable registration, the original set of

contours was projected onto the daily preMRi and hence
edited, as necessary, by the physician. A full re-
optimization, such as starting from fluence, was per-
formed by the physicist and, within the second
optimization phase (i.e. the segmentation phase), a second
verification MRI scan was acquired to test whether the

deformations of the bladder and/or rectum were negli-
gible. If not, the patient was prepared again (by oenema
and/or drinking), and only after this repositioned for treat-
ment. If yes, the treatment was delivered with patient
monitoring by cineMRi, typically acquired on two coronal
and sagittal planes. At the end of the delivery, a further
post-MRi scan was performed, to estimate the intra-
fraction organ motion.

Study endpoints and statistical analysis
The primary endpoint of the present analysis was a quality
of life (QoL) evaluation based on PROMs. The secondary
endpoint was clinician-reported toxicity measured at the
last treatment session. Toxicity was assessed according to
the Common Terminology Criteria for Adverse Events
(CTCAE) scale, v5.0.

Table 1 Baseline patients’ and treatment characteristics
Age:

- Median (years) 68

- Range (years) 54–82

PSA:

- Median (ng/ml) 6.8

- Range (ng/ml) 1–19

Class of Risk:

- Low 4 (16%)

- Favorable Intermediate 11 (44%)

- Unfavorable Intermediate 10 (40%)

Androgen deprivation therapy:

- Yes 9 (36%)

- No 16 (64%)

Prostate Volume:

- Median (cc) 36

- Range (cc) 20–61

IPSS score:

- Median 5

- Range 0–15

Overall Treatment Time:

- Median (minutes) 41

- Range (minutes) 20–61

Table 2 Acute Toxicity Rates (CTCAE v.5)
Genitourinary (frequency, urgency, pain)

G2: 3 (12%)

G1: 6 (24%)

Gastrointestinal (rectal pain)

G2: 1 (4%)

G1: 2 (8%)

Alongi et al. Radiation Oncology           (2020) 15:69 Page 3 of 9

baseline and at the end of MR-guided adaptive SBRT,
while mean IPSS scores were 5.4 and 7, respectively
(p = 0.0005) (Fig. 1; Table 3).
The low incidence of early grade ≥ 2 GI clinician-

reported toxicity was confirmed by low bowel scores de-
rived from the QLQ-PR25 questionnaire. The most
common patient-reported GI symptom was G1 rectal
pain at the end of treatment. The bowel scores derived
from the QLQ-PR25 questionnaire showed no signifi-
cant increase at the end of MR-guided adaptive SBRT.
Patient-reported urinary toxicity, assessed using the

QLQ-PR25 urinary symptom scale, showed a similar
pattern as the clinician-reported outcome scores with no
significant increase at the end of MR-guided adaptive
SBRT (Fig. 2, Table 3). Increased urinary frequency and
urge symptoms were the most common early toxicity
symptoms, whereas urinary incontinence was uncom-
mon, as shown in EPIC-26 questionnaire (Fig. 3,
Table 4).
A similar trend was observed for the QoL results de-

rived from the EORTC QLQ-C30 questionnaire (Fig. 4).
None of the functional scales showed a clinically rele-
vant difference (i.e. difference of 10 points or more) at
any of the study time points with the exception of phys-
ical functioning, which decreased from 94.5% ± 10.4% at

baseline to 91.6% ± 12.6% at the end of MR-guided adap-
tive SBRT.
Only items regarding insomnia and constipation wors-

ened at the end of treatment compared to baseline
values. Global health status values were 72.5 and 72.1%
at baseline and at the end of treatment, with no statisti-
cally significant difference (Table 5).
IIEF-5 and ICIQ-SF questionnaires showed no statisti-

cally significant worsening of erectile function and urin-
ary incontinence at the end of radiation treatment when
compared to baseline values (Fig. 5, Tables 6 and 7).

Discussion
In the management of localized PC, the use of SBRT as pri-
mary treatment is steadily increasing. Crucial components
to improve this therapeutic approach in daily clinical prac-
tice are the proper selection of patients in terms of pre-RT
genitourinary functioning, adequate technological equip-
ment, and dedicated radiation oncologists [17].
In the context of SBRT for PC, a five session schedule

has been extensively investigated by several authors [17].
Few differences exist in QoL among the RT modalities,
with SBRT using 35–40 Gy/5 fractions and resulting in
lesser bowel QoL impact, whereas brachytherapy has a
greater impact on urinary obstruction [17].

Table 4 Quality of Life Questionnaire for Patients with Prostate Cancer (EORTC QLQ-PR25)
EORTC QLQ-PR25 Baseline (Mean ± SD) Post-Rt (Mean ± SD) p

Urinary Symptoms 10.2 ± 3.1 10.3 ± 3 0.21

Incontinent Aid 1.1 ± 0.5 1.1 ± 0.5 1

Bowel Symptoms 4.3 ± 0.6 4.5 ± 1.8 0.33

Hormonal-treated Related Symptoms 6.9 ± 1 6.8 ± 1.2 0.19

Sexual Activity 3.2 ± 1.7 3.2 ± 1.5 0.71

Sexual Functioning 7.2 ± 4 6.3 ± 3.4 0.76

Fig. 4 EORTC Quality of Life Questionnaire-Core 30 (EORTC QLQ-C30)
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PC cases. One patient affected by unfavourable intermediate
risk refused androgen deprivation therapy. No treatment
interruption occurred.
In Table 1, the baseline patients and treatment charac-

teristics are reported.
For all patients analyzed herein, clinician-reported out-

come measurements and PROMs were collected at the
end of treatment.

Clinician-reported outcome measurements
Early toxicity scored by clinicians according to the
CTCAE scale v5.0 is shown in Table 2.
No grade 3 or higher acute toxicity measured by any

symptom at any study time point was observed. Three
patients (12%) suffered grade 2 acute genitourinary tox-
icity (one with urinary frequency, another with urinary

tract pain, and the last with urinary retention), registered
at the end of treatment. One out of these three patients
had poor baseline IPSS with mild urinary tract obstruc-
tion symptoms. Only one patient (4%) experienced acute
grade 2 GI at the last session of radiotherapy.

Patient-reported outcome measurements
Patients completed the questionnaires on the first and
last day of radiotherapy. All patients completed the IPSS,
EORTC QLQ-C30 and QLQ-PR25, EPIC-26, ICIQ-SF
and IIEF-5 questionnaires. The questionnaire had been
translated into Italian according to the translation pro-
cedure of the EORTC QL Study Group.
With regard to the IPSS scores, it is notable that 35%

of patients already reported moderate symptoms (IPSS
7–10) at baseline. Median IPSS scores were 5 both at

Fig. 2 Quality of Life Questionnaire for Patients with Prostate Cancer (EORTC QLQ-PR25)

Fig. 3 Expanded Prostate Cancer Index Composite-26 (EPIC-26)

Alongi et al. Radiation Oncology           (2020) 15:69 Page 5 of 9
25 Prostate cacancer
SBRT 35 Gy in 5 fr in 2 wks

Alongi F et al. Radiat Oncol 2020
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Target adaptation

Michalet M et al. Front. Oncol 2022

§ 30 pancreatic cancer patients

§ SMART (Stereotactic MR-guided adaptive radiotherapy) 

§ median dose prescription 50 Gy. 

Dose guided RT



OAR adaptation

30 Gy isodose
Randall  JW et al.J clin Med 2022

Dose guided RT



Dosimetric advantage

pancreatic cancers, from 70% 1-year LC for equivalent 24 Gy in 3
fractions to 86% for equivalent 30 to 36 Gy in 3 fractions,
confirming the necessity to prescribe high doses in this

population (32). This is also suggested by the results of other
retrospective studies using non-MR Linac and non-adaptive
techniques, where 1-year LC ranged from 48.5% to 78% for
prescription of 1 fraction of 24 Gy to 5 fractions of 6.6 Gy
(33–36).

However, the median DMFS and 1-year DMFS from
initiation of induction chemotherapy in our study were 16.3
months and 72%, but only 10.5 months and 34% from SMART,
showing the frequent and quick metastatic dissemination of
these cancers.

Our study is the first to report a high rate of secondary
resection after SMART. Indeed, nine patients (8 out of 19
patients (42.1%) with initial LAPC and one out of 3 patients
(33.3%) with BRPC) were resected. In the studies published by
the Washington University and Miami teams on SMART for
pancreatic cancers, the resection rate was respectively 9% (28)
and 14% (27). All our patients had an R0 resection, and the
average pathologic therapeutic effect was 64%. Resected patients
in our study had a significant increase in OS (HR = 5.78 (95% CI:
1.29–25.9); p = 0.0219). We report the feasibility of pancreatic
surgery after SMART, provided that these high-risk surgeries are
carried out by trained surgical teams with significant experience
in these procedures. These results lead us to pursue our
aggressive strategy in this situation, especially as some lesions
that appeared inoperable on the post-SMART scan were finally
able to benefit from an R0 resection and a probable therapeutic
benefit. Indeed, we confirmed the imaging struggles to assess
resectability after neoadjuvant treatment.

Our study presents some limits. First, the number of patients
is limited and the study is monocentric, but we must consider
that SMART is a new technique available in a few centers.
Second, our study population is heterogeneous, with three
patients presenting a neuroendocrine tumor or pancreatic
metastases of another primary. We decided to keep these
patients for dosimetric and toxicity analysis, as the treatment
site and anatomical and dosimetric characteristics were similar,
but a subgroup analysis on BRPCs and LAPCs regarding survival
data had to be performed. Then, our follow-up is limited, and our
results need to be confirmed with a longer follow-up.

TABLE 5 | SMART-related acute and late toxicities.

CTCAE v5.0 Acute toxicity (0–90 days) Late toxicity (90 days–1 year)

Abdominal pain
g0 18 (60%) 13 (43.3%)
g1 12 (40%) 8 (26.7%)
g2 0 1 (3.3%)
g3 0 0
Ongoing 0 7 (23.3%)
Nausea/Vomiting
g0 17 (56.7%) 19 (63.3%)
g1 7 (23.3%) 2 (6.7%)
g2 6 (20%) 2 (6.7%)
g3 0 0
Ongoing 0 7 (23.3%)
Gastritis/enteritis
g0 29 (96.7%) 23 (66.7%)
g1 1 (3.3%) 0
g2 0 0
g3 0 0
Ongoing 0 7 (23.3%)
Gastroduodenal ulcer
g0 30 (100%) 23 (66.7%)
g1 0 0
g2 0 0
g3 0 0
Ongoing 0 7 (23.3%)
Digestive fistula
g0 30 (100%) 23 (66.7%)
g1 0 0
g2 0 0
g3 0 0
Ongoing 0 7 (23.3%)
Diarrhea
g0 22 (63.3%) 16 (53.3%)
g1 7 (23.3%) 4 (13.3%)
g2 1 (3.3%) 3 (10%)
g3 0 0
Ongoing 0 7 (23.3%)

SMART, stereotactic MR-guided adaptive radiotherapy; CTCAE, Common Terminology
Criteria for Adverse Events.

A B

FIGURE 3 | Survival date for the whole cohort. (A) OS for the whole cohort. (B) LC for the whole cohort. OS, overall survival; LC, local control.

Michalet et al. SMART Pancreas: Dosimetry and Clinical Results

Frontiers in Oncology | www.frontiersin.org March 2022 | Volume 12 | Article 8424029

Clinical advantage

NO grade > 2 acute TOX

§ asthenia (40%)
§ abdominal pain 40%
§ nausea 43%

PTV OAR

Michalet M et al. Front. Oncol 2022



SITE  similar HU densities/sensitive OAR 

MOBILITY high intra-fraction motion

MODIFICATION tumor shrinkage

TREATMENT high dose

The ‘ideal’ target for MRgRT 



20 Patients treated on MR-Linac

lung & abdominal lesions

4DCT vs 2D-cine MR motion data @ simulation

2D-cine MR over entire treatment

§ Cine MR better predict motion during treatment

§ Large motion at simulation more variable amplitudes throughout the 
treatment course

§ Max intrafraction 1.6 cm CC and 1.2 cm AP, which highlights the importance 
of continuous IGRT.

Sine-like drift

Chaotic breath

One direction drift

Fast baseline shift



Motion management: patient engagement



SITE  similar HU densities/sensitive OAR 

MOBILITY high intra-fraction motion

MODIFICATION tumor shrinkage, model based adapt

TREATMENT high dose

The ‘ideal’ target for MRgRT 



Boldrini et al. Rad Med, 2019

simulation
5 10 15 20 25



Cusumano D et al. IJROBP 2020
Boldrini et al. Rad Med 2019

simulation
5 10 15 20 25

22 Gy

DELTA ERI + radiomic



THUNDER-2 trial THeragnostic Utilities for Neoplastic Diseases of the rEctum by MRI guided Radiotherapy

Actionable Radiomics

Chiloiro G.  et al. BMC Cancer 2022 active trial : NCT04815694

Radiomic
Model

Monicentric phase II trial

§ 63 LARC
§ 0.35T on-board MRI
§ Primary outcome +10% CR rate
§ Volume/Radiomics predictive model validation

GTV + 3 mm
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Author Tumor site N° of patients Reported outcome

Alongi 
Radiat Oncol 2020 Prostate 25 Acute tox

Early QoL

Michalet
Front Oncol 2022 Pancreas 30 Dosimetric benefits

Randall  
Clin Med 2022 Pancreas / Review 

Cusumano 
Radiother Oncol 2018

Lung Abdomen
lesions 20 Dosimetric benefits

Chiloiro G
BMJ 2022 Rectum 63 No results



Increasing evidences



SITE  similar HU densities/sensitive OAR 

MOBILITY high intra-fraction motion

MODIFICATION tumor shrinkage

TREATMENT high dose-CTV/PTV > 0.95

The ‘ideal’ target for MRgRT 



Heart lymphoma radical treatment

§ 60 y.o., female
§ Lymphoblastic B heart lymphoma

§ 30.6 Gy in 17 fractions

§ BHI conditions 8fps

Complex case solution

Corradini S et al Radiat Oncol 2021



November 2019

March 2020

4 months FUP PET-CT  almost complete response, no toxicity  



1. Bisogno terapeutico

2. Valore terapeutico aggiunto

3. Qualità delle prove

4. Impatto economico

Criteri per innovatività terapeutica



Captured from L. Evangelista, AIRO 2022



Captured from L.Evangelista, AIRO 2022



physically not compatible (i.e. pace maker carriers)

clinically not compatible (i.e. major psychiatric disorder, 
severe claustrophobia)

border line compatible (i.e. mild claustrophobia)

fully compatible

The ‘ideal’ patient for MRgRT 
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MRgRT WORK-FLOWBoldrini et al. 3

agitation. In case of incompatibility, patients were assigned 
to standard radiotherapy treatment units.

A randomly defined group of suitable patients was 
assigned to a Tri-Co60 MRI hybrid unit (MRIdian®), with 
the only criterion being machine scheduling availability, in 
order to avoid selection biases.

All selected patients underwent a preliminary interview 
for MRgRT informed consent acquisition and safety pro-
cedures explanation.

A multidisciplinary joint visit, performed by a radiation 
oncologist and a geriatrician, evaluated all the patients to 
confirm indication to MRgRT, defining a fully personal-
ized approach for every patient.

Patients undergoing curative treatments and considered 
as frail during the first assessment were also addressed to 
additional geriatric follow-up with a comprehensive geri-
atric assessment (CGA) after radiotherapy, which included 
evaluation of frailty, sarcopenia, physical and cognitive 
performance through the Timed Up-and-Go test, dual-
energy X-ray absorptiometry scan, short physical perfor-
mance battery, hand grip strength, distress scale, and 
Mini-Mental State Examination.

During radiotherapy, all the patients were immobilized 
using the FluxboardTM device (MacroMedics, Waddinxveen, 
the Netherlands) in clinically appropriate, fully personal-
ized, and most comfortable configurations. Magnetic reso-
nance coils were positioned according to anatomical 
treatment site.

Figure 1 shows an example of patient positioning for a 
thoracic treatment, while Figure 2 shows the correspond-
ing dose distribution (lung SBRT).

Organ motion management protocols (e.g. respiratory 
gating) were performed and visual respiratory feedback 
was used when clinically indicated.

Irradiation time (intended as positioning plus beam on 
time) was recorded in order to quantify endurance in the 
required treatment position.

An internal validation cohort of consecutive elderly 
patient candidates for MRgRT was prospectively enrolled 
in order to test the reliability and clinical replicability of 
the score.

Results

MASTER score definition
Thirty patients were enrolled for this study between 
February and March 2018.

Ten (33.3%) were female and mean age was 81.4 ± 3.4 
years (range, 75–88).

Baseline characteristics of the overall sample are 
reported in Table 2.

Treatment sites were 14 pelvic (8 rectal cancer, 3 pros-
tate, 2 bladder, 1 ovary), 7 thoracic (7 lung), 6 abdominal 
(2 pancreas, 2 nodal lesions, 2 secondary liver lesions), 
and 3 bone metastases. Thirteen patients underwent SBRT 
and 14 IMRT, with 4 cases having a palliative intent.

The mean number of fractions was 11 (range, 5–25) for 
both techniques.

SBRT had a mean duration of 7.2 minutes per fraction; 
IMRT, 3.9 minutes.

All the patients successfully concluded the scheduled 
treatments, without interruptions or complications related 
to acute toxicity.

Thirteen patients (43.3%) were considered frail accord-
ing to the joint evaluation of the radiation oncologist and 
the geriatrician and were therefore addressed to dedicated 
geriatric follow-up visits after 2–6 months from radiother-
apy end.

Results of the 6-month CGA evaluation are presented in 
supplementary Table 1.

No specific compliance limits were identified and no 
differences in terms of age, sex, and irradiation time were 
observed between patients evaluated as frail at the baseline 
assessment versus patients not deemed frail.

Compliance with the treatment, quality of life, and per-
formance indexes measured among the frail patients at the 
end of the treatment were good, even in presence of cogni-
tive impairment and low visual acuity.

Figure 1. Patient positioning for thoracic treatment.

Figure 2. Dose distribution on planning magnetic resonance 
imaging (left) and computed tomography (right) in the case of 
lung stereotactic body radiation therapy. Isodose lines from 20 
Gy (light blue) to 50 Gy (red) are shown.

Tetar et al. Cureus 2018
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MEAN RANGE

BEAM-ON TIME 16.7 min 6-62 min

TOTAL TREAT TIME 47 min 21-125 min

15-18 patients per day
Short Treatments à 320 patients per year

MRgRT WORK-FLOW
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AUTHOR COUNTRY Methodology DISEASE INNOVATIVE 
TREATMENT

STANDARD 
TREATMENT RESULTS

Parikh
2020 USA ABC HCC 0.35 T 5f-MRIgRT SBRT 5f-CTIgRT SBRT Cost 18% higher

Parikh
2021 USA ABC Prostate Ca 0.35 T 5f-MRIgRT SBRT 5f-CTIgRT SBRT + 1497 USD

Beerber
2020 AUSTALIA CMA Prostate Ca 0.35 T 5f-MRIgRT SBRT 5f-CTIgRT SBRT 

In favour of MRIgRT
considering medical
benefits

Schumacher
2020 USA CUA Prostate Ca

0.35 T 5f-MRIgRT 
SBRT;
0.35 T 
39f-MRIgRT 

5f-CTIgRT SBRT; 
39f-CTIgRT 

Sfavous MRIgRT if
50,000 USD/QALY

Favours MRIgRT if
100,000 USD/QALY

Hehakay
2021

The 
Netherldnds CUA Hypotetical

Prostate Ca
1.5 T 5f-MRIgRT SBRT 5f-, 20f- or 

39f-EBRT 
Favours MRIgRT
compared to 20-39 f

ABC: Activity Based Cost; CMA: Cost Minimization Analysis; CUA: Cost Utility Analysis
Castelluccia A et al, Int J Env Res 2022



• 60Co system Contract SignatureDec 2014

• Site installationAug 2015

• Authorization site Category AJul 2016

• Magnets installationOct 2016

• RT source installationNov 2016

• FTP & ATPDec 2016

• CommissioningJan 2017

• First 60Co TreatmentFeb 2017

• 60Co system dismissionDec 2018

• First Linac IrradiationMay 2019

• Smart Vision & HSMLCMarch 2020

• A3i first patientFeb 2023

The high-speed technology

The visual story of iPhone
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1. Bisogno terapeutico ✓

2. Valore terapeutico aggiunto ✓

3. Qualità delle prove ✘

4. Impatto economico ✓ ✘

Criteri per innovatività terapeutica

Barbieri M. Opening Ceremony; AIRO 2022
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