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Abstract
Purpose  Stereotactic body radiotherapy is increasingly used for the treatment of oligometastatic disease. Magnetic resonance-
guided stereotactic radiotherapy (MRgSBRT) offers the opportunity to perform dose escalation protocols while reducing the 
unnecessary irradiation of the surrounding organs at risk. The aim of this retrospective, monoinstitutional study is to evaluate 
the feasibility and clinical benefit (CB) of MRgSBRT in the setting of oligometastatic patients.
Materials and methods  Data from oligometastatic patients treated with MRgSBRT were collected. The primary objectives 
were to define the 12-month progression-free survival (PFS) and local progression-free survival (LPFS) and 24-month 
overall survival (OS) rate. The objective response rate (ORR) included complete response (CR) and partial response (PR). 
CB was defined as the achievement of ORR and stable disease (SD). Toxicities were also assessed according to the CTCAE 
version 5.0 scale.
Results  From February 2017 to March 2021, 59 consecutive patients with a total of 80 lesions were treated by MRgSBRT 
on a 0.35 T hybrid unit. CR and PR as well as SD were observed in 30 (37.5%), 7 (8.75%), and 17 (21.25%) lesions, respec- 
tively. Furthermore, CB was evaluated at a rate of 67.5% with an ORR of 46.25%.
Median follow-up time was 14 months (range: 3–46 months). The 12-month LPFS and PFS rates were 70% and 23%, while 
24-month OS rate was 93%. No acute toxicity was reported, whereas late pulmonary fibrosis G1 was observed in 9 patients 
(15.25%).
Conclusion  MRgSBRT was well tolerated by patients with reported low toxicity levels and a satisfying CB.

Keywords  Magnetic resonance-guided radiation therapy · Oligometastatic disease · Stereotactic body radiation therapy · 
Online adaptive radiation therapy

Introduction

The use of stereotactic body radiation therapy (SBRT) in the 
metastatic setting has been widely discussed in the litera-
ture, especially regarding its feasibility and efficacy in both 
poly- and oligometastatic diseases. Oligometastatic disease 
is considered an intermediate stage between localized (usu-
ally 1 to 5 lesions) and diffused disease, amenable to local 
ablative treatment. Over time, many efforts have been made 
to characterize and classify it [1, 2].

A major topic of debate is the precise definition of the oli-
gometastatic disease (e.g. the cut-off number of metastases 
for the definition of oligo disease, their size, the impact of 
tumour type and metastatic site, etc.) and the actual benefit 
of ablative treatments on survival and local control [3].

Very often, surgery or other local metastases-directed 
therapies are not feasible and so different strategies need 
to be implemented. SBRT represents one of the main treat-
ment options for oligometastatic disease located in critical 
body sites due to its potential to deliver a high dose while 
minimizing organs at risk (OARs) exposure. Results from 
the randomized phase II SABR-COMET trial supported the 
evidence of an oligometastatic disease status that may be 
amenable of curative treatment.

SBRT was associated with an improved overall survival 
(OS) and progression-free survival (PFS) when compared 
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to standard palliative therapy [4]. Although the results were 
very promising and new trials have been designed, concerns 
about acute and late toxicities remain. SABR-COMET 
reported 29% grade ≥ 2 toxicities and 3 fatal events [4].

In recent years, technological advances in radiotherapy 
(RT) have demonstrated the safety and feasibility of applying 
SBRT, but more attention needs to be drawn to the risk of 
toxicity when treating potentially long-surviving patients.

Furthermore, the advent of the COVID-19 pandemic 
has had a major impact on the diagnosis and treatment of 
cancer, with hypofractionated RT and, consequently, SBRT 
becoming increasingly important to reduce access to hospital 
and the risk of infection and proving to be a valid and safe 
treatment option [5].

Hybrid accelerators with integrated magnetic resonance 
(MR-Linac) have been recently developed, leading to the 
introduction of magnetic resonance-guided radiotherapy 
(MRgRT) in clinical practice. The main concept of this 
technology is to obtain improved soft tissue visualization, 
advanced gating protocols, and the possibility to safely 
deliver stereotactic MR-guided online adaptive radiotherapy 
(SMART) [6].

The recalled features allow for a more precise 
identification of therapy volumes improving the reliability 
of the segmentation purposes and allowing to use smaller 
safety margins due to direct real-time target tracking.

Furthermore, SMART allows re-contouring and 
re-optimization of the daily dose distribution on the patient’s 
anatomy just before starting the RT session, thereby enabling 
dose escalation protocols and improving OAR sparing. 
This technology is particularly suitable for the treatment 
of lesions located in critical anatomical areas (e.g. upper 
gastrointestinal tract, which is characterized by the presence 
of very radiosensitive healthy organs, such as the small 
bowel or the duodenum) that undergo a physiological daily 
positional change due to the respiratory cycle and organ 
filling [6]. Hence, the goal of this single-institutional study 
is to present a case series of oligometastatic patients with 
visceral metastases only, undergoing MRgSBRT in order to 
demonstrate its efficacy and safety.

Materials and methods

Data from oligometastatic patients treated with MRgRT 
from February 2017 to March 2021 at Policlinico 
Universitario “Agostino Gemelli” IRCCS of Rome, Italy, 
were retrospectively collected and analysed. All patients 
were treated using a 0.35  T MRgRT unit (MRIdian, 
ViewRay Inc., Mountain View, CA, USA), initially using 
the Cobalt-60 version, consisting of a tri-cobalt-60-ringed 
gantry with on-board MRI imaging [7]. Its updated Linac 
version, which couples a 0.35 T MRI scanner with a 6-MV 

flattering filter-free (FFF) Linac [8], was used after an 
upgrade that took place in February 2018.

Patients ≥ 18 years old, with the Eastern Cooperative 
Oncology Group (ECOG) performance score 0–2, presenting 
up to five inoperable metastases, eligible for MRgSBRT, and 
able to sign an informed consent were included. Patients 
who had already undergone RT on the same anatomical site 
with overlap with the previously treated radiation volume 
were excluded. No size-related cut-off thresholds for the 
lesion size were established.

All patients underwent dedicated treatment simulation on 
the MRIdian system.

Patients with abdominal metastases were instructed 
to fast at least 3  h before the simulation and therapy 
sessions to increase the reproducibility of the treatment. 
All patients were immobilized in a supine position using a 
customized immobilization device Fluxboard (Fluxboard™, 
MacroMedics, The Netherlands). True fast imaging (TRUFI) 
MR scans were acquired with different acquisition protocols, 
either free breathing (FB) 25-s MR scans or breath-hold 
inspiration (BHI) 17- or 25-s MR scans, to assess tumour 
and OAR motion.

A real-time sagittal cine TRUFI MRI sequence (4/8 
frames/s) was used to assess reproducibility and patient 
tolerance to gating. If the patient was unable to tolerate 
simulation under BHI conditions, he/she was considered 
for FB treatment.

In this phase, several parameters were defined in order 
to customize the treatment, such as the gating target 
structure (which could be the lesion itself or a surrogate), 
the boundary values, tracking algorithms, confidence rating, 
and percentage of region of interest (ROI%).

A standard simulation CT scan was performed with the 
same immobilization system to obtain the electron density 
information for the dose calculation. After a deformable 
coregistration of the CT on the simulation MR used as 
primary imaging, contouring was performed according to 
the RTOG guidelines [9, 10], using the information obtained 
from coregistered diagnostic imaging (MR, CT, or 18FDG 
PET-CT).

The GTV was considered equal to the CTV, and the 
CTV-PTV margin was set at 3–5  mm, depending on 
clinical judgement and intrafraction motion. Planning was 
performed with the MRIdian treatment planning system 
(ViewRay Inc., Mountain View, CA, USA) through a Monte 
Carlo calculation algorithm with a step-and-shoot intensity-
modulated radiation technique [11], including the influence 
of 0.35 T on the dose calculation.

PTV coverage was assessed according to ICRU 83 [12] 
or ICRU 91 [13] recommendations, and AAPM Task Group 
101 [14] constraints were used for dose evaluation to OARs.

Prior to each treatment fraction, a new 17- or 25-s MR 
scan was acquired, either FB or BHI, depending on the case, 
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to assess patient alignment and make set-up corrections if 
needed.

If the indication for SMART was given by attending 
physician, deformable contour registration, contour 
adjustment, dose prediction, treatment plan re-optimization, 
and secondary Monte Carlo-based quality assurance (QA) 
were performed, as described previously [15, 16]. After 
selecting the most appropriate sagittal plane for gating and 
setting the recalled parameters defined in the simulation 
phase, the treatment was delivered through daily online 
cine-MR monitoring.

Toxicities were considered acute if recorded up to 90 days 
after the end of treatment or late if afterwards. The Common 
Terminology Criteria for Adverse Events (CTCAE) scale 
version 5.0 was used for their scoring [17].

Local and systemic response to treatment were assessed 
according to RECIST criteria, according to a follow-up 
schedule that included instrumental re-evaluation every 
3–6 months with contrast-enhanced MRI, contrast-enhanced 
CT, or 18FDG PET-CT, depending on clinical judgement 
[18]. Clinical and dosimetric data were also collected.

The conformity index (CI) and the homogeneity index 
(HI) of lesions representing the conformity between the 
prescribed dose area and PTV and the degree of uniformity 
within the target were calculated according to the RTOG 
definitions [19].

Furthermore, patients were classified according to the 
status of metastatic disease as defined by Guckenberger et al. 
[20]. OS was calculated from the date of primary tumour 
diagnosis to the date of the last follow-up or death. Overall 
and local progression-free survival (PFS and LPFS) were 
calculated from the date of end of RT treatment to the date 
of overall and local progression, respectively. OS, PFS, and 
LPFS were estimated using the Kaplan–Meier method.

The objective response rate (ORR), including complete 
response (CR) and partial response (PR), was evaluated for 
the irradiated lesions. Clinical benefit (CB) included ORR 
and stable disease (SD).

The analysed variables were patient-dependent (e.g. 
age, gender, ECOG), disease-dependent (e.g. site of 
primary cancer, site of treated metastasis, oligometastatic 
disease or induced oligometastatic disease, synchronous 
or metachronous metastatic presentation, subsequent 
combined treatments), and treatment-dependent (e.g. 
SMART application, gating phase, BED, GTV volume) 
(see supplementary materials for complete datasets). These 
parameters were correlated with each survival outcome on 
“per-lesion” basis using the univariate analysis with the 
Kaplan–Meier method. Then, Cox regression multivariate 
analysis was performed using the variables that resulted 
statistically significant from the univariate analysis. 
Statistical significance was defined as p-value < 0,05. Results 
were reported as odds radio with 95% confidence interval.

Results

Eighty metastatic lesions from 59 patients were evaluated 
for this retrospective analysis.

The clinical characteristics of the patients and 
metastatic lesions are shown in Table  1. Median age 
was 71 years (38–83), and 55.9% were female. The most 
common primary tumour was colorectal cancer (CRC) 
(35%), and the most common site treated was the liver 
(42%). Table 2 summarizes the dosimetric parameters of 
the treated lesions.

All patients completed the planned treatment without 
interruption.

Forty-six patients (77.97%) treated a single lesion, 
while 13 patients (22.03%) treated more than one lesion, 
either sequentially or simultaneously. Among the latter, 
four (6.78%) patients underwent re-irradiation of newly 
occurring oligometastatic lesions. Figure 1 shows the case 
of a patient affected by uveal melanoma who underwent 
sequential irradiation of three liver metastases and one 
adrenal gland metastasis. The three liver lesions were 
treated with 50 Gy/5 fractions prescribed at 80% isodose 
(in orange colourwash), and the adrenal lesion was treated 
with 35 Gy/5 fractions prescribed at 80% isodose (in yel-
low colourwash).

Eleven different fractionations were used, depending 
on the clinical characteristics, location, and volume of 
the lesion. Particularly, the most commonly used one was 
50 Gy in 5 fractions (40%) and the median BEDα/β=10 
achieved was 99.4 Gy (range 42.8–143.8). Nine (11.25%) 
of the treatments were performed with SMART technique 
for the treatment of 5 peritoneal nodules, 2 adrenal lesions, 
and 2 medial liver lesions. Daily SMART was performed 
to improve improved target coverage and optimize OARs 
irradiation. Following RT treatment, chemotherapy (CHT) 
was performed in 57.5% of cases, while in 28.75% of the 
cases, a following course of SBRT or RT was performed.

Complete response (CR), PR, and SD of the treated 
lesions were observed in 30 (37.5%), 7 (8.75%), and 17 
(21.25%) lesions, respectively, reaching a 67.5% CB rate 
with a 46.25% of ORR.

Median follow-up was 14 months (range: 3–46 months). 
The 24-month OS rate was 93%, while the 12-month actu-
arial PFS and LPFS rates were 23% and 70%, respectively 
(Fig. 2).

Primary pancreatic cancer was shown to have a 
negative effect on OS, PFS, and LPFS after univariate and 
multivariate analysis, whereas primary lung carcinoma 
had a negative effect on OS only.

On the contrary, the presence of metachronous meta-
static disease ≥ 12 months in general and in the case of 
treated lesions were found to have improved OS after both 
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univariate analysis and multivariate analysis. Univariate 
analysis also revealed that patients aged > 65 years with 
approximately 1-year PFS had a positive impact on OS.

Furthermore, subsequent RT or SBRT treatments had a 
statistically significant impact on PFS with both univariate 

Table 1   Clinical characteristics 
of patients and lesions

NSCLC non-small cell lung cancer; RT radiotherapy; ECOG Eastern cooperative oncology group

N (%)

Patients 59 (100)
Lesions 80 (100)
MRIdian
Tri-cobalt-60
Linac

12 (15)
68 (85)

Age at RT time, years
Median (range)

71 (38–83)

Gender
Male 26 (44.1)
Female 33 (55.9)
ECOG performance status
0–1 56 (94.9)
2 3 (5.1)
Primary tumour
NSCLC 7 (8.8)
Pancreas 11 (13.6)
Melanoma 6 (7.6)
Colorectal 28 (35)
Gynaecological malignancies 16 (20)
Other 12 (15)
Metastasis site
Adrenal 7 (8.8)
Liver 42 (52.5)
Pancreatic 1 (1.3)
Lung 25 (31.2)
Peritoneal 5 (6.2)
Timing-treated lesion
Synchronous 4 (5)
Metachronous 17 (21.3)
Metachronous > 12 months 59 (73.7)
Primary tumour control
Yes 66 (82,5)
Not 14 (17.5)
Primary chemotherapy
Yes 64 (80)
Not 16 (20)
Oligometastatic status (according to Guckenberger classification)
Induced Oligopersistence 9 (11.25) 13 (16.25)
Repeat 4 (5)
Induced Oligoprogression 11 (13.75) 35 (43.75)
Metachronous 7 (8.75)
Repeat 17 (21.25)
Induced Oligorecurrence 5 (6.25) 28 (35)
Metachronous 17 (21.25)
Repeat 6 (7.5)
Synchronous Oligometastasis 4 (5)
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and multivariate analyses, whereas subsequent CHT had a 
significant impact on PFS after univariate analysis only.

In addition, treatment-related data indicated that a GTV 
volume > 5 cc negatively affected PFS in univariate analysis 

and LPFS in both univariate and multivariate analyses. 
The univariate analysis also showed an extension of LPFS 
for lung metastases when compared to the others, which 
was in contrast to the application of the online adaptive 
workflow, which was found to be unfavourable. Only 9 
(11.25%) patients were treated with the SMART approach, 
out of which 5 presented peritoneal nodules. Overall, 
oligometastatic disease status according to the Guckenberger 
classification showed no statistically significant differences 
for the considered outcomes.

Table  3 shows the statistically significant variables 
predicting OS, PFS, and LPFS on a per-lesion basis.

No patients developed acute toxicity, whereas 9 (15.25%) 
patients developed late G1 toxicity (mild pulmonary fibrosis 
requiring no treatment).

Discussion

To the best of our knowledge, this study represents the 
largest monoinstitutional series of visceral oligometastases 
treated with MRgSBRT, having collected data from 59 
patients with 80 lesions.

MRgRT is considered to be one of the most promising 
techniques used to deliver ablative RT doses in challenging 
anatomical locations, safely and effectively, and may play a 
pivotal role in the treatment of oligometastatic disease [21]. 
Recent reports from other monoinstitutional retrospective 
studies that implemented the SMART approach in primary 
and secondary malignancies demonstrated a high tolerance 
profile with G3 toxicity rates ranging from 0 to 8% and no 
G4 toxicity, with promising disease control rates [6, 22–26].

Although the SMART approach was used in only 9 
(11.25%) cases in our study, our results confirm this high 
tolerance level, reporting no acute toxicity and only 15.25% 
late G1 toxicity grade among the entire cohort, considering 

Table 2   Dosimetric characteristics of treated lesions

BHI breath-hold inspiration; FB free breathing; BED biologically 
effective dose; CI conformity index; HI homogeneity index; GTV 
gross tumour volume; Fx fraction

N (%)

Median total dose (range) (Gy) 48 (24–55)
Median fraction number (range) 5 (3–6)
Fractionation regimes (Gy/fx)
24/3
30/5
30/3
35/5
40/5
42/3
48/6
48/4
50/5
54/6
55/5

3 (3.75)
4 (5)
2 (2.5)
7 (8.75)
19 (23.75)
1 (1.25)
2 (2.5)
3 (3.75)
32 (40)
4 (5)
3 (3.75)

Normalization
Dmean
80% isodose

29 (36.25)
51 (63.75)

Median BEDα/β=10 (range) (Gy) 99.4 (42.8–143.8)
Median CI (range) 0.98 (0.3–1.16)
Median HI (range) 14.14 (4.82–58.04)
GTV size
 < 5 cc
 > 5 cc

44 (55)
36 (45)

Gating
BHI
FB

64 (80)
16 (20)

Online adaptive treatment
Yes
Not

9 (11.25)
71 (88.75)

Fig. 1   Sequential irradiation of three liver lesions and one adrenal lesion under inspiratory breath-hold (BHI) conditions
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that 13 patients (22.03%) underwent SBRT on more than 
one lesion.

However, the unfavourable impact of SMART found 
on univariate analysis must be interpreted with caution, 
considering that 5 of the 9 lesions treated with the SMART 
approach were peritoneal nodules that were confirmed to be 
an aggressive disease condition that negatively affects the 
LPFS even on multivariate analysis.

This is probably correlated to the better visualization 
of the target volumes offered by on-board MRI and the 
effective direct gating for treatment delivery that allowed 
minimizing the exposure of OARs. Moreover, the efficacy 
and feasibility of SBRT have been described in several 
reports and in a recent meta-analysis, with rates of 1-year 
LC 94.7%, 1-year OS 85.4%, and 1-year PFS 51.4% [27]. 
However, the obtained data are not entirely comparable due 
to the difference in patient selection because the authors 
also included patients with bone and/or spine (44.8%) and 
lymph nodes (12.2%) lesions. Our results are encouraging 
with reports of 70% 1-year LC and 100% 1-year OS [27]. 
Furthermore, reaching a median BEDα/β =10 of 99.4 Gy 
(range 42.8–143.8), the 24-month OS rate was 93% and the 
12-month actuarial PFS and LPFS rates were 23% and 70%, 
respectively.

These results appear to be consistent with those reported 
by a recent multi-institutional study performed by Kutuk 

et al. and confirm the promising potentialities of this thera-
peutic approach [28]. The authors collected data from 96 
patients with 108 lesions (48.1% abdominal/pelvic lymph 
nodes) undergoing MRgRT with a median BEDα/β =10 of 
100 Gy, reporting 1-year freedom from local progression 
(FFLP), freedom from distant progression (FFDP), and PFS 
and OS rates of 92.3%, 41.1%, and 39.3% e 89.6%, respec-
tively. Although these results seem to be similar to ours, the 
local and global disease control outcomes differ from those 
reported in our study, as the authors also included lymph 
node metastases, which are known to have a higher response 
to SBRT, compared to parenchymal metastases [29].

Interestingly, our analysis showed that the factors 
negatively impacting OS, PFS, and LPFS were primary 
pancreatic cancer and lung cancer, which may be due to their 
intrinsic aggressiveness, while the presence of metachronous 
disease ≥ 12 months was found to be a protective factor.

Another factor negatively affecting OS from the uni-
variate analysis was the presence of uncontrolled primary 
tumour. The potential for metastatic spread, prognosis 
and treatment options differ between synchronous and 
metachronous diseases, as well as the precise time cut-off 
for the definition of metachronous (usually a time inter-
val of 3–6 months from diagnosis of primary tumour to 
diagnosis of metastasis) [3]. A subsequent course of RT/
SBRT referred to as “post-SBRT treatment” was found to 

Fig. 2   OS, PFS, and LPFS rates of the overall patient cohort. OS: overall survival; PFS: progression-free survival; LPFS: local progression-free 
survival
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have a positive role on PFS. This could be probably true 
for the treatment of a disease that has been confirmed to be 
oligometastatic with no signs of local or systemic advance-
ment. Moreover, the variables with the greatest impact on 
LPFS were found to be the treatment of peritoneal nodules 
and a GTV volume > 5 cc. However, tumour size has been 
confirmed to be a prognostic factor for response to therapy 
[30, 31].

Indeed, peritoneal nodules are often placed closely 
to bowel loops, making ablative doses difficult to reach 
for a disease with considerable biological aggressiveness 
[32]. MRgRT appears to be a very promising technique, 
especially for very challenging targets such as peritoneal 
nodules, taking advantage of online adaptive radiotherapy 
in terms of target coverage and sparing of organs at 
risk. With this approach, the potential for high-dose 
prescription, together with appropriate patient selection, 
may lead to improved survival outcomes in future [33].

This analysis describes results from a heterogeneous 
population treated by different fractionation schedules, 
which together with the overall short follow-up time and 
the retrospective nature of the study, may be considered a 
study limitation.

Nevertheless, the technological setting is of certain 
interest, as the use of MRgRT is growing and the results 
of early reports are promising [34].

To date, there are still no reports that compare the 
benefits of MRgRT versus CT-based technology, also 
considering the introduction of online adaptive workflow 
for X-ray-based machines [35]. Therefore, data derived 
from further studies including prospective randomized and 
phase III trials will be required to confirm the benefits of 
MRgRT.

Conclusions

MRgRT has been shown to be a safe and effective 
treatment modality for parenchymal lesions of 
oligometastatic patients characterized by favourable 
survival and local control rates. However, further studies 
are required to confirm the benefits of this technology 
and to explore further potential treatment options in this 
particular setting.
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