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1. Introduction

During the last decades, neoadjuvant radiotherapy with or
without concomitant chemotherapy followed by Total Mesorec-
tum Excision (TME), has become the gold standard in Locally
Advanced Rectal Cancer (LARC) treatment resulting in a significant
improvement of local control (LC) and giving a better prognosis to
these patients [1,2].

Furthermore, neoadjuvant chemoradiotherapy (nCRT) followed
by delayed surgery (long course treatment) resulted in an advan-
tage in downsizing and downstaging the disease if compared with
short course radiotherapy immediately followed by surgery with a
higher complete response’s (CR) rates [1]. The possibility to detect
patients with better prognosis could allow to select those who may
benefit from treatment modulation, influencing the next therapeu-
tic options and giving a possible improvement in terms of quality
of life [3–5].

Experiences of dose escalation have been published during the
years showing a better LC and tumor regression grade (TRG) for
radiotherapy doses higher than 55–60 Gy [6,7]. It was also proved
that a boost on macroscopic disease is a potential strategy to opti-
mize the effect of nCRT before resection [8–11].

A randomized trial supports the benefits of radiotherapy dose
intensification compared to a chemotherapy one, particularly in
terms of side effects with a consequential higher compliance to
the treatment [12].
Therefore, the goal is nowadays to find new approaches to
intensify the treatment without increasing toxicities.

These attempts to escalate the dose have been certainly sup-
ported by the usage of both Intensity Modulated Radiation Therapy
(IMRT), which grants a more efficient sparing of the surrounding
normal tissues [13–16] and Simultaneous Integrated Boost (SIB)
that allows to boost the bulky tumor (Gross Tumor Volume, GTV)
during the treatment sessions, in the same overall treatment time.

However, pelvic organs have high reproducibility uncertainties
due mostly to the different degree of filling which need appropri-
ate geometrical margins in order to benefit of these advanced
techniques.

Therefore, any attempt to increase the dose needs improved
accuracy to be safely applied. Image Guided RadioTherapy (IGRT)
strategies appear to be mandatory in visualizing the target during
daily treatment, allowing to reduce as far as possible the risk of
missing target or involving the surrounding Organs at Risk (OaRs).

In this context, new scenarios are opening up with the increas-
ing use of low and high field Magnetic Resonance (MR) images on
board during treatment and hybrid MR-guided Radiation Therapy
(MRgRT) can be a game changer in radiation oncology [17,18].

It has been observed that low-field MR provides better anatom-
ical visualization for many anatomical regions, including the pelvic
one, in comparison with Cone Beam CT (CBCT) or MegaVoltage CT
(MVCT) that currently represent the clinical standard for volumet-
ric localization, [19].

Fig. 1 shows a low field MR alignment image of a locally
advanced rectal cancer patient.

Furthermore, the real time visualization and the gating solu-
tions of the target allows to deliver the treatment in higher safety,
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Fig. 1. Low T alignment image.
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leading to the possibility of reducing planning target volume
margins.

Unfortunately, only very limited experiences about the clinical
role of hybrid MRgRT are to date available. Boldrini et al. firstly
proposed an in silico planning study with patients affected by
locally advanced rectal cancer and showed that in all the consid-
ered cases, the hybrid tri-Co-60 step and shoot plans met the
dose-volumetric objectives for both the target coverage and the
OARs sparing, even if overall plan quality was slightly worse as
compared to linac VMAT and step and shoot IMRT standard plans,
with larger volumes of normal tissue receiving higher low-
moderated doses [20]. The main aim of this retrospective study
was to evaluate the feasibility of long-course rectal cancer’s treat-
ments performed with a MRIdian� system (in its tri-60Co-60 ver-
sion) giving an overview about the potentiality of MRgRT in
rectal cancer management.
2. Materials and methods

Patients affected by histologically documented extra-peritoneal
rectal cancer and treated in our center were retrospectively
analyzed.

Every patient was studied at diagnosis with clinical history and
a physical examination.

Endoscopy procedures were performed with biopsies and diag-
nostic MRI was performed for disease staging. A thoracic and
abdominal CT or a PET-CT, were acquired for globally evaluation.

All cases were discussed in the frame of the institutional multi-
disciplinary tumor board (MTB), consisted of radiation oncologists,
radiologists, pathologists and surgeons to share the best therapeu-
tic options, both at the diagnosis and at presurgical restaging.

In the phase of clinical enrollment, we decided to treat a popu-
lation of rectal cancer patients that was as representative as possi-
ble of the largest sample of patients usually treated with standard
linear accelerators, with different clinical stage and tumor rectal
location.

We included in our analysis patients >18 years old, with an
ECOG Performance Status 0–1, a resectable disease and no previ-
ously treated with pelvic irradiation. Patients with evidence of
metastatic disease at staging CT were excluded from analysis.

Specific informed consent and MRI safety screening forms were
administered to all eligible patients. Patients denying specific con-
sent to MRgRT or presenting clinical contraindications to MRI (e.g.
the presence of non MRI-compatible implanted cardiac devices,
claustrophobia or major psychiatric disorders) were excluded from
the study.

2.1. Radiation treatment

Neoadjuvant long-course CRT was prescribed to the selected
patients, according to a SIB2 delivery protocol. 55 Gy in fractions
of 2.2 Gy were prescribed to planning target volume (PTV) 1, while
45 Gy in fractions of 1.8 Gy to PTV2. A total number of 25 fractions
were therefore scheduled.

PTV1 was considered as primary tumour (GTV) and correspon-
dent mesorectumwith a 5-mm isotropic margin; PTV2 as mesorec-
tum in toto and selected lymphatic drainage stations according to
disease stage with a 7-mm isotropic margin [20].

Anal canal was included in CTV2 in case of infiltration of the ele-
vator ani muscle or in case of anal canal involvement. The external
iliac nodes were included in cT4 cases for major infiltration of ante-
rior organs [21].

In case of extra-mesorectal nodal involvement, a boost on
Nodal-GTV could be contemplated.

Patients were immobilized in the supine position, using the
Fluxboard device (FluxboardTM, MacroMedics, The Netherlands) in
an appropriate, fully personalized and comfortable configuration.

A first acquisition of a 25-seconds (sec.) sequence was per-
formed as alignment image and used for the definition of the irra-
diation field. A second 175 s. sequence with higher morphological
definition was then acquired for planning purposes and fused with
a standard simulation CT, since the MR does not have relative elec-
tron density information need for plan calculation [22].

To improve the reproducibility, an internal protocol was used to
achieve stable conditions of bladder filling: patients were
instructed to drink 500 cc of water 30 min before simulation and
before each treatment session.

A cine-MRI gating protocol was performed on PTV1, setting a 5%
region of interest (ROI) value in a 3 mm boundary from the CTV1,
ensuring therefore that the target volume was always in the proper
position. Delay time value was set at 0 sec, so that the movement
of the ROI outside the boundary would immediately trigger the
beam off.

Fig. 2 reports an example of volume gating on a rectal cancer
case.

2.2. Concomitant chemotherapy

Concomitant chemotherapy with capecitabine chronomodulate
(1650 mg/mq), 5-fluorouracil (5-FU) c.i. or an intensification
schedule with capecitabine (1300 mg/mq) plus oxaliplatin
(60 mg/mq) was prescribed, depending on the clinical stage and
general conditions of the single patient [23].

In cases of toxicities higher than grade 3, it was considered a
reduction or suspension of concomitant chemotherapy. For
patients presenting acute and critical symptomatology or with
important comorbidities, hospitalization was provided.

In case of extramesorectal nodes involvement a chemotherapy
in presurgical pause should be considered depending on the
patient’s compliance to the just completed nCRT.



Fig. 2. Volume gating: CTV1 (red) inside the 5 mm boundary gating ROI (blue). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Patient’s Characteristics.

Characteristics N� (%)

Median Age At Diagnosis 64
(range 41–86)

Sex
Male 15 (68.2)
Female 7 (31.8)
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2.3. Re-staging and surgery

According to our institutional guidelines and clinical practice,
clinical restaging was assessed between 6 and 8 weeks after the
end of nCRT by digital rectal examination (DRE) and pelvic MR.
In case of major or complete clinical response at restaging imaging,
endoscopic examination was performed with random biopsies to
confirm absence of disease.

Surgery was performed at least 7 weeks after the end of nCRT.
If restaging exams showed a clinical complete response, a watch

and wait approach and a close follow-up were considered after a
collegial discussion.

In case of resectable disease, the choice between abdominoper-
ineal resection and anterior resection was left to the discretion of
the attending surgeon.

Based on nomograms prediction and clinical and pathological
risk factors, adjuvant chemotherapy could be contemplated [24].
Location of the tumor
Upper 1 (4.5)
Middle 12 (54.5)
Lower 9 (40.9)

Clinical tumor stage
cT2 2 (9.1)
cT3 13 (59.02)
cT4 7

(31.8)

Clinical nodal stage
cN0 3 (13.6)
cN1 8 (36.4)
cN2 11 (50.0)

Mesorectal fascia involvement
No 10 (45.5)
Yes 12 (54.5)

Chemotherapy
Capecitabine7 5- Fluorouracile 12 (54.5)
CAPOX 9 (41)
None 1 (4.5)

Chemotherapy in pre-surgical pause
No 19 (87.0)
Yes 3 (13.0)
2.4. Endpoints

Treatment’s efficacy was determined by the obtained CR’s rate,
both clinical and pathological.

Clinical complete response (cCR) was defined by the MTD inde-
pendent review, as the presence of all the following three criteria:

A. Complete absence of palpable lesions at DRE;
B. Restaging MRI findings:

� No lymph nodes detected or lymph nodes with short axis
<5 mm [25];

� No primary tumour residual at morphological and diffusion
weighted imaging (DWI) series with complete integrity of rectal
wall layers;

� Hypointense parietal thickening in T2 sequences without evi-
dence of hyperintense residual lesions in DWI sequences or
hypointense lesions in apparent diffusion coefficient (ADC)
map.
C. No detection of residual lesions or presence of a fat scar at

endoscopic examination.
Pathological complete response was defined as no evidence of
persistent disease in the pathological specimen (ypT0ypN0, TRG1
Mandard scale).

Technique’s feasibility was investigated as the acute toxicity
observed during the treatment. Weekly clinical evaluations were
planned to assess toxicity and compliance to the treatment.
Referred side effects were recorded according to Common Termi-
nology Criteria for Adverse Events (CTCAE) v.4.0 scale.
3. Results

3.1. Patients’ selection

From March 2017 to May 2018, 35 pts affected by locally
advanced rectal cancer were selected in MTB to undergo a
radiochemotherapy treatment on primary disease.

Five patients were not included in the current analysis due to
either a relapsed presentation.

In four pts, a short-course schedule was preferred for general
clinical conditions.

Considering the remaining 26 patients, four pts were addressed
to linac treatment.

In three of themMR contraindications were declared during the
medical’s interview (claustrophobia in two pts and for panic
attacks in one); in a fourth case, the treatment plan elaborated
after MR simulation was not considered optimal in terms of dosi-
metric parameters due to the patient’s high Body Mass Index
(BMI > 25).

The other 22 patients were considered suitable for this analysis.

3.2. Patients’ characteristics

Patients characteristics are described in Table1: nodal involve-
ment was observed in 86% of the cases, 12 (54,5%) cases presented



Table 3
Surgical and pathological characteristics.

Characteristic N� (%)
Median Interval Between End of

Radiochemotherapy and Surgery (Weeks)
14.3
(range 9.4–20.9)

Type of surgery
None 3 (13)
TEM 1 (4.5)
Anterior Resection 17 (77.3)
Abdominal perineal resection 1 (4.5)

Trg sec. Mandard
TRG 1 3 (13)
TRG 2 3 (13)
TRG 3 9 (40.9)
TRG 4 4 (4.5)
TRG 5 0 0
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mesorectal fascia involvement either by tumor (5 pts) or by tumor
and nodes simultaneously (5 pts). Extra-mesorectal nodes were
present in 6 pts (27,3%).

3.3. Treatment planning and chemoradiation treatment

Presacral space and posterior lateral nodes were included in all
treatment planes, whereas anterior lateral nodes and external iliac
nodes were comprehended in 16 and 3 cases (72,7% and 13,6%),
respectively.

In two cases a boost on positive extromesorectal nodes was per-
formed, to reach a total dose of 57,4 Gy and 59,4 Gy, respectively.

Twenty patients (90,9%) completed chemo-radiation as
planned.

In one case a switch to a sequential boost was preferred due to a
G3 gastrointestinal (GI) toxicity presented during the treatment. In
this case a total dose of 55.8 Gy/1.8 Gy was reached after an EqD2
conversion.

Concomitant chemotherapy was considered not indicated
because of comorbidities in one patient. In all the remaining cases
a suspension of chemotherapy, often temporarily, was needed due
to GI or hematological toxicity.

3.4. Acute toxicity

Gastrointestinal toxicities, as expected, were the most
observed: all pts except one presented at least G1 GI toxicities
(95,5%), mostly proctitis and diarrhea.

Five of them (22,7%) reached a G3 GI toxicities and required
hospitalization for supportive care.

A G1-G2 hematological toxicity was recorded in 18 patients
(81,8%).

Five patients (22,7%) presented a G1-G2 non-infective cystitis.
No G3 hematologic or genitourinary toxicities were registered.
Toxicities are reported in Table 2.

3.5. Neoadjuvant chemotherapy and surgery

Chemotherapy in the presurgical pause was administered in 3
cases (13,6%).

Surgery was performed on average at 14,2 weeks (range 9,4–
20,9) from the end of radiotherapy, after clinical re-evalutation
and imaging restaging.

Three patients (13,6%) with a cCR did not receive surgery,
because a watch and wait (WW) approach was preferred and are
alive at the moment of this analysis without evidence of local or
distant relapse.
Table 2
Acute Toxicities events according to CTCAE v 4.0.

Toxicity Grade

1

Blood and lymphatic
system disorders

White blood cell decreased 4
Neutrophil count decreased 5
Platelets count decreased 13
Anemia 10

Gastrointestinal disorders Abdominal distension 2
Abdominal pain 1
Diarrhea 7
Vomiting 1
Proctitis 10
Rectal hemorrhage 3
Nausea 2
Flatulence 2

Renal and urinary desorder Urinary tract pain 4
Cystitis noninfective 1
Among the 19 pts who underwent surgery, 17 pts (89,5%)
received anterior resection (AR) and 1 patient (5,3%) received an
abdominoperineal resection (APR).

In the remaining case a Transanal Endoscopic Microsurgery
(TEM) was preferred (Table 3).

3.6. Pathological analysis

Three pts (15,8%) resulted in a pathological Complete Response
(pCR) at the pathological exam, while 4 pts (21%) reached a patho-
logical major response (pT0-pT1). Tumor Regression Grade 1 or 2
was found in 6 pathological specimens (26%) (3 pts TRG1 and
3 pts TRG2). Considering downstaging, 11 pts (57,8%) presented a
reduction of at least 1 tumor staging grade in respect to the clinical
one, while 15 pts with clinical nodal involvement showed some
pathological nodal response, as described in Table 4a and b,
respectively.

3.7. Complete response

Considering all the analyzed patients, a total of 6 pts (27,3%)
showed no evidence of disease at either restaging or pathological
exam.

Most cases presented a clinical nodal involvement at diagnosis
and in a half of patients an initial cT4 tumor stage.
4. Discussion

In the last decades, the usage of the IMRT has increased the
possibility to spare the surrounding normal structures with a
Overall (%)

2 3 4 5

7 – – – 11 (50)
2 – – – 7 (31.8)
1 – – – 14 (63.6)
1 – – – 11 (50)

– – – – 2 (9.1)
1 1 – – 3 (13)
2 5 – – 14 (63.6%)
1 – – – 2 (9.1)
7 – – – 17 (77.3)
1 – – – 4 (18.2)
2 – – – 4 (18.2)
– – – – 2 (9.1)

– – – – 4 (18.2)
– – – – 1 (4.5)



Table 4
a) Pathological tumor down staging according to clinical stage b) Pathological nodal down staging according
to clinical stage. (All cases in whom there were some kind of response are highlighted).

pT0 pT1 pT2 pT3 pT4

cT2
0 0 1 0 0

cT3
1 1 3 7 0

cT4
2 0 1 3 0

TOT 3 1 5 10 0

pNx pN0 pN1 pN2

cN0
1 2 0 0

cN1
0 6 0 0

cN2
0 6 3 1

TOT 1 14 3 1
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consequent reduction of the side effects. This has been possible
thanks to accurate IGRT solutions, able to avoid either target miss-
ing or unwanted dose to OARs.

In this process, although the increasing usage of CBCT during
the time, 2-D kilovoltage (kV) images are still not the optimum,
considering that most of the time they allow the alignment only
on bony anatomy.

Furthermore, IGRT systems result in an increase of ionizing
radiation administered to the patient; daily use of electronic portal
imaging device (EPID) has been associated with an increase of 1–
2% for prescribed doses of 70–80 Gy [26].

Therefore, the introduction of MR imaging in this setting
seemed the most appropriate ‘‘logical next step” [27].

Magnetic Resonance is considered the gold standard in both ini-
tial staging and clinical response evaluation for patients affected by
rectal cancer [28,29]. Magnetic Resonances provides better image
quality, especially in terms of soft tissue contrast, than current
on-board imagingmodalities (planar megavoltage and kV or CBCT),
as an example low T MR imaging of the MRIdian� System (resolu-
tion 1.5 � 1.5 mm, slice thickness 1.5 or 3 mm) were compared in
different sites in terms of visualization of targets and OARs to Tril-
ogy CBCT imaging (resolution 0.7 � 1.2 mm, slice thickness 2–
2.5 mm) for 14 patients with lesions. Despite the limitations of
the low magnetic field and the lower resolution, MR was judged
better than CT in 71% of the structures analyzed [18,30].

Based on the superior soft-tissue contrast compared to standard
ionizing imaging used in IGRT, the MR images provided by these
hybrid machines can be indeed used mainly in three clinical tiers:
alignment imaging, real time cine imaging for gating purposes and
online adaptive applications [31].

Moreover, MR offers the possibility of integration with ‘‘func-
tional” sequences, providing imaging biomarkers of therapy
response of tumor or normal tissue or even both, using traditional
and radiomics based approaches [32]. Subsequently, these imaging
biomarkers can drive adaptive plan modifications to account for
the observed therapy response.

Biological-based adaptive protocols typically aim to differenti-
ate between responders and non-responders, redistributing the
target dose to radioresistant regions, or lower dose constraints to
OARs.

Between these, DWI seem to have greater potentials in provid-
ing predictive data on the response to treatment. For example Sun
et al. have seen that early increase of mean tumor ADC as early as
1 week after initiating nCRT and low pretherapy mean ADC in rec-
tal carcinoma correlates with good response to CRT and even first
experiences of DWI applications during treatment in MRgRT seem
promising [33–34]

From a patient-safety perspective, daily image guidance with
MR also avoids undesirable radiation exposure inherent to the
use of CT imaging guidance such as CBCT [35]. On the other hand,
an accurate patients’ selection is needed to verify compatibility
with the MR device.

Further studies are definitely needed to to exploit MRgRT
potentialities in this clinical setting. Considering the possibility to
directly follow the target and OAR’s motion during the treatment,
it could be interesting analyzing the feasibility and, in case, identi-
fying the best timing of an additional boost.

In the current sample the pCR rate reached 27,3%, slightly
higher than the value reported in the experimental arm of the
INTERACT study (23,5%) [12]. Similar pCR were reported by other
IMRT-SIB series with doses ranging from 47.5 to 57.5 Gy and pCR
rates of 13–31% [36–38].

Furthermore, only one patient with a low rectum disease in our
data set, underwent an abdominal-perineal resection.

Different dose-response models have shown as the increase of
the dose is correlated to a higher rate of pCR [7] and long-term sur-
vival [39,40].

For that reason, in recent years research has been focused on
new ways of dose intensification’s programs [39,40].

Furthermore, if the best visualization of the target can bring to
the aforesaid attempts in increase dose aiming to higher tumor
control, on the other hand it could help to reduce the margins from
CTV to PTV, decreasing the involvement of healthy surrounding
organs.

Park et al. compared tri-Co-60 IMRT plans with standard prac-
tice VMAT ones for cervical cancer long courses and they observed
a higher overall quality of the tri-Co-60 IMRT plans, with several
advantages with regards to normal tissue irradiation mainly
related IMRT plans [41]. These significant advantages were mainly
related to the reduced margin used in the tri-Co-60 IMRT plan for
creating PTV (1 mm isotropic margin from the CTV).

In our cohort lower margins than those in use in our institution
for standard linac treatments (0.5 mm versus 0.8 mm) were used.

Considering GI toxicity, almost all patients presented at least G1
GI toxicities (95,5%) and in five cases (22,7%) they required an
hospitalization for supportive care because of G3 toxicities. In a
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meta-analysis Burbach showed that acute toxicity � 3 reported
between the studies was 10.3% (95% CI 5.4–18.6%) [6]. In preoper-
ative standard treatment studies with concomitant 5-FU
chemotherapy the rate of proctitis and G3 diarrhea was variable
from 15 to 40% [2,42,43]. The data obtained from our retrospective
analysis result therefore in line with what reported in the litera-
ture, but we believe that they can significantly improve after per-
forming some protocols of margins’ reduction and thanks to the
recent upgrade of the technology from 60-Co sources to 6 MV linac
that will significantly improve the dose distributions, significantly
reducing the low dose spread.

5. Conclusions

Although the small number of the analyzed patients, this is the
first study reporting clinical data on patients affected by rectal can-
cer undergoing a long course MRgRT and it can be considered as a
basis for further investigations about the potential advantages of
this new technology in rectal cancer management.

MRgRT appears a feasible option in the treatment of rectal can-
cer showing several benefits mainly related to the possibility of
better defining the target, reducing both the inter- and intra-
fraction error.
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