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Objective: We want to explore the safety and technical
feasibility of MRI-guided stereotactic radiotherapy for
locally advanced pancreatic cancer.

Methods: A custom-made abdominal corset was manu-
factured to reduce breathing induced tumour motion.
Delineation of the tumour and organs at risk (OARS)
was performed on CT and multiparametric MRI. Tumour
motion was quantified with cine MRI. After treatment
planning, the static dose distribution was convolved
with the cine MRI-based motion trajectory to simulate
the delivered dose to the tumour and OARs. Stereotactic
body radiation therapy (SBRT) was carried out up to a
dose of 24 G in three fractions in 1 week.

Results: From July 2013 to January 2016, 20 patients
were included. Tumours and OARs were clearly visible
with contrast-enhanced CT and MRI. After simulation of
the delivered dose taking the motion into account, an

INTRODUCTION

40 to 50% of pancreatic cancer patients present with locally
advanced disease.? Patients with locally advanced pancre-
atic cancer (LAPC), in the absence of distant metastases
have a median survival of 8-14 months.* Unfortunately,
effective local treatment options are lacking.

Radiotherapy may delay the development of metastasis and
physical discomfort and it may lead to better palliation and
possibly increase survival. Up to now, there is no evidence
for a survival benefit of radiotherapy for LAPC.> However,
mostly three-dimensional (3D) conformal radiotherapy
techniques have been used with a total dose of 50.4 Gy.**
There is a rationale for higher dose levels, as this poten-
tially leads to higher local control and higher survival

adequate target coverage was achieved with acceptable
dose in the OARs. No Grade3 or higher treatment related
toxicity was observed.

Conclusion: MRI-guided SBRT for pancreatic cancer is
technical feasible and safe, with no treatment related
grade >3 toxicity. New strategies are applied, including an
individual corset to reduce breathing motion, MRI-based
delineation and simulation of motion-integrated dose
distributions.

Advances in knowledge: This article is the first
to describe an MRI-integrated workflow in SBRT
for locally advanced pancreatic cancer. In addi-
tion, it demonstrated that SBRT with an abdom-
inal corset to reduce tumour motion is feasible and
safe.

Trial registration: This trial was registered at www.clini-
caltrials.gov (NCT01898741) on July 9, 2013.

rates.® Modern randomized controlled trials investigating
chemoradiation for LAPC indicate good tolerance of the
combined modality regimens.*”

In addition to standard chemoradiation, stereotactic
body radiation therapy (SBRT) has also been explored
for LAPC*' SBRT offers the advantage of shorter
overall treatment times for this frail patient group with a
poor prognosis than a more protracted regimen. Several
non-randomized studies delivering a dose of 24-36 Gy
in three fractions showed good survival rates of 10.6-20
months in LAPC.°"** In addition, high local control rates
between 82 and 91.7% were reported.”'>"> However,
substantial severe (grade >3) toxicity was seen, ranging
from 6 to 22%. The toxicity reported was often due to
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duodenal toxicity in the initial studies treated with cyberknife
where fiducials were used as surrogate for tumour position with
tracking. Target definition has been CT-based in these SBRT
series. Our aim was to integrate MRI in the workflow of pancreas
SBRT under free breathing conditions, with an abdominal cast
to reduce breathing induced motion. We used the superior soft
tissue contrast of MRI for optimal target and organ at risk (OAR)
definition.”™"” This could lead to smaller treated volumes, and
subsequently a decreased toxicity. A custom abdominal corset
was used to decrease the breathing induced pancreatic motion.
Residual motion was quantified using MRI and patient-specific
motion was prospectively integrated into the treatment planning.

Here, we report the safety and technical feasibility of this novel
strategy of MRI-guided stereotactic radiotherapy for inoperable
pancreatic cancer patients.

METHODS AND MATERIALS

Patients

All patients with LAPC as defined by the Dutch Pancreatic Cancer
Group (2012) or medically inoperable resectable pancreatic
cancer patients were eligible for this trial. Patients with distant
metastases, Eastern Cooperative Oncology Group performance
score 23, life expectancy of <3 months, age <18 years, previous
chemotherapy or pancreatic surgery, or contra indications for
contrast enhanced (CE) CT or MRI were excluded. Patients
received a proton pump inhibitor from the day before treatment
up to 6 months after treatment. This trial was approved by our
institutional review board and registered at www.clinicaltrials.
gov (NCT01898741). All patients provided written informed
consent.

Preparatory work

Fiducial markers (0.4 x 5 mm gold fiducial marker, QLRAD inc,
Miami, FL or 0.35 x 10 mm Visicoil, IBA Dosimetry, Schwarzen-
bruck, Germany) were placed during an endoscopic ultraso-
nography procedure inside the tumour. In addition, pathology
was obtained during this endoscopic ultrasonography. A custom
abdominal corset was manufactured (Neofrakt®, Spronken
Orthopedie NV, Genk, Belgium). The corset was pulled tight in
such a way that the abdominal breathing was restricted, but still
with reasonable comfort.

Simulation

CT scanning

1 week after fiducial marker placement, patients underwent CT
scanning with the custom-made abdominal corset in place. No
restrictions in dietary intake prior to scanning or irradiation
were placed. The CT protocol consisted of a four-dimensional
(4D) CT and an intravenous CECT with an arterial and a portal
venous phase with a slice thickness of 3 mm.

Following CT simulation, a simulation took place in the treat-
ment room to evaluate marker visibility and cone beam CT
(CBCT) quality. During simulation, a 4D CBCT was executed.
When the fiducial marker peak-to-peak amplitude was less
than 5 mm in all directions, 3D CBCTs were standard during
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treatment. If the amplitude was more than 5 mm, 4D CBCTs
were performed during treatment.

MRI scanning

MRI scanning was performed on the same day as CT scanning,
ona 1.5 T MR scanner (Achieva, Philips Healthcare, Best, Neth-
erlands) using a 16-channel phased array torso coil. Patients
were positioned with their arms down at their sides, on a diag-
nostic table top with the corset in place. No alignment with the
CT simulation position was performed. Immediately before
scanning, patients drank 300 ml of tap water to increase the
contrast between the pancreas and duodenum and stomach.
Scanning included T; weighted (T,W) imaging, T, weighed
(T,W) imaging, diffusion-weighted imaging (DWI), multiphase
CE MRI, and a cine MRI (Table 1).

Motion characterization

Cine MRI scanning was performed with the corset in place in
the sagittal direction with the scan plane positioned through
the center of the tumour. The two-dimensional cine MRI
was collected over the course of 1 min, at a rate of 2 Hz. Cine
MRI-based tumour tracking was performed with a Minimum
Output Sum of Squared Error adaptive correlation filter, as
described previously.'® Peak-to-peak motion in craniocaudal
and anteroposterior direction was calculated.

Treatment planning

Delineation

Registration of the CT and MRI was based on anatomy as the
fiducial markers were not visible on MRI. Delineation of the
gross tumour volume (GTV) and the OARs was performed at the
20% phase of the 4DCT with the aid of the rigidly co-registered
CECT, DWI, TYW MRI, T,W and CE T{W MRI (Figure 1). This
20% phase was empirically proven to be the best representative
of the midventilation phase of the 4DCT, but as an online correc-
tion protocol was applied during treatment delivery, (small)
deviations with respect to the real midventation phase were not
critical here.

Dose prescription

The planning target volume (PTV) was defined as a 3 mm
margin around the GTV. A total dose of 24 Gy in three fractions
was prescribed to the PTV. Preferably, at least 95% of the PTV
received 24 Gy. Heterogeneity within the tumour was desired
and the maximum dose (Dmax) was allowed to go up to 150%
of the prescribed dose (Figure 2). The following dose constraints
were used:'>!*%°

(1) liver 2700 ml less than 15 Gy;

(2) spinal cord: maximum point dose <22.5 Gy;

(3) small bowel, large bowel, stomach, and duodenum:
maximum point dose <30 Gy and D5cc < 22.5 Gy;

(4) Both kidneys mean dose <11.1 Gy

Planning organ at risk volumes (PRV's) were created around the
small and large bowel, stomach, and duodenum with a 2 mm
margin. Dose constraints were applied to the PRV for these
organs. A dual arc VMAT plan was created using Monaco
versions 3.2 and 5.1 (Elekta Corporation, Atlanta, GA).
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Table 1. MRI protocol
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T\W T,W CE-T, DWI 2D cine-MRI

Motion management Breath-hold at end Inspiratory triggered, Breath-hold at end Free breathing Free breathing
expiration 400 ms delay expiration
Scan mode 2D Multi slice 3D Multislice 2D
Sequence type Spoiled gradient echo Spin echo Spoiled gradient echo Spin echo Steady state free
precession

TE (ms) 42 80 2.1 46 1.44
TR (ms) 8.5 588 4.5 3897 2.9
T, prepulse delay (ms) 735 n/a n/a n/a n/a
FOV (mm?®) 350 x 350x150 400 x 299 x 262 395 x 294 x 100 350 x 350 x 109 320 x 301
Acquired voxel size (mm?) 2.0%x2.8x5.0 1.0x1.3x3.5 1.8 x 1.8 x4.0 2.5%x2.7x5.0 70x15x%x 1.5
Reconstructed voxel size (mm?) 1.6 x 1.6 X 5.0 0.8 x0.8x3.5 1.5x 1.5%x2.0 1.4%x1.4x5.0 70x14x1.4
Orientation Transverse Transverse Transverse Transverse Sagittal
Flip angle (°) 10 90 10 90 50
TSE n/a 74 n/a n/a n/a
R factor (SENSE) None 2 2 2 None
Half scan factor None 0.635 0.625 None None
B-values (s mm™2) n/a n/a n/a 10, 200, 600, 800 n/a

2D, two-dimensional; 3D, three-dimensional; CE-T1, contrast enhanced T; weighted imaging; DWI, diffusion weighted imaging; FOV, field of view;
n/a, not; applicable; T;W, T; weighted imaging; T,W, T, weighted imaging; TE, echo time; TR, repetition time; TSE, turbo spin echo.

Dosimetric assessment of respiratory motion
patterns

After treatment planning, the planned dose distribution was
convolved with the 3D motion trajectory around the midventi-
lation position. The respiratory induced motion was measured
by cine MRI during 1 min at a rate of 2 Hz. This resulted in 120

tumour and OAR positions. The static dose distribution was
shifted for each of the 120 positions. This leads to an accumulated
dose distribution in which the effect of the motion on the dose
distribution was simulated for the GTV, PTV, and OARs before
start of treatment. Before the start of the study, we performed
a simulation experiment in which the craniocaudal breathing

Figure 1. Delineation with the aid of MRl and CT. Red: GTV. Green, pancreatic head. Blue, duodenum. GTV, gross tumour volume.

CcT midvgntilation

/s

CT with contrast

V.
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Figure 2. Example treatment planning. Different dose levels are shown in centi gray at the left. Inner circle line: GTV. Outer circle
line: PTV. In addition, the duodenum, kidneys, liver, spinal cord and bowel are contoured.

amplitude was increased, up to 3-10 times the original tumour
motion. In this way, we evaluated the effect of unexpected larger
tumour motions on the dose distribution.

Treatment delivery

Patients were treated with a linear accelerator (Elekta Synergy,
Stockholm, Sweden). In case of a 4D CBCT, each of the indi-
vidual frames was automatically registered to the midventila-
tion phase of the planning CT based on the fiducial markers. In
case of a 3D CBCT, the CBCT was automatically registered to
the midventilation phase of the planning CT. Set-up corrections
were carried out accordingly. A 3D CBCT scan was carried out
after the translations to verify the setup correction. The third
CBCT was performed after dose delivery to monitor the intra-
fraction motion.

The whole workflow of the MRI-guided SBRT treatment is
summarized in Figure 3.

Follow up

Follow-up was scheduled at 1, 3, 6, and 12 months after SBRT.
Tumour response was assessed by Response Evaluation Criteria
In Solid Tumours v. 1.1 at 3 months after SBRT by CT and MRI

scan.21

Quality-of-life

Quality-of-life (QOL) questionnaires were completed before
treatment and at 1, 3, 6, and 12 months after SBRT. The ques-
tionnaires consisted of the general health-related RAND-36, the
cancer-specific EORTC QLQ-C30, and pancreatic cancer specific
EORTC QLQ PAN26.27* Ttems range from 0 to 100 points. A

high score on the RAND-36 items, functional items and general
QOL on the EORTC questionnaires indicate a good QOL. A
high score on the symptom items on the EORTC questionnaires
indicate a high degree of complaints, and thus, a poor QOL. A
clinically relevant difference was defined as a 10% change on the
item compared to baseline.?> As statistical analysis in this small
proportion of patients is futile, QOL was described in a descrip-
tive way.

Statistics

The primary outcome of this study was safety, expressed in study
related toxicity grade >3 according to the Common Terminology
Criteria of Adverse Events v. 4.0 within 90 days of radiotherapy.
Fiducial marker placement, radiotherapy and CT and MRI scan-
ning were defined as study procedures. To determine whether an
event was study-related, an independent expert panel was gener-
ated, consisting of a radiation oncologist, gastroenterologist, and
medical oncologist. All events grade >3 were evaluated by the
expert panel. An event was considered study related when two
out of three experts determined this event to be (very) likely study
related.

This study was continuously monitored, ie. an analysis was
performed after every treatment-related grade 3 or higher toxicity,
by using an established, sequential testing safety model.”**’ This
model was constructed at an expected toxicity rate of 10% and
an unacceptable toxicity rate of 20%, according to previous SBRT
studies.* '>* The p-value was set at 0.05 one-sided for the safety
monitoring.
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Figure 3. Workflow of MRI guided SBRT treatment. 4D, four-dimensional; CBCT, cone-beam CT; Dmax, maximum dose; MV, mid-

ventilation; SBRT, stereotactic body radiation therapy.
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RESULTS

Patient and treatment characteristics

From July 2013 until January 2016, 24 pancreatic cancer
patients were enrolled in this prospective Phase II trial (Table 2
for patient characteristics). Four of these patients were not
irradiated after signing informed consent, due to rapid disease
progression.

Technical feasibility

Fiducial markers

QLRAD markers were placed in 15 patients. In the first five
patients, a combination of two Visicoils and two QLRAD
markers were placed. Placement of fiducial markers was

uncomplicated in all but one patient (grade 2 post-punc-
ture pancreatitis, requiring administration of analgesics and
intravenously administered fluids). In two patients, three
markers were placed, for all other patients four markers were
placed.

Corset and tumour motion

All patients tolerated the abdominal corset well during MRI
scanning and treatment. With the application of the corset, the
average 100% craniocaudal tumour motion as calculated from
the sagittal cine MRI was 8.2 mm (range 2.7-23.8 mm). In
anteroposterior direction, the average 100% motion was 3.8 mm
(range 0.8-12.6 mm).
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Table 2. Patient characteristics
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Table 3. Treatment characteristics

N (%) Mean Range
Age (year, range) 70.3 (50-85) GTV
Male/female 14/6 (70/30%) Volume (cm?) 52.30 6.92-134.4
Location Min dose (Gy) 22.58 18.86-26.51
Head 17 (85%) Mean dose (Gy) 29.55 25.07-32.41
Body 2 (10%) Max dose (Gy) 34.70 32.57-36.16
Body/tail 1 (5%) PTV
Performance score Volume (cm?) 81.98 14.92-197.59
0 7 (35%) Min dose (Gy) 19.98 15.16-22.78
1 9 (45%) Mean dose (Gy) 28.05 23.83-30.40
2 3 (15%) Duodenum
Missing 1(5%) Max point dose (Gy) 25.85 23.82-28.39
Classification D5cc (Gy) 19.91 13.27-21.89
Locally advanced 18 (90%) Stomach
Medically inoperable/ refused surgery 2 (10%) Max point dose (Gy) 16.21 0.15-29.58
Chemotherapy (after SBRT) D5cc (Gy) 9.54 0.10-19.59
FOLFIRINOX 2 (10%) Bowel
Gemcitabine/nab-paclitaxel 2 (10%) Max point dose (Gy) 23.79 15.09-30.75
None 16 (80%) D5cc (Gy) 17.21 10.85-20.99

SBRT, stereotactic body radiation therapy.

Treatment planning

Contouring was based on the midventilation scan of the 4DCT.
We found the multiparametric MRI helpful for contouring.
The DWI and contrast-enhanced T)W imaging were used for
GTYV determination. Diffusion restriction in DWI is very sensi-
tive for tumour detection, although it is not specific to tumour
in pancreatic cancer. Therefore, tumour delineation was based
on DWI in combination with arterial T{W imaging. Predomi-
nantly in the arterial phase, the GTV appears as a hypointense
area. T,W imaging was used for discrimination of tumour and
OARs as stomach and duodenum. In case of geometric discrep-
ancies, the midventilation CT scan was leading in contouring, as
this was the imaging that was also used for treatment.

All patients received 24 Gy in three fractions every other day.
Mean dose to the GTV was on average 29.8 Gy (range 24.7-32.3
Gy) with a maximum dose of on average 34.5 Gy (range 30.4-
36.2 Gy) (Table 3). After blurring the dose with the individual
respiratory motion kernels obtained from the cine MRI scans,
the mean GTV dose only slightly reduced to an average dose of
29.6 Gy (range 24.6-31.8 Gy). The same pattern was observed for
the PTV dose: here, the D99 of the PTV was on average 22.3 Gy
(range 20.4-24.6 Gy) and after motion simulation it was 22.0 Gy
(range 20.3-24.1 Gy). Even in the patient with the largest tumour
motion of 23.8 mm, the mean dose to the GTV decreased with
only 0.8 Gy. These findings support that the planned stereotactic
dose distributions were very robust against motion oscillations
around the midventilation position.

GTV, gross tumour volume; PTV, planning target volume.

The simulation experiment in which the tumour motion was
increased by 3-10 times the original tumour motion demon-
strated that adequate tumour coverage was still reached while
meeting the OAR constraints at larger tumour motions (Supple-
mentary Figure 1).

Treatment delivery

After the radiation treatment, a third CBCT was performed to
determine the intrafraction motion. 19 patients were available
for analysis. The intrafraction motion was modest, with a mean
vector length over all patients of 1.7 mm (standard deviation 1.0
mm, range 0.4-4.0 mm). In one patient, the PTV margin was
increased to 10 mm only for the last fraction, as there was an
extreme rotation of 7° seen at the second fraction.

Clinical outcomes

The median overall survival of irradiated patients was 8.5
months (range 3.7-19 months), calculated from the first frac-
tion. 1 May 2016, five patients are still alive at 3, 3, 4, 5, and 19
months from the first SBRT fraction. At 3 months, radiological
evaluation of the treatment response took place in 18 patients.
Three patients did not undergo follow-up scanning per protocol,
due to a poor performance status. However, one of them had
an abdominal ultrasound which demonstrated liver metastases
at three months. According to Response Evaluation Criteria In
Solid Tumours, no patients had a complete or partial response,
7 showed stable disease and 11 demonstrated disease progres-
sion at three months. Progression was local alone in one patient,
whereas distant metastases without local progression developed
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in six patients. In three patients, there was both local and distant
progression. Three patients demonstrated progressive disease at
3 months and had a good performance score. Therefore, these
patients received palliative chemotherapy. One patient demon-
strated progression at 6 months and had a good performance
score; this patient received chemotherapy 6 months after SBRT.
The other patients had no signs of disease progression, were in a
poor physical condition or refused chemotherapy.

Safety

No acute or late treatment related grade 3 or higher toxicity was
seen in this trial. A one-sided Pearson-Klopper analysis revealed
a toxicity rate of 0% (95% confidence interval 0-14%). There
were several non-study related grade 3 or higher toxicities, as was
expected in this fragile patient category. Acute grade >3 toxicities
were: pneumonia, asymptomatic pulmonary embolism, infected
ascites, bile duct stenosis, morphine associated constipation (all
grade 3). Late toxicities were: grade 3 bleeding duodenal varices
due to portal hypertension at 6 months, grade 3 liver abscess at
4 months, grade 3 gastroparesis at 5 months, perforated chole-
cystitis causing abdominal sepsis grade 4 at 9 months, grade 5
bleeding of the SMA at 5 months due to tumour progression. For
an overview of all toxicities, see Supplementary Table 1.

Quality-of-life

Pre-SBRT, all 20 irradiated patients completed the QOL ques-
tionnaires. At time point 1, 3, 6, and 12 months after SBRT, 18,
15, 8 and 3 patients completed the questionnaires. See Table 4
for the results. Overall QOL after SBRT was equal or improved
compared to baseline in 69, 60, 43, and 33 percent of patients at
1, 3, 6, and 12 months, respectively. After 1, 3, 6, and 12 months,
patients rated their general health improved or equal to baseline
in 88, 67, 38 and 33 percent, respectively.

Table 4 Quality of life before and after SBRT (see end of
manuscript).

DISCUSSION

This study shows that MRI-guided stereotactic delivery of
at least 24 Gy was safe and feasible, with no treatment related
grade 3 or higher acute and late toxicity. A high dose delivered
with high precision in free breathing conditions and good target
coverage was achieved while sparing OAR. A dose of 24 Gy to
the PTV was prescribed, however, a higher dose in the tumour
was feasible with an average Dmean of 29.8 Gy and Dmax of 34.5
Gy to the GTV.

MRI was integrated in the treatment planning. MRI was used
for delineation and motion simulation. As MRI is capable of
demonstrating functional information in addition to anatomical
information, we found the contribution of multiparametric MRI
in addition to CT in delineating pancreatic tumours useful. Up
to now, no evidence about the best way to delineate a pancreatic
tumour exists. In a previous radiology vs pathology study, MRI
underestimated the tumour diameter by 4 mm.” However, in
contrast to our study, only a single imaging sequence was used.
Moreover, accurate pathology orientation related to the MRI
measurements was lacking. Therefore, these results have to be
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approached with caution. With CT, discrepancies are also seen
between the largest diameter on pathology and on CT. In one
study, an underestimation of 7 mm was observed, and another
study demonstrated an underestimation by 8 mm of tumours
larger than 3 cm and an overestimation of 4 mm when tumours
were smaller than 3 cm.***! Hall describes an interobserver study
that compared MRI to CT in contouring pancreatic tumours.*
This study demonstrated that volumes contoured on MRI are
smaller compared to CT contoured volumes.

Besides its role in tumour delineation, motion data derived from
MRI were incorporated into treatment planning. Cine MRI is
able to visualize tumour motion, instead of intratumoural fidu-
cials and, similarly, OAR motion can be characterized. 4DCT
averages the motion amplitude over multiple breathing cycles
by retrospectively binning into different phases. Therefore, the
fourth dimension reflects rather “phase” than “time”. Therefore,
organ and tumour motion might be underestimated with 4DCT
in comparison to motion observed with cine MRI. Another
advantage of cine MRI over 4DCT is that it is possible to explore
multiple respiration cycles over a long time span, or over different
days to quantify day-to-day variation without being exposed to
ionizing radiation. In this study, patients were imaged for 1 min
with 2 images per second, covering on average 12-16 breathing
cycles. After integration of the motion trajectory into the treat-
ment planning the GTV-to-PTV margin of 3 mm was consid-
ered sufficient for dose coverage in all patients. Patients were
treated on a modern linear accelerator with a VMAT technique
in free breathing conditions. Although it was previously demon-
strated that the breathing amplitude on a planning 4DCT is not
always representative of the amplitude during the course of treat-
ment,” dose distributions were robust against changes in the
breathing amplitude as patients were positioned at the midventi-
lation position. Furthermore, the advantage of a stereotactic dose
distribution is that when the tumour is mobile, the maximum
dose is blurred over a larger area. This results in a compensa-
tion of under- and overdosage areas. This beneficial strategy
results in feasibility of smaller margins compared to application
of an internal target volume. In addition, the use of the custom
made corset decreased the breathing amplitude of the tumour
and the surrounding tissues, as previously described.** Overall
in this study, an average craniocaudal tumour motion of 8 mm
was observed, while in other studies larger tumour motions
were seen, i.e. 15 mm, 20 mm, and 24 mm.***>*® Moreover, we
performed a simulation experiment in which the craniocaudal
breathing amplitude was increased, up to 3 and 10 times the orig-
inal tumour motion, demonstrating adequate tumour coverage
with this increased tumour motion.

The toxicity profile of our stereotactic delivery of 24 Gy was less
when compared to other studies. This might be partly a result
of the lack of concurrent chemotherapy. In addition, this frac-
tionation schedule has a lower biologically effective dose (BED)
than the 25 Gy in one fraction prescription of other groups:
43.2 vs 87.5 Gy, respectively, when calculated with an o/p of
10.2%%7 However, as the average mean dose in the GTV was 29.8
Gy, the average BED was 59.4 Gy in this study. Previous liter-
ature has demonstrated a survival benefit for patients treated
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Table 4. Quality of life before and after SBRT
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Pre-SBRT 1 month 3 months 6 months 12 months
Number of returned questionnaires 20 18 15 8 3
Percentage of expected completion” 100 90 88 80 100
RAND-36
Physical functioning 63.3(27.5) 60.0 (34.7) 70.3 (28.1) 71.9 (22.0) 50.0 (42.7)
Social functioning 51.9 (27.3) 61.8 (30.5) 70.0 (18.8)" 67.2 (27.5) 41.7 (26.0)
Physical role restriction 30.0 (40.2) 38.9 (42.2) 45.0 (38.0) 31.3(32.0) 8.3 (14.4)
Emotional role restriction 42.6 (45.5) 51.9 (43.1) 47.6 (40.7) 45.8 (43.4) 33.3(57.7)
Mental health 64.6 (17.7) 69.3 (22.2) 72.3 (16.9) 68.0 (17.1) 68.0 (14.4)
Vitality 53.3 (19.6) 51.4 (22.1) 57.3 (20.4) 60.6 (24.7) 26.7 (12.6)
Pain 55.6 (25.1) 74.8 (20.1)° 72.9 (23.0) 67.3 (17.9) 51.7 (23.2)
General health 45.1 (15.4) 45.3 (19.9) 44.7 (13.2) 429 (17.8) 26.7 (14.4)
Change in health 20.0 (13.1) 33.3 (29.7) 35.0 (32.5) 34.4 (39.9) 16.7 (14.4)
EORTC QLQ-C30
Physical functioning 71.4 (22.3) 70.4 (27.8) 76.9 (23.5) 79.2 (16.9) 53.3(37.1)
Role functioning 55.0 (23.6) 63.9 (33.5) 65.6 (20.4) 56.3 (30.8) 38.9 (34.7)
Emotional functioning 67.1(17.8) 71.3 (26.1) 77.2 (18.2) 61.5 (24.4) 61.1(12.7)
Cognitive functioning 81.7 (21.6) 75.9 (30.9) 81.1(22.6) 85.4 (18.8) 77.8 (25.5)
Social functioning 68.3 (24.1) 69.6 (34.0) 81.1 (20.8)" 72.9 (26.6) 55.6 (25.5)
Global health/QOL 58.5(16.2) 62.3 (26.0) 65.6 (18.3) 57.3 (25.4) 44.4 (12.7)
Fatigue 40.0 (22.6) 37.7 (24.1) 37.0 (25.1) 47.2 (21.2) 74.1 (25.7)
Nausea and vomiting 11.7 (16.3) 14.8 (27.9) 8.9(13.9) 22.9 (33.3) 22.2(19.2)
Pain 35.0 (26.4) 23.1(23.0) 26.7 (24.2) 33.3(21.8) 50.0 (16.7)
Dyspnea 15.8 (25.1) 11.1 (22.9) 15.6 (30.5) 20.8 (24.8) 22.2(19.2)
Insomnia 25.0 (35.7) 22.2(22.9) 20.0 (27.6) 37.5(27.8) 66.7 (33.3)
Appetite loss 41.7 (34.0) 33.3(37.9) 28.9 (35.3) 33.3 (35.6) 33.3(33.3)
Constipation 23.3(30.8) 20.4 (34.6) 15.6 (21.3) 8.3(23.6) 0.0 (0.0)
Diarrhea 21.7(29.2) 27.8 (36.6) 28.9 (33.0) 57.1 (37.1)b 55.6 (50.9)
Financial difficulties 6.7 (17.4) 7.8 (14.6) 8.9 (15.3) 12.5 (24.8) 0.0 (0.0)
EORTC QLQ-PAN26
Pain 32.4(24.9) 23.5(17.5) 29.4 (21.6) 35.4(18.2) 22.2(9.6)
Eating related items 31.7 (25.3) 33.3(34.4) 24.4 (26.6) 35.4(27.4) 27.8 (19.2)
Cachexia 36.7 (22.7) 35.3(23.5) 32.2(23.1) 56.3 (33.3) 27.8 (25.5)
Hepatic 18.3 (21.6) 7.8 (14.6) 3.3 (9.3)h 14.6 (22.6) 11.1 (9.6)
Body image 20.8 (22.2) 26.0 (26.5) 21.1 (24.0) 43.8 (28.1) 27.8 (25.5)
Side effects 22.8 (20.5) 28.8 (28.3) 23.0 (25.0) 30.6 (25.7) 25.9 (23.1)
Health-care satisfaction 74.2 (21.9) 69.8 (24.5) 80.0 (20.1) 76.2 (23.3) 75.0 (35.4)
Altered bowel habit 35.8 (26.6) 35.3(17.6) 44.4 (24.1) 47.9 (18.8) 55.6 (9.6)
Sexuality 41.7 (39.7) 57.8 (36.9) 47.6 (45.2) 52.8 (40.0) 38.9 (41.9)
Ascites 35.0 (29.6) 31.4 (22.0) 37.8 (27.8) 37.5(33.0) 44.4 (19.2)
Indigestion 26.7 (31.7) 29.2 (34.2) 31.1(34.4) 28.6 (40.5) 33.3(33.3)
Flatulence 48.3 (31.5) 43.1 (30.7) 42.2 (344 38.1(23.0) 44.4 (50.9)

(Continued)
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Table 4. (Continued)

BJR

Pre-SBRT 1 month 3 months 6 months 12 months
Fear of future health 61.7 (27.1) 51.0 (29.1) 51.1(27.8) 62.5(21.4) 55.6 (19.2)
Ability to plan future 45.0 (27.1) 39.2 (33.8) 37.8 (33.0) 41.7 (29.5) 44.4 (50.9)

EORTC, European Organization for Research and Treatment of Cancer; QOL, quality of life; SBRT, stereotactic body radiation therapy.

Values are mean (SD) unless indicated otherwise.

“Values are percentage of expected replies after exclusion of censored patients (those who had died or within T month of dying) or not yet reached

time point due to short follow- up.

bp < 0.050 and clinically relevant (more than 10-point change in score) difference between baseline and postoperative time point (paired ¢ test).

with a BED >70 Gy compared to patients treated with a BED
<70 Gy.*® Our study has a low local control rate and low overall
survival. This might be due to the relatively low BED, the older
patient group and the higher percentage of distant metastases
documented at 3 months. Only four patients received systemic
therapy with disease progression 3 or 6 months after SBRT, as
other patients were too frail, refused chemotherapy or had no
progressive disease. This was mainly due to the frail and elderly
patient population. However, QOL was good in this study, with
an overall QOL equal to or improved compared to baseline in
69, 60, 43, and 33 percent of patients at 1, 3, 6, and 12 months,
respectively.

A drawback of this study is the high percentage of early distant
metastases. This might be a result of the presence of occult
metastases at the initiation of treatment and this could bias
our results. In a future study, patient selection might be bene-
ficial. Biomarkers such as DPC4 could identify patients that are
prone to distant metastases or local destructive disease only.”
In addition, induction chemotherapy could select patients that
do not metastasize early as 30-35% of patients scheduled for
local treatment develop distant metastases after neoadjuvant
systemic therapy for localized disease.’®*! Another downside is
the difference in scanning position between CT and MRI and
the difference in fasting protocol between imaging and treat-
ment. However, as registration of both images was on the local

area (i.e. tumour and duodenal area), discrepancies in GTV and
closeby OAR between CT and MRI were minor. In addition, a
PRV margin was applied to increase safety.

A future perspective includes real time MRI during treatment.
This could increase accuracy as registration can be performed on
both tumour and the organs at risk. This holds premise for adap-
tive radiotherapy and dose escalation without adding toxicity.*>*?

CONCLUSION

MRI guided SBRT for pancreatic cancer is technical feasible and
safe, with no treatment related grade >3 toxicity. New strategies
are applied, including an individual corset to reduce breathing
induced motion, MRI based delineation, and evaluation of
motion-integrated dose distributions.
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