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Purpose: MR-linacs (MRLs) have enabled the use of stereotactic magnetic resonance (MR) guided online
adaptive radiotherapy (SMART) across many cancers. As data emerges to support SMART, uncertainty
remains regarding optimal technical parameters, such as optimal patient positioning, immobilization,
image quality, and contouring protocols. Prior to clinical implementation of SMART, we conducted a
prospective study in healthy volunteers (HVs) to determine optimal technical parameters and to develop
and practice a multidisciplinary SMART workflow.
Methods: HVs 18 years or older were eligible to participate in this IRB-approved study. Using a 0.35 T
MRL, simulated adaptive treatments were performed by a multi-disciplinary treatment team in HVs.
For each scan, image quality parameters were assessed on a 5-point scale (5 = extremely high, 1 = ex-
tremely poor). Adaptive recontouring times were compared between HVs and subsequent clinical cases
with a t-test.
Results: 18 simulated treatments were performed in HVs on MRL. Mean parameters for visibility of tar-
get, visibility of nearby organs, and overall image quality were 4.58, 4.62, and 4.62, respectively (range of
4–5 for all measures). In HVs, mean ART was 15.7 min (range 4–35), comparable to mean of 16.1 (range
7–33) in the clinical cases (p = 0.8963). Using HV cases, optimal simulation and contouring guidelines
were developed across a range of disease sites and have since been implemented clinically.
Conclusions: Prior to clinical implementation of SMART, scans of HVs on an MRL resulted in acceptable
image quality and target visibility across a range of organs with similar ARTs to clinical SMART. We con-
tinue to utilize HV scans prior to clinical implementation of SMART in new disease sites and to further
optimize target tracking and immobilization. Further study is needed to determine the optimal duration
of HV scanning prior to clinical implementation.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of European Society for Radiotherapy &
Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Technological developments have enabled the successful inte-
gration of a magnetic resonance imaging (MRI) scanner and linear
accelerator into the same device, now commercially available as an
MR-linac [1]. MR-linacs are currently manufactured by multiple
vendors and present benefits due to the improved soft tissue con-
trast and lack of ionizing radiation provided by MRI, including: 1)
motion management with MR with real-time tumor tracking, 2)
MR-based setup, and 3) stereotactic MR-guided online adaptive
radiotherapy (SMART) to account for daily changes in tumor and
organ-at-risk (OAR) position and size. These advances have trans-
lated to safe and effective treatments for patients, with early clin-
ical data showing promise for SMART across a range of disease
cites, including prostate [2–4], lung [5–8], pancreatic [9,10], liver
[11], adrenal [12], and breast [13,14] malignancies.

The MR-linac is still considered a new technology in radiation
oncology, and randomized trials are not yet available to demon-
strate superiority of SMART compared to stereotactic radiotherapy
delivered on a non-MR linac. Multi-institutional and single
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institutional prospective studies are ongoing to further define the
role for SMART in the clinical care of patients with cancer.

[15,16]. As new centers acquire MR-linacs and develop institu-
tional programs for the delivery of SMART, a limited number of
published experiences with commissioning and clinical workflows
are available to guide clinical implementation [17–21]. However,
successful delivery of SMART requires real-time collaboration
between multi-disciplinary teams with input from therapy, phy-
sics, dosimetry, and clinicians. In addition, no standard best prac-
tices yet exist for optimal simulation parameters and patient
positioning techniques. For example, at some centers thoracic
SMART is delivered with arms up, the traditional position for
linac-based treatment, and at other centers this treatment is deliv-
ered with arms down. Centers also differ in their use of immobi-
lization during SMART. Although contouring atlases for a limited
number of sites are available [22–24], these atlases do not provide
instructions or consensus for contouring across MR field strengths
and MR sequences and disease sites. Gaps exist in both training for
SMART [25], and consensus regarding its delivery [19,26]. In this
study, a healthy volunteer imaging program was developed and
implemented to establish optimal simulation parameters for
SMART prior to clinical implementation and to provide a simulated
clinical environment in which to develop and practice multi-
disciplinary skills in the safe and effective implementation of
SMART.
Materials and methods

Healthy volunteers: Healthy adults age 18 years and older were
eligible to participate in this healthy volunteer study, including all
races and genders. The healthy volunteer study was approved by
the Institutional Review Board (IRB) and took place prior to clinical
use of the MR-linac in patients at our institution. Exclusion criteria
included: pregnancy, Karnofsky performance status < 90, uncon-
trolled intercurrent illness, refusal of hearing protection, or inabil-
ity to undergo MRI due to presence of an implanted or external
MRI unsafe device or MR conditional device not meeting the con-
ditions required for the scan. The study also excluded individuals
directly supervised by study investigators.
Pre-treatment simulation

Healthy volunteers consenting to the study and meeting eligi-
bility criteria were scanned on a 0.35 T MRIdian MR-linac (View-
ray, Oakwood Village, OH). For pre-treatment MR simulation,
participants were positioned in the scanner. The following param-
eters were varied during pre-treatment scanning to determine
optimal study of a pre-defined anatomic region of interest: arm
position (up vs. down vs. on chest), immobilization selection, coil
position (varied relative to region of interest), breathing instruc-
tions (breath hold vs. free breathing), use of water as oral contrast
(without or with water, and variation in timing relative to imaging
acquisition). Pre-medications other than water were not utilized to
minimize risks to volunteers. To determine impact of gastric filling
on abdominal imaging, scans were scheduled zero to three hours
from the last meal, with permission of the volunteer. Due to the
nature of the MR-linac, sequence type could not be varied at the
time of the study. Hearing protection was utilized for all scans.

Scan time per session did not exceed 60 min to respect safety
and ethical considerations in the scanning of healthy volunteers.
Images were acquired using TrueFISP sequences, which are
balanced steady-state coherent sequences providing a hybrid
T2/T1-weighting [27,28]. Ability to track the simulated target with
sagittal TrueFISP cine imaging was also assessed at pre-treatment
simulation. For breath hold treatments, the target served as a guide
71
for gating, and for free-breathing treatments it served as a marker
for motion. If the target could not be tracked, a nearby organ was
utilized for tracking and this was noted to allow for similar track-
ing at simulated treatment.

Although patients would also require simulation with com-
puted tomography (CT), to calculate dose, healthy volunteers did
not undergo CT simulation to avoid ionizing radiation exposure.
Instead, deidentified CT scans from patients simulated for treat-
ments at our institution on other linear accelerators were
deformed to the HV MR scans. CT scans from patients treated on
the MR-linac were not utilized because patients had not yet been
treated on the MR-linac at our institution at the time of this
healthy volunteer study.

Pre-treatment MR simulation scans acquired with parameters
leading to optimal image quality were flagged for use in subse-
quent treatment planning and parameters were recorded to allow
for replication at simulation treatment.

Treatment planning

Physicians contoured simulated targets and organs-at-risk in
MIM (MIM Software, Cleveland, OH). All healthy volunteer scans
were de-identified. Simulated targets were selected based on pub-
lished experiences with the MR-linac, and discussions with other
institutions regarding diseases most likely to benefit from treat-
ment on an MR-linac. Organs-at-risk were selected based on our
institutional practices for treatment on a conventional linac. Con-
tours were transferred to the treatment planning software pro-
vided by the MR-linac manufacturer (Viewray), and dosimetrists
and physicists created mock plans meeting organs-at-risk and tar-
get constraints. Dose constraints were determined based on TG-
101 [29] and published studies [3,6,12,30]. The deformed CT scans
were utilized for dose calculation.

Simulated treatment

For simulated treatment, participants were positioned in the
scanner in a manner similar to the optimal set-up at simulation.
A SMART workflow was developed by our multi-disciplinary team
and practiced during simulated treatments (Fig. 2). Although the
basic components of SMART have been previously published
[19,31], our workflow provided discrete steps for the clinical
implementation of SMART, utilizing safety concepts from aviation
such as the model of a ‘‘pilot” and ‘‘co-pilot” [32]. The workflow
assigned a ‘‘pilot” and ‘‘co-pilot” to each step in the process of
SMART. The pilot was responsible for carrying out the task, and
the ‘‘co-pilot” was responsible for providing oversight.

Simulated treatment involved acquisition of a 3D TrueFISP scan
to confirm setup and perform necessary shifts, and to allow for
density overrides and adaptive recontouring and re-planning. A
sagittal TrueFISP cine scan was acquired to allow for target (tumor)
tracking. If the tumor could not be tracked, a nearby organ was uti-
lized for tracking. At the time of the study, sequences other than
TrueFISP were not available on our scanner. Treatments were not
delivered to healthy volunteers in order to prevent exposure to
ionizing radiation. Simulated treatments were performed by a
multi-disciplinary team consisting of at least two therapists and
at least one member of the following role groups: physicist, dosi-
metrist, and physician.

Qualitative analysis

For each scan, the following qualitative parameters were
assessed: 1) visibility of target, 2) visibility of nearby normal
organs, 3) overall image quality, assessed on a scale from 1 to 5
(5 = extremely high, 1 = extremely poor) (Fig. 1). Study data was



Fig. 1. Example of data entry form for healthy volunteer scans.

Fig. 2. Online adaptive workflow for SMART. Caption: *step not utilized for healthy volunteers; OARS = organs-at-risk; QA = quality assurance; Rx = prescription;
RT = therapist; MD = physician; P = physicist; first abbreviation in superscript refers to pilot, second abbreviation refers to co-pilot.
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collected and managed using REDCap electronic data capture tools
hosted at our institution [33]. Based on these qualitative results,
immobilization and simulation procedures were adjusted to opti-
mize image quality for each target. Optimal parameters were
determined for each target.

Initial clinical experience

Following the study in healthy volunteers, patients were treated
with SMART on the MR-linac at our institution using the parame-
ters and workflows found to be most optimal in volunteer scan-
ning. IRB approval was obtained for retrospective review of these
patient cases. The time for adaptive recontouring was identified
for the first 18 clinical cases.

Quantitative analysis

In order to compare the ability of the simulated treatments to
mirror the treatment environment, the time for adaptive recon-
touring was compared for the simulated treatments in volunteers
and patients using an unpaired two-sided t-test (alpha = 0.05) in
MATLAB (MathWorks, Natick, MA). This time was selected for com-
parison because it is the longest step in the SMART workflow and
dependent on image quality and target and normal tissue visibility.
(b)

Fig. 3. SMART Targets. Fig. 3a. Healthy volunteer scans. Fig. 3b. Patient scans.
Caption: LN = lymph node, Abd = abdominal.
Results

Between July 2, 2019 and September 20, 2019, 18 simulated
treatments on the MR-linac took place in healthy volunteers and
were included in this analysis. All volunteers provided consent.
The simulated treatments targeted a variety of organs (Fig. 3a),
comparing favorably with the variety of organs subsequently tar-
geted in the first 18 clinical cases (Fig. 3b).

The first patient treatment took place on October 7, 2019. The
mean patient age was 68.6 years old (range 52–87), compared to
a mean volunteer age of 33.5 years old (range 24–49). The distribu-
tion of clinical cases was a result of referral patterns, perceived
clinical benefit, and SMART eligibility (absence of MR contraindica-
tions such as presence of MR unsafe implants and ability to
undergo treatment with SMART in five fractions or less). Clinical
benefit was determined by the multidisciplinary MR-linac team
and was based on anticipated benefit from real-time MR-
guidance and online adaptive replanning due to factors such as:
presence of a highly mobile tumor and/or adjacent organs-at-
risk, proximity to nearby organs-at-risks, or desire to avoid
fiducials. The distribution of volunteer cases was based on this
anticipated clinical distribution, based on review of prior literature
and discussions with institutions already practicing SMART.

Optimal MR simulation parameters were developed across a
range of organs (Table 1). For body positioning, only supine posi-
tioning was attempted. The arms down position did not impact
image quality but was utilized to maximize comfort during SMART,
which requires a longer total time on table than non-adaptive
treatment. Breath-hold improved visibility of organs-at-risk for
abdominal targets, but did not impact visibility for prostate and
lower pelvic targets, and thus free-breathing was utilizing for these
lower pelvic targets to reduce scan time by eliminating the need
for respiratory gating. Water used as an oral contrast was found
to improve visualization of the duodenum during simulated pan-
creas treatments. Fasting was also found to reduce size of
organs-at-risk for abdominal targets and was thus utilized. The
parameters optimized during volunteer scanning were utilized in
the subsequent clinical cases.

Image quality metrics ranged from 4 to 5 for all simulated treat-
ments. For visibility of target, the mean score was 4.58. For visibil-
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ity of nearby organs, the mean was 4.62, and for overall image
quality the mean was 4.62. In the healthy volunteers, the mean
time to recontour the target, or adaptive recontouring time (ART)
for each case was 15.7 min (range 4–35). In the first 18 clinical
SMART cases, ART was 16.1 min (range 7–33). There was no statis-
tically significant difference in ARTs between healthy volunteer
simulated treatments and clinical treatments. (p = 0.8860).

Initial difficulties with contouring during the simulated healthy
volunteer pancreas treatments resulted in the multi-disciplinary
treatment team meeting with a radiologist and radiation oncolo-
gist with expertise in pancreatic cancer, in order to improve in
accuracy of initial and adaptive contouring for pancreas targets
and organs-at-risk. Use of water as an oral contrast also led to bet-
ter delineation of the duodenum on MR images, facilitating con-
touring. Representative SMART plans for the treatment of a mock



Table 1
Optimal Simulation Parameters.

Target Immobilization Body
Position

Arm position Coil placement Breathing Other specifications

Pancreas Knee cushion, mat Supine Arms down by side Abdomen Breath-hold NPO 3 h, Water 15 & 30 min prior
Prostate Footblock, mat Supine Arms on chest Pelvis/lower abdomen Free-breathing Half full bladder, empty rectum
Lung Knee cushion, mat Supine Arms down by side Thorax Breath-hold If near stomach: NPO 3 h
Adrenal Knee cushion, mat Supine Arms down by side Abdomen Breath-hold NPO 3 h

Fig. 4. Pancreas radiation treatment in a healthy volunteer versus patient. A) Images from a treatment plan of pancreatic cancer (targeting the normal pancreas) in a healthy
volunteer are shown. B) Images from a treatment plan for pancreatic cancer in a patient are shown. C) Isodose levels are displayed.
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pancreatic cancer in a simulated treatment in a healthy volunteer,
and in a treatment of a pancreatic cancer in a patient are shown in
Fig. 4.
74
Discussion

SMART requires multi-disciplinary collaboration for successful
implementation and introduces new radiotherapy workflows, cre-
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ating challenges for effective clinical implementation at centers
new to this technology. In addition, accepted standards do not
yet exist for simulation parameters, image quality and contouring
across disease sites. In this study, healthy volunteer scans were uti-
lized to optimize simulation parameters and to practice adaptive
recontouring and simulated treatments across a range of disease
sites. During HV scanning, similar adaptive recontouring times
were achieved for HVs as were ultimately achieved for patients,
suggesting that the HV study provided an effective simulated clin-
ical environment. In addition, the variety of organs targeted in the
HV scans compared favorably with the initial clinical case variety.

HV scanning enabled for end-to-end testing of all components
of SMART, with the exception of actual beam-on time. Although
beam-on time was not tested in HVs, this was tested in phantoms.
A checklist for effective SMART delivery was developed and imple-
mented during HV scans prior to clinical implementation. Utilizing
team-based simulation, the HV scans allowed for practice of com-
plex workflows in a non-clinical environment, removing the risk
for harm and time pressures that accompany clinical care.

Simulation-based education (SBE) is an active area of research
in radiation oncology [34]. SBE has been successfully applied to
brachytherapy training [35–37] and training in on-call treatments
[38], but to the authors’ knowledge this is a novel use of SBE, and is
well-suited to the nature of SMART. With the rise of MR-guided
radiotherapy, healthy volunteer scans play a critical role in
sequence and workflow optimization [39,40], as well as providing
a non-clinical training environment. Similar SBE workflows could
be utilized to train residents prior to involvement in patient cases.

Despite these advantages, this study was not without limita-
tions. The success of our healthy volunteer program required will-
ingness of healthy adults to undergo scanning. It may not be
possible for all centers to have access to willing volunteers. In addi-
tion, prior to our clinical implementation of SMART, organs were
selected for simulated treatment in HV cases based on review of
organs treated by other centers [21,41]. However, it was not possi-
ble to predict all clinical scenarios and additional organs were later
identified that could have benefited from HV scanning. Addition-
ally, the healthy volunteer study excluded individuals with chronic
illness, poor performance status, or implants, characteristics which
are present in a patient population; thus, the healthy volunteer
study was not able to fully replicate the clinical environment.
Patient factors such as presence of implants, inability to breath
hold due to respiratory or other illness, or lack of abdominal fat,
can impact image quality, requiring adjustment in workflows
beyond what was addressed in the healthy volunteer study. In
addition, only a limited number of image quality features were
assessed, and the assessment was primarily qualitative. This study
utilized the same noncontrast sequence for all targets; however,
alternative sequences or use of intravenous contrast may improve
visibility of some targets, such as liver tumors. Future work should
compare imaging and simulation parameters with more quantita-
tive measures such as signal to noise ratio. Additional work is also
needed to aggregate results from experiences across centers and
across vendors [26], which will better inform the most optimal
parameters for SMART.

Although this study was not without limitations, our study in
healthy volunteers demonstrated acceptable image quality across
a variety of organs prior to clinical implementation of SMART
and allowed for team-based training in complex workflows in a
simulated clinical environment. Ongoing scanning in our depart-
ment in healthy volunteers is aimed at further refinement of treat-
ment protocols and expanding the variety of disease sites treated
with SMART. Future work is needed to determine the optimal
number of simulated cases per disease site required prior to clini-
cal implementation of SMART.
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