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Editorial MReadings: MR in RT

Yue Cao, Ph.D., FAAPM, professor of Departments of Radiation Oncology,
Radiology, and Biomedical Engineering, University of Michigan, has led

a functional imaging laboratory for development of MRI acquisition and
reconstruction techniques, image processing and physiological information
quantification primarily related to radiation therapy (RT) applications and
utilities for 20 years.

Dear readers and colleagues,

Since its introduction as a diagnostic tool in the 1980s, MRI has been used to support
radiation target definition for intracranial tumors. Thanks to world-wide availability and
numerous technological advancements, MRI is now used routinely for delineation of
gross tumor volumes and organs-at-risk for RT treatment planning for a large variety of
indications including primary and metastatic brain tumors, hepatocellular carcinoma,
rectal cancer, prostate cancer, breast cancer and nasopharynx cancer. 4D-MRI supports
management of respiratory motion for abdominal tumor treatments. Multiparametric MRI
has been explored for definition of tumor sub-volumes to be targeted for focal radiation
boosting as well as for mapping the heterogeneous function of organs-at-risk to guide
individualized treatment strategies for better tumor local control and reduction of normal
tissue toxicity.

To help support robust and efficient utilization of MRl in RT, the seven articles in this
volume discuss techniques, experiences and barriers in MR-only workflows, geometric
distortion management, dose calculation based on MRI-synthesized CT, and quality
assurance as well as MRI-based motion management strategies for treatment planning of
liver and breast cancers.

/w/m

Yue Cao

2 siemens-healthineers.com/magnetom-world-rt
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Introduction

Radiation therapy (RT) planning is classically based on
computed tomography (CT). This derives from the fact that
the CT voxel values, i.e., Hounsfield units (HU), have a
monotonic correlation with the electron density, which

in turn is required for the dose calculations in RT plans [1].
Improved results may be achieved with dual-energy CT
(DECT) [2]. Nonetheless, while CT and DECT imaging are
the preferable methods for performing dose calculations,
additional imaging modalities have been introduced to the
RT workflow during the past decades to improve the identi-
fication and contouring of target volumes and organs at
risk (OAR). The use of positron emission tomography

(PET) and magnetic resonance (MR) imaging as additional
modalities is nowadays the standard of care for multiple
treatment sites [3, 4]. In particular, the use of MR for RT

is currently rapidly expanding, partly driven by the clinical
introduction of hybrid MR-linac systems [5, 6]. Target and
OAR contouring is therefore preferably performed on the
MR data, exploiting the superior soft-tissue contrast and
functional information acquired using dedicated sequenc-
es. The use of the CT data during treatment planning is
then limited to dose calculation. In order to simplify the
workflow and reduce the patient’s radiation exposure,
replacing the planning CT examination with “synthetic CT”
(sCT) derived from the MR data has been proposed [7].
This would pave the way for MR-only RT planning. The
seminal work by Han in 2017 has demonstrated the superi-
ority of deep learning (DL) approaches for converting MR
to sCT [8]. Figure 1 shows the rapid and steady expansion
of this research field. Several commercial solutions are now
available, and the value of sCT for dose calculation and

matching to cone beam CT (CBCT) or kV imaging on image-
guided RT (IGRT) linacs for patient positioning has been
reported [9-12]. Novel challenges and dedicated solutions
have been described for performing MR simulations in the
RT position, including immobilization equipment [13].
Quality assurance guidelines are available for MR scanners
used in RT applications [14], but only limited experience

is available in the literature for patient-specific quality
assurance of sCT data generated with DL approaches [15].
In this report, we focus on the clinical commissioning of
the dose calculation and the implementation of patient-
specific quality assurance for this task.

Evolution synthetic CT investigations
with deep learning approaches
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Evolution of the research field' of deep learning-generated
synthetic computed tomography for radiotherapy planning.

"Search query: (“’synthetic ct” or “sct” or “pseudo ct” or “synthetic computed tomography” or “pseudo computed tomography) and (“radiotherapy”™ and “dose™)

and (“deep learning™ or “neural network™ or ““artificial intelligence™)”
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Clinical workflow for RT planning

Imaging data acquisition

CT and MR data acquisition is the first task to be completed
for the treatment-planning workflow. If eligible for MR
examinations, male patients referred for pelvic RT at the
Radiation Oncology Department of University Hospital
Zurich are examined for both modalities in the RT treat-
ment position. This setup includes a flat table top, flex
body coils fixed on arcs to avoid compressing the abdomen
and deforming the patient contour, and knee and feet rests
to achieve reproducible patient positioning. MR simulations
are performed on a 1.5T MAGNETOM Sola scanner
(Siemens Healthcare, Erlangen, Germany), and CT simula-
tions are performed on a SOMATOM Definition AS scanner
(Siemens Healthcare, Forchheim, Germany). The MR
examination includes sequences dedicated to diagnostics
and contouring, adjusted to our institutional requirements
(T1 StarVIBE, T2 turbo spin echo, diffusion-weighted imag-
ing). Siemens Healthineers provided sequences for sCT
generation (T1 VIBE/Dixon). The total examination time
ranges from 30 to 45 minutes. The latter is acquired with

a native resolution of 1.6 mm in-plane and 2 mm slice
thickness with transversal orientation. The coverage is

up to half of the L1 vertebral body and includes couch
markers positioned posterior to the patient. All sequences
are acquired with activated 3D distortion correction and
cardinal slice directions (transversal, sagittal, or coronal)
without any tilt angles. The data is then sent to the
hospital’s PACS and the department’s treatment planning
system (TPS) for diagnostic reporting and RT treatment
planning, respectively.

Blended CT - sCT

Radiation Therapy

Synthetic CT generation

The MR Dixon scans are reconstructed directly at the scan-
ner to produce four 3D images: in-phase, opposed-phase,
water, and fat. The first two reconstructions are provided
as input data for syngo.via RT Image Suite VB60 (Siemens
Healthineers, Erlangen, Germany) to generate an sCT with
continuous HU values matching the anatomy of the MR
Dixon. Acquiring the dedicated sequence requires up to

5 minutes, which is similar for the sCT reconstruction,
which sums up to a total time burden of up to 10 minutes.
The process is performed while the patient is still inside the
bore for the acquisition of additional diagnostic sequences.
Therefore, if artifacts (e.g., due to erroneous FOV position-
ing) or uncommon anatomies (e.g., excessive rectal filling)
are observed in the Dixon and sCT, these can be repeated
at the end of the examination without requiring an addi-
tional appointment for the patient. A prompt inspection

of the sCT reconstruction can be performed directly at the
scanner using syngo.via RT Image Suite. Figure 2 shows

a comparison with the planning CT performed in the

Aria Eclipse V16.1 TPS (Varian, a Siemens Healthineers
Company, Palo Alto, CA, USA).

Data post-processing for the TPS

The reconstructed MR and sCT data are transferred to
MIM (MIM Software Inc, Cleveland, OH, USA) for post-
processing, and then to the Aria Eclipse TPS for treatment
planning. All data transfers are automated and performed
via DICOM node. Aria stores the incoming DICOM data as

HU comparison profile

Comparison of sCT and planning CT data with checkerboard blending of the two images (2A). The PTV contour is reported in red.
The line profiles with corresponding HU values in the left-to-right patient direction through the PTV are shown (2B).

siemens-healthineers.com/magnetom-world-rt 5
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2D slices, and the generation of the 3D volumes for select-
ed sequences is automated by assigning an RTStruct in
MIM before the last DICOM node transfer. Further post-
processing, such as renaming the 3D volumes according

to institutional guidelines, is automated using ESAPI scripts
developed in-house. The sCT is resampled to a resolution
of 1 x 1 x 1 mm?3in order to provide adequate and stan-
dardized resolution for support structures and contours

in the TPS. The support structures include the IGRT linac
couch top, which should be included at the correct location
to calculate the shifts used during the daily positioning,

to evaluate the clearance of the linac gantry rotation, and
to compute the dose considering the couch attenuation.
The procedure for correctly placing the support structure

is shown in Figure 3. Finally, contouring is performed in
the dedicated Aria application. The MR sequences and the
sCT share the same frame of reference UID and are there-
fore intrinsically registered. Since there may be a time

MR Dixon

\"_

]

D
Perform MR scan with

markers on top of couch

Blended MR - sCT

Position couch in TPS
with blended images

MReadings: MR in RT

difference of up to 45 minutes between the first Dixon
acquisition and the last diagnostic MR sequence, physio-
logical changes (e.g., bladder filling) or patient movement
(e.g., relaxation of the dorsal and gluteal muscles) might
occur. In such cases, the MR dataset is extracted from the
frame of reference, registered to the Dixon and sCT by

an experienced radiation oncologist, and then used for
contouring. The structure set is always assigned to the sCT.

Dosimetric commissioning

Volumetric modulated arc therapy (VMAT) treatment plans
are prepared in the Aria Eclipse V16.1 TPS (N = 10 patients
in this study). The settings used are beam quality 6X, two
full arcs with opposed gantry rotation and different colli-
mator angles, activated jaw tracking, and dose-to-medium
calculation with Acuros V16.1 using a 1.5 mm grid resolu-
tion and normalization on the PTV Dmean. The plans are

Synthetic CT

9"\0

NHET G el

Treatment planning on sCT
with couch inserted

B Procedure for support-structure positioning in the TPS. (3A) MR markers are placed on top of the flat couch during the MR simulation.
(3B) The markers are visible in the blended MR-sCT view and can be used for the IGRT couch positioning. (3C) Treatment planning on

the sCT can proceed with the IGRT couch correctly placed.
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n The point-wise absolute dose-difference map between the calculation on the CT and the sCT is shown for an example patient with prescription
5x 7.25 Gy (4A). Line profiles with the relative dose differences in the anterior-posterior and left-right direction crossing the PTV center are
also reported (4B). Reference horizontal lines at 0% and + 2% relative deviations are reported in grey and red, respectively.
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optimized on the sCT and rigidly copied and recalculated
with a preset number of monitor units (MU) on the CT.
Figure 4 shows a qualitative evaluation of the dose differ-
ences between the two calculations for an example
patient. The quantitative analysis of multiple dose volume
histogram (DVH) points is reported in Figure 5. The statis-
tical analysis is performed with a Z-test (variance 1%,
significance level p = 0.05, testing H: dose difference

is 0%) in line with previous literature [16].

Radiation Therapy

Patient-specific quality assurance

National and international recommendations for patient-
specific quality assurance (PSQA) of intensity-modulated
RT plans prescribe the use of independent secondary
calculation software to verify the correctness of the MU to
be delivered [17]. We use a similar approach for PSQA of
the electron density map on which the dose is calculated,
which in turn affects the number of MU predicted by the

Differences in DVH dosimetric points between sCT and CT

Quantitative analysis
of four DVH dosimetric

PTV Dmean

o|—]—{

PTV D2% | |

Rectum D2% -

Bladder Dmean -

points. The differences
between dose calcula-
tion on sCT and CT are
summarized with box
plots (left). Reference
vertical lines at 0% and
+ 2% relative deviations
are reported in grey and
red, respectively. The
statistical Z-test shows
that all parameters

are non-significantly

(p = 0.05) different from
zero (right).
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Contours legend:
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Planning CT
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Electron density maps for dose calculation with increased complexity

n Patient-specific quality assurance approach with independent electron density maps of increasing complexity.
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bulk densities (ii) right) and the reference calculation on the sCT. Reference horizontal lines at 0% and + 2% relative deviations are reported

in grey and red, respectively.

DVH point PTV Dmean PTV D2% Rectum D2% Bladder Dmean
Relative deviations
Water—sCT 1.7+£0.51% 2.06 +0.6% 1.65 +0.98% 0.45+0.31%

(Mean = Stdev)

Relative deviations
Bulk densities—sCT
(Mean = Stdev)

0.34+0.27%

0.51+0.37%

0.51+0.41% 0.02+0.1%

Table 1: Summary of the dose deviations observed between the investigated PSQA methods and the reference calculation on the sCT.

primary and secondary dose-calculation algorithms. The
process is shown for an example case in Figure 6. The
ground truth data is the Dixon MR and, when available,
the planning CT. Four different models are evaluated to
generate independent electron density maps: (i) bulk over-
ride of the patient body? with water, (ii) bulk overrides of
four tissue classes® based on contours generated on the
Dixon MR, (iii) synthetic CT, and (iv) the planning CT. The
electron density maps (i) and (ii) are generated with a
dedicated ESAPI script in Aria Eclipse V16.1. The electron
density map (iii) is generated in syngo.via RT Image Suite
VB60. The planning CT (iv) is not considered in the follow-
ing, assuming that it is not available for PSQA in an MR-
only RT context. For the N = 10 patients included in the
study, the differences in dose calculation between (i) and
(i) and the synthetic CT (iii) are reported in Figure 7 and
Table 1. The method (i) shows outliers above 2%, but none
above 4%, and systematic positive dose deviations. The
method (ii) does not lead to any outlier above 2%, and the
average dose deviations are within 1%.

2Body contour defined on the Dixon MR.
3HU(Air) = -1000, HU(Bone) = +400, HU(Fat) = -75, HU(Soft tissue) = +7.

8 siemens-healthineers.com/magnetom-world-rt

Discussion

The transition toward MR-only RT relies on the availability
of high-quality sCT, which should replace the need for a
planning CT examination. This study reports on the results
of dose calculations obtained using MR data acquired on

a 1.5T MAGNETOM Sola scanner and then used to generate
sCT with continuous HU on the syngo.via RT Image Suite
VB60 software. The qualitative evaluation of the HU recon-
struction (Fig. 2) and dose maps (Fig. 4) show the high
level of equivalence between sCT and CT. The quantitative
analysis (Fig. 5) shows non-significant dose differences
between calculations performed on sCT and CT. These
results support the use of sCT for treatment planning and
dose calculation in the context of MR-only RT, without the
need for a planning CT examination. This study also evalu-
ates the PSQA methods to be used to verify the quality of
the dose calculation on sCT if the planning CT data is not
available, i.e., after the go-live phase in the clinical MR-only
RT implementation. The use of an easily implementable
but naive recalculation of the treatment plans on bulk
water may be valuable for identifying potential outliers
with large errors in the HU reconstruction of the sCT,
which lead to dose deviations above 5%. A more resource-
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intensive approach requiring the contouring of four tissue
classes on the Dixon MR is a robust method for potentially
identifying smaller reconstruction errors leading to dose
differences within a 2% threshold. These results should

be compared to typical limits for PSQA recommendations
that require MU equivalence between the primary and
secondary dose calculation engines to the 3% level [17].
Moreover, generating data with DL approaches leads to
an sCT that is based on large amounts of data in the soft-
ware’s training phase, is realistic, and can be inspected
with dedicated applications. However, it does not allow
direct human interpretation of the underlying conversion
processes of MR to sCT. On the other hand, in the case of
dose differences during the PSQA process, adopting a
method based on bulk densities allows human interpret-
ability. This approach provides the simultaneous use of

a data-driven method (sCT) for the RT plan, and a prepara-
tion- and knowledge-driven one (bulk densities) for PSQA
[18], which we combine to achieve a robust clinical imple-

mentation. Furthermore, a comprehensive PSQA procedure

should encompass the validation of data-transfer integrity
between the MR scanner, TPS, and DL for sCT generation.
This study does not address these particular aspects. The
primary focus of the current investigation is the dose-

calculation QA for sCT. Nevertheless, it is crucial to consider

other QA aspects as well, such as sCT-to-CBCT or sCT-to-kV
matching on an IGRT linac, end-to-end testing, and
imaging QA for the MR scanner.
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Introduction

Stereotactic body radiation therapy (SBRT) is increasingly
being used to manage primary and metastatic liver tumors
[1-3]. Accurately accounting for respiratory motion is
imperative when targeting liver tumors with radiation.
Strategies such as abdominal compression and breath-
hold have been used to reduce tumor motion, though
many patients cannot tolerate these strategies due to coex-
isting comorbidities and poor performance status. For
these patients, four-dimensional computed tomography
(4D-CT) is used to estimate tumor motion throughout the
respiratory cycle and generate internal target volumes
(ITVs) for radiotherapy treatment planning. However,
delineating liver tumors on 4D-CT is very challenging
because of its inherent poor soft tissue contrast. These
tumors can only be visualized using intravenous contrast,
which is eliminated from the liver quickly, creating practical
challenges in correctly timing contrast administration with
image acquisition. Contrast-enhanced 4D magnetic reso-
nance imaging (4D-MRI)" offers a promising strategy for
directly visualizing liver tumor motion. The superior soft
tissue contrast of MRI and long usable duration of hepato-
biliary MRI contrast allows the visualization of tumors
throughout the respiratory cycle [4,5].

Prior studies have demonstrated 4D-MRI acquisition
using multi-slice 2D or 3D sequences with Cartesian
or non-Cartesian sampling trajectories [6—10]. Despite

increased interest, clinical implementation of 4D-MRI
technology has been limited because it requires specialized
acquisition protocols, reconstruction techniques, and hard-
ware. In this study, we adopted a novel 4D-MRI technique’
that performs continuous volumetric scanning with
self-gating and retrospective respiratory binning that can
capture irregular respiratory motion. We assessed the
feasibility of using 4D-MRI in target volume generation

for liver tumors and compared 4D-MRI with 4D-CT in

terms of liver tumor clarity and the dosimetry of radiation
treatment plans [11].

Materials and methods

Image acquisition and reconstruction
Twelve patients undergoing SBRT to the liver were
prospectively recruited into this IRB-approved study. All
patients received same-day 4D-CT and 4D-MRI simulation
using identical positioning and immobilization. 4D-CT
scans were acquired over a single respiratory cycle
(120 kVp, 0.98 x 0.98 mm voxels, 3 mm slice thickness,
scan time ~1 minute) and retrospectively binned using
8-phase reconstruction (SOMATOM Definition AS,
Siemens Healthcare, Forchheim, Germany).

MRIs were acquired on a 3 Tesla MRI simulator
(MAGNETOM Vida, Siemens Healthcare, Erlangen,

"Work in progress. The application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.

10 siemens-healthineers.com/magnetom-world-rt



MReadings: MR in RT

Germany) using a large 18-channel UltraFlex coil
suspended from a coil bridge and a 32-channel spine coil.
4D-MRIs were acquired after injection with hepatobiliary
contrast (gadoxetic acid) [12] using a T1-weighted 3D
fast gradient echo sequence acquired in the axial plane
with a golden-angle stack-of-stars sampling trajectory
(TE/TR=1.4/2.8 ms, 1.3 x 1.3 mm voxels, 3 mm slice thick-
ness, FOV = 380 x 380 mm?, 64-72 slices) [13]. 4D-MRI
k-space was filled continuously over multiple respiratory
cycles (scan time ~8-10 minutes). A self-gating signal
(SGS) was extracted from the k-space center and used as
a respiratory motion surrogate. The Advanced 4D MRI'
research sequence was used to provide a binning option
that separates inhalation and exhalation in the SGS-based
motion trace. For consistency with CT, the total number of
respiratory bins was chosen as 8. The SGS waveform was
first segmented into 4 amplitude bins, and then data in the
same bin were separated into inspiration and expiration
groups according to the direction of the motion. After
respiratory binning, images were reconstructed using a
standard radial re-gridding algorithm.

To identify reqular and irregular breathers, breathing
regularity was quantified using the SGS waveform.
The peak-to-trough range and mid-level amplitude (i.e.
(peak-amplitude + trough-amplitude) / 2) were calculated
for each respiratory cycle. The average mid-level amplitude
across all cycles normalized by the average peak-to-trough
range was used as the regularity score. Subjects with the
score greater than 20% were defined as irregular breathers.

Image analysis

Image quality was assessed using a 4-point Likert scale

(‘clarity score’). Images were scored as follows:

1 diagnostic quality,

2 non-diagnostic, but clearly demarcated lesion,

3 less clear borders but definable for treatment
planning, and

4 lesion undefinable for treatment planning.

Images for each patient were reviewed concurrently by two
radiation oncologists and a consensus score was assigned
for the end-inspiration and end-expiration phase of each
binning technique. Paired t-tests were used to compare
images and differences were considered statistically signifi-
cant if p-value < 0.05.

Radiotherapy target delineation and

treatment planning

Targets were independently contoured on the 4D-CT and
4D-MRI scans by two radiation oncologists. Gross target
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volumes (GTV) were contoured on each image phase and
internal target volumes (ITV) were generated by summing
the GTVs. Planning target volumes (PTVs) were generated
by expanding ITVs 8 mm vertically and 5 mm in all other
directions. Volumetric information for MR- and CT-derived
PTVs were extracted and compared using paired t-tests.

4D-CT and 4D-MRI datasets were co-registered by
fusing ITVs in the corresponding end-expiration phases.
For patients with multiple lesions, separate registrations
were performed for each target to account for liver com-
pressibility and rotation. For each patient, a planning CT
was generated from the mean intensity projection of the
4D-CT images. All PTVs were transferred to, and OARs
were contoured on, this average 4D-CT dataset. To assess
dosimetric impacts of MR-derived (PTVMRI) and CT-derived
(PTV,,) targets, radiation plans were optimized separately
on each dataset according to the target prescription and
OAR objectives used clinically for each patient.

Treatment planning was performed in RayStation
(v.7.0 RayStation Laboratories, Stockholm, Sweden) using
10 MV or 10 FFF photon coplanar volumetric modulated
arc therapy. Targets were treated to a median dose of
50 Gy in 5 fractions. To maintain consistency and ensure
plan quality, all plans were created by a single planner
who followed the same workflow that is implemented for
clinical patients. To minimize the introduction of biases
towards MR- versus CT-optimized plans, each patient’s
plan was initialized using the same beam orientation
and optimization objectives. Thereafter, objectives were
adjusted independently during plan optimizations to pro-
duce clinically acceptable plans. The proportion of the
PTVs receiving 90% of the prescription dose for MR- and
CT-derived targets was extracted from the plans optimized
for the respective targets. To assess the MR target coverage
using CT-optimized plans used in current practice, the PTV
coverage for the MR-derived targets was also extracted
from the CT-optimized plan. The PTV coverage for MR-
derived targets on the MR- and CT-optimized plans were
compared to the coverage of CT-derived targets using
paired t-tests.

Results

Image acquisition

4D-MRIs were obtained for twelve patients with a total of
17 liver tumors. Of the twelve patients, six were classified
as regular breathers and six as irregular breathers. Example
axial and coronal views of regular and irregular breathers is
shown in Figure 1, along with their corresponding respira-
tory traces and binning results. The binning algorithm was

siemens-healthineers.com/magnetom-world-rt 11
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found to be robust to both regular (Fig. 1A) and irregular Radiotherapy target delineation and
(Fig. 1B) breathing patterns. treatment planning

Image quality was assessed using a 4-point clarity On average, there was no significant difference between
score, with lower clarity scores corresponding to superior volumes of MRI-derived and CT-derived targets (39 cc vs.
image quality, as shown in Figure 2. Clarity scores were 44 cc, respectively, p = 0.44). Analysis of the radiation
significantly better for 4D-MRI versus 4D-CT (1.2 + 0.4 and plans revealed no significant difference between the
3.5+ 0.7, respectively, p < 10°). No liver tumors were dosimetric coverage of 17 CT-derived and MR-derived PTVs
rated 4 on any 4D-MRI because all lesions were definable on the plans optimized for their respective volumes (PTV
on all phases regardless of the binning algorithm. No liver receiving 90% of prescription: 89.38% vs. 90.61%, respec-

tumors were rated 1 or 2 on any 4D-CT.

\
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n Comparison of images and respiratory binning for patients who breathed (1A) regularly and (1B) irregularly. A 30-second segment of the
respiratory self-gating signal (SGS) is also displayed for each binning option. Each point in the waveform has a timing correspondence to
a segment of k-space data acquisition, and the color represents the bin index assigned to the data.

Atlas depicting the Likert-4 scale qualitative assessment of image quality of tumors on 4D-MRI (2A) and 4D-CT (2B) reconstructions.
Score legend: (1) diagnostic quality, (2) non-diagnostic, but clearly demarcated lesion, (3) less clear borders but definable for treatment
planning, and (4) lesion undefinable for treatment planning. There were no 4D-CT images scored at values of 1 or 2.
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tively, p = 0.68) demonstrating similar plan quality for the
targets. However, a comparison of the PTV coverage on the
CT-optimized plan revealed significantly lower coverage of
MR-derived compared to CT-derived targets (PTV receiving
90% of prescription: 75.56% vs. 89.38%, p = 0.002),
indicating that planning to the 4D-CT-derived target would
result in underdosing of the tumor (Fig. 3). There was

no significant difference in the mean liver dose including
the PTVs (16.34 Gy vs. 15.2 Gy, respectively, p = 0.29)

or the doses to additional organs at risk for CT- and MR-
optimized plans (p > 0.05), as OAR sparing had priority
over target coverage.

Discussion

Accurately delineating liver tumors is essential for deliver-
ing radiation dose to the desired targets while minimizing
radiation to normal tissues. In this study, we demonstrate
the feasibility of using contrast-enhanced 4D-MRI for the
direct visualization of liver tumors throughout the respira-
tory cycle for ITV generation. Estimating the motion of
liver tumors on 4D-CT is fraught with uncertainty because
detailed internal anatomy cannot be seen. In contrast, the
reliable direct visualization of liver tumors during the
respiratory cycle using 4D-MRI facilitates the production
of ITVs that accounts for respiratory hysteresis and

tissue compressibility.

We adopted a 4D-MRI technique that performs contin-
uous volumetric scanning with self-gating and respiratory
binning using a 3D T1-weighted fast gradient echo
sequence and a golden-angle radial acquisition scheme.
This acquisition scheme is inherently more robust to
motion artifacts compared to Cartesian acquisition and
allows high-frequency sampling of the center of k-space,
from which a respiratory motion trace can be derived.

As the motion trace is extracted from the acquired data
itself, there is no need for external respiratory devices or
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surrogates. In contrast to 4D-CT acquisition, which acquires
data through a single respiratory cycle, this 4D-MRI
approach continuously samples breathing over several
minutes, with the final average over multiple respiratory
cycles potentially being more representative of patients’
normal breathing versus helical 4D-CT.

The dosimetric data demonstrated that the use of
4D-MRI may improve radiation targeting of liver tumors.

In our study, MRI-generated ITVs tended to be smaller

than CT-derived ITVs, although the difference was not sta-
tistically significant. Dosimetric data for radiation plans
showed similar coverage when optimized for CT-derived
and MR-derived targets and dose to adjacent organs at risk,
though the significantly lower MR-derived target coverage
on CT-optimized plans suggests that the current methods
of treatment planning may lead to tumor underdosing and
increase the risk of marginal misses. It is unclear how much
the difference in ITV generation contributes to the local
recurrence of tumors after SBRT, as tumor control is gener-
ally high (> 90%) but recurrences could be due to marginal
misses resulting from the under-contouring of tumor
positions during respiration. Additional research is needed
on the clinical impact using MR-based targets on tumor
control and tissue toxicity.

Reducing MRI acquisition time is advantageous for
many reasons including increased patient comfort and
hospital throughput. One method for MRl acceleration is
through compressed sensing (CS), however, the effects of
CS acceleration on 4D-MRI in the context of radiotherapy
treatment planning has not yet been investigated. Our
group is investigating the compressed sensing capabilities
currently available in the Advanced 4D MRI research
sequence. Figure 4 shows example axial and coronal views
of a (4A) 4D-CT, (4B) original 4D-MRI (~10-minute acquisi-
tion), and simulated 4D-MRI acceleration rate (R) of
(4C) R = 2 (~5-minute acquisition), (4D) R = 3 (~3.3-minute
acquisition), and (4E) R = 6 (~1.7-minute acquisition).

B (3A) Example axial slice of a radiation

PTV, (CT plan) treatment plan optimized using
PTV,5 (MRI plan) CT-derived target volume ('CT plan’).

100%

v The inner white line shows the
PTV CT-derived target (PTV,,), the outer

920% — % H

X T MRI‘an) white line shows the MR-derived
P target (PTV,,.), and the colored

80%

regions correspond to isodose lines.

70%

e (3B) A boxplot distribution for all
17 PTVs covered by 90% of the

= prescription dose shows a similar
distribution of PTV coverage between

60%

50%

CT-derived (gray) and MR-derived
(orange) targets on plans optimized
for their respective volumes and

40%

4 lower coverage of MRI-derived
(petrol) targets for CT-optimized

plans.
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n Example axial and coronal slices of exhale phase (4A) 4D-CT and 4D-MRlIs reconstructed using (4B) original 3000 spoke sampling and
acceleration factors (R) (4C) R =2, (4D) R = 3, and (4E) R = 6. The liver tumor is annotated using the yellow arrow in all axial planes.
Note that the 4D-MRI improves tumor contrast and resolves respiratory-induced motion artifacts relative to the 4D-CT.

Overall, there are many factors that can impact 4D-MRI
image quality, including the breathing pattern of the
subject, choices of sparsity constraints and regularization
weighting in the CS algorithm, and SGS signal processing.
The impacts of these factors are currently being investigat-
ed using a 4D MRI motion phantom.

Conclusion

This study demonstrates the feasibility of using hepatobili-
ary contrast-enhanced 4D-MRI to delineate gross liver
tumors directly throughout the respiratory cycle. The
lower coverage of directly visualized MRI targets in plans
generated using standard of care 4D-CT-derived targets
suggests that the adoption of 4D-MRI for motion manage-
ment may improve radiation treatment of liver lesions and
reduce the risk of marginal misses. Future investigations
will focus on impacts of compressed sensing acceleration
and ground-truth measurements in a 4D-MRI phantom.
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Introduction

The Contour 24 receive coil is flexible, lightweight, and
should not influence the patient’s body contour during
scanning. This makes it an attractive radiotherapy imaging
solution compared to the rigid setups offered by a rigid
coil and bridge frame.

In this study, we compare the image quality and
geometry parameters calculated from MR images of an ACR
MR phantom acquired using the Body 18 coil (a traditional
rigid design) and the Contour 24 coil. The aim was to
investigate any difference in performance of the two coil
solutions. Following this, the effect of the Contour 24
coil on the patient’s body contour was evaluated using
MR images acquired as part of a project evaluating the
synthetic CT (sCT) Dixon sequence available on the 1.5T
MAGNETOM Sola RT Pro Edition, an MRI RT simulator
(Siemens Healthineers, Erlangen, Germany). The Contour
24 coil was placed anteriorly over the pelvic region of

16 siemens-healthineers.com/magnetom-world-rt

eight prostate patients for the full scan protocol, which
lasted approximately 20 minutes (Fig. 1).

The prostate patients included in this study also
received a planning CT scan, which was used to generate
the treatment plan and for dose calculation. In order to
compare the body contour generated for the planning
CT with the body contour generated for the sCT, the CT
image data was used as the gold standard. The aim was
to confirm that the Contour 24 coil had no effect on the
sCT body contour by assessing its similarity to the planning
CT body contour, and to demonstrate that the sCT can be
used reliably for dose calculation in an MR-only workflow.

Methods

The image quality and geometry results from the weekly
QA using the ACR MR phantom were studied retrospectively.
A different receive coil is tested each week, providing 10

The Contour 24 coil is placed anteriorly
over the pelvic region of the patient. The
coil is flexible enough to rest comfortably
over the patient like a blanket.



MReadings: MR in RT

sets of results for the Body 18 coil and 16 sets of results for
the Contour 24 coil. The experimental setups used in the
QA are provided in Figure 2 and show the coil bridge that
is used in conjunction with the Body 18 coil. T1- and
T2-weighted axial images of the phantom are acquired
according to the protocol outlined in the ACR Quality
Control Manual using either the Body 18 or the Contour 24
coil and the Spine Coil located within the scanner bed. The
image quality and geometry results were calculated using
MR AutoQA Plus software (version 1.7.6.7, QA Benchmark
LLC, Maryland, USA) on both T1- and T2-weighted images.
They include high-contrast spatial resolution, slice thick-
ness accuracy, slice position accuracy, geometric accuracy,
image intensity uniformity, ghosting, signal-to-noise ratio
(SNR), and low-contrast detectability. The average and
standard deviation of each of these results were calculated
and used to compare the performance of the coils.

The similarity between the body contours generated

for an sCT and a planning CT acquired for eight prostate
patients was evaluated. The body contour was generated
using the Search Body tool in Eclipse’s Contouring
Workspace (Varian, a Siemens Healthineers Company,

Palo Alto, CA, USA) with a lower threshold of -350 HU

to detect the body's outline. Default post-processing

Radiation Therapy

parameters were used (Number of Largest Parts = 1,
Disconnect Radius = 0.2 cm, Fill All Cavities = 2-D All,
Close Openings Radius = 0.2 cm, Smoothing Level = 3).
The planning CT body contour was copied onto the sCT
dataset via a rigid registration between the planning CT
and the underlying Dixon images used to generate the
sCT. Both planning CT and sCT body contours were cropped
superiorly and inferiorly, encompassing the region from
the bottom of the ischial tuberosities to L5 (see Fig. 3).
This corresponds to the area of interest over which the
Contour 24 coil is placed during imaging.

The Boolean Operator tool was used to create an addi-
tional structure that included the volume common to both
planning CT and sCT body contours. The volumes of the
common structure, cropped CT body, and cropped sCT
body contours were recorded and the Dice similarity coeffi-
cient (DSC) was calculated as follows:

(2 x Volume 1,00 [€M?])

DSC=

3 3
(Volume, .., [cm?] + Volumes .. [cm3])

Mean and standard deviation DSC values were also
calculated, and any outliers were investigated.

Body 18 + Spine Coil setup

Contour 24 + Spine Coil setup

Setups for the weekly QA with the ACR
MR phantom for the Body 18 and Contour
24 coils. A bridge frame is used with the
Body 18 coil to hold the coil over the
phantom. Images are also acquired using
the Spine Coil located along the length of
the scanner bed.

Body contours generated by the planning CT (orange) and the sCT (green) were cropped to relevant patient anatomy prior to DSC calculation.

siemens-healthineers.com/magnetom-world-rt 17
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T1-weighted images T2-weighted images
QA result Expected result
Contour 24 coil Body 18 coil Contour 24 coil Body 18 coil
High-contrast spatial resolution <T1mm 1.0 mm 1.0 mm 1.0 mm 1.0 mm
Slice thickness accuracy 5+0.7 mm 5.0 mm 4.9 mm 4.4 mm 4.4 mm
Slice position accuracy 0+5mm 0.5 mm 0.3 mm 0.5 mm 0.3 mm
Geometric accuracy 190 =2 mm 190.5 mm 190.2 mm 190.6 mm 190.2 mm
Image intensity uniformity >87.5% 96.7% 95.4% 96.6% 96.6%
Ghosting <0.025 0.001 0.004 0.002 0.005
SNR Baseline 341 237 301 200
Spokes
Low-contrast detectability T1=30 34 34 33 34
T2=25
Table 1: Average QA results calculated from T1 and T2 data acquired with the Contour 24 and Body 18 coils.
Results -
Patient Number DSC
The average QA results calculated from the trending data
. X 1 0.984
of weekly QA are presented in Table 1. Most of the image-
quality and geometry results from T1- and T2-weighted 2 0.968*
images acquired with the Body 18 and Contour 24 coils 3 0.982
were similar, with slice thickness accuracy, slice position i
accuracy, geometric accuracy, image intensity uniformity, 4 0.986
and ghosting showing improvement with the Contour 24 c 0.977%
coil. The Contour 24 SNR was 44% (T1w) and 51% (T2w) )
higher than the Body 18 SNR. 6 0.981*
DSC values calculated for each patient are listed . 0.978"
in Table 2. The mean DSC calculated across all eight i
subjects was 0.979 with a standard deviation of 0.006. 8 0.985

The difference in volume between the sCT BODY and
CT BODY structures ranged from -5.57% (larger sCT BODY)
to +1.12% (larger sCT BODY).

Discussion

Both the Body 18 and Contour 24 coils have similar image
quality and geometry performance when assessed using
the ACR MR phantom. The image SNR is higher in the
images acquired with the Contour 24 coil, probably
because of its closer proximity to the phantom. The lower
SNR achieved with the Body 18 coil demonstrates the
downside of having to use a bridge frame to avoid altering
the patient’s body contour in a rigid coil setup.

18 siemens-healthineers.com/magnetom-world-rt

Table 2: Dice similarity coefficients calculated for each patient.

The lower DSC scores for patients 2, 5, 6, and 7 were
investigated and found to be related to anatomical and
positioning variations between the planning CT and sCT.
Patient 2 had significant bladder distension in the sCT,
causing anterior extension of the sCT body contour. Patient
5 had anteriorly located gas in the planning CT, which also
caused anterior expansion of the upper abdomen and
subsequently the CT body contour. Patient 6 had different
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Patient 5

Patient 2
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Patient 6 Patient 7

n Patients 2, 5, 6, and 7 had lower DSC scores that were related to anatomical and positioning variations between the planning CT and sCT:
(4A) bladder distension in sCT led to anterior extension of the sCT body contour; (4B) anterior gas led to anterior expansion of the upper
abdomen and subsequently the CT body contour; (4C) this patient with bilateral hip prostheses had different posterior fat distribution
between CT and MRI scans, which led to a larger sCT body contour in the posterior area of interest for the analysis; (4D) different anatomical
positioning between CT and MRI scans led to an extended CT body contour to the inferior of the region of interest in this study.

posterior fat distribution between planning CT and MRI
scans, which caused a larger sCT body contour in the
posterior area of interest for the analysis. Patient 7 was
positioned slightly differently between planning CT and
MRI scans, causing an extended CT body contour toward
the inferior of the region of interest for this study.

Patient 6 also had bilateral hip prostheses, and the
images show that image quality degradation is localized to
the implant and has no significant effect on the patient’s
overall anatomy/body contour.

Conclusion

The Contour 24 coil provided superior SNR results when
calculated from T1- and T2-weighted phantom images.
This is an advantage of being able to place the flexible
coil directly onto the object being imaged. Better SNR is
an advantage in MR imaging and provides higher quality
images for contouring, sCT generation, and functional
imaging in MR-only radiotherapy workflows.

Using DSC as a quantitative measure of similarity, a
comparison between planning CT-generated body contours
and sCT-generated body contours showed that the Contour
24 coil does not significantly alter the patient contour
during MRI scanning. In addition to being a lightweight
and flexible receive coil that can conform to the patient’s
anatomy to provide higher image SNR, the Contour 24
coil is an ideal solution for MRI scanning in radiotherapy

imaging applications. The results of this study provide
confidence that sCT geometry accurately reflects that
of the planning CT geometry within the clinical region
of interest and could be used for dose calculation in
MR-only planning.
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Introduction

Breast cancer is the most common cancer among women
[1]. Recently, in addition to computed tomography (CT),
soft-tissue MRI has been used to support image-guided

RT plans for breast cancer patients. For CT imaging, breast
cancer patients are immobilized in supine and prone
position [2]. However, diagnostic breast MRl is typically
performed in a prone patient setup, which can lead to
mismatch and registration errors. In the present work,

we propose a novel RT planning workflow for breast cancer
patients with free-breathing (FB) MRI measurements in
supine position (Fig. 1) and evaluation of motion in the
breast and organs-at-risk (OAR), without external surro-
gates for respiration, using a 4D respiratory self-gating
(4D MRI) sequence. We also assessed image quality for
organ depiction for contouring.

n Supine patient setup with coil in the MRI scanner.
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Methods

The proposed workflow uses the Qfix® (Avondale, AZ,
USA) breast board including arm holders, and the Qfix®
coil holder (RT-4546 Access Supine MR Breast Device,
RT-4546AA-01 Access Arm Support, RT-4546AW-01
Access Wrist Support) on a 1.5T scanner (MAGNETOM
Sola, Siemens Healthcare, Erlangen, Germany) in
combination with body array (anterior) and 48-channel
spine (posterior) coils.

Both arms were positioned overhead (Fig. 1) to mini-
mize the distance between the patient’s surface and the
18-channel body array coil, which would increase the
signal-to-noise ratio (SNR). No compression, no stereo-
tactic mask, no laser, and no marking devices were used.
Five healthy female volunteers were enrolled (n = 5; age:
56 + 9 years; weight: 68 + 17 kg; height: 167 =7 cm).

We performed routine clinical diagnostic protocols for the
breast, including T2w, T2w STIR, and RESOLVE DWI with
free breathing (Figs. 2, 3) in the treatment position.

In addition, we asked the volunteers for a deep inspira-
tion breath-hold (DIBH) to acquire a 3D GRE (VIBE Dixon,
Fig. 2D) that we could compare with the 4D MRI. The 4D
MRI is a self-gating respiration-resolved radial 3D GRE
sequence and we have optimized the contrast for OAR con-
touring. The 4D MRI protocol was optimized to reduce the
streak artifacts inherent to radial acquisitions by adapting
the number of radial views. Images are automatically
binned, or sorted, into discrete phases that correspond to
a patient’s distinct respiratory motion (Fig. 4). A respiratory
self-gating signal was extracted from the central k-space
samples and used as a respiratory surrogate signal.



MReadings: MR in RT Radiation Therapy

Diagnostic
scans:
(2A) T2 STIR,
(2B) T2W TSE,
(2C) RESOLVE
diffusion b800,
(2D) T1 VIBE
Dixon.

Filtered self-gating signal over time

n 4D MRI: T1 StarVIBE respiratory self-gating (RSG); stack-of-stars
trajectory with radial in-plane sampling acquired with golden-
angle and cartesian partition encoding [3].

Lymph node depiction in coronal and axial orientation, visible here
with 4D MRI average coronal (3A) and diffusion-weighted
RESOLVE SPAIR b800 transversal (3B).

Motion of the target volume and OAR was assessed over FOV 420 x 420 mm, matrix 288 x 288, slice thickness

seven phase bins, with 3500 radial views. 4D MRI was 3 mm, 64 slices, TA 8:35 min, slab-selective excitation,
applied in axial orientation from jugulum to liver, and 890 Hz/pixel). In addition to the seven bin images, an

in coronal orientation from nipple to posterior lung average image was reconstructed (Fig. 5C).

lobes (each with TE 2.46 ms, TR 3.6 ms, FA 10°,
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Organ motion in free breathing was quantified by measur-
ing the minimum distance between the heart (OAR) and
chest wall at end-of-exhale, at end-of-inhale, and in DIBH
[4]. In addition, the anterior-posterior and lateral relative
OAR motion (OAR movement between inhale and exhale)
for the heart and chest wall were assessed [5].

Results

Patient positioning in supine takes less than five minutes
and improves patient comfort compared to prone position.
Despite a greater distance between body surface and
body coil, high clinical image quality was achieved for all
contrasts (Figs. 2, 3, 5) for potential lesion detection [6].
Although for all contrasts, the same number of lymph
nodes was visible (Fig. 2) in the axillary region, including
with the RESOLVE diffusion technique [6]. The heart, ribs,
breasts, liver, pancreas, aorta, muscles, soft tissue, spleen,
stomach, and spine could be contoured with 4D MRI
(Figs. 5, 6) and clinical weighted images.
We observed negligible chest movement between
FB exhale and FB inhale (0.1 = 0.1 cm, Table 1). This small
amplitude might be due to the patient’s arms-up position-
ing. We also observed very little chest motion when volun-
teers were positioned and breathing freely.

MReadings: MR in RT

The OAR motion is clearly in the head-feet direction. The
distance between chest wall and heart was measured on
transversal images with the nipple in the views. The heart
has limited right-to-left motion between end-of-inhale and
end-of-exhale (0.3 £ 0.1 cm). To assess the reproducibility
of the patient setup, we measured the same volunteer
twice at a one-day interval. We found very similar organ
positions and movements in the two scans: The heart—
chest wall distance in axial views was 1.6 + 0.5 cm,
1.9+0.1cm, and 2.1 = 0.8 cm for FB exhale, FB inhale,
and DIBH, respectively.

With 170 breathing cycles per bin, the 4D MRI strongly
reduces the impact of irregular breathing on image quality
compared to 4D CT acquisition.

Discussion

The new breast MR-in-RT workflow in supine position
allows breast and OAR depiction and motion evaluation
with sharper images in end-of-exhale and a head-feet
direction.We have shown that z-coverage comparable to CT
examination is feasible in routine with different contrasts.
Our approach could fulfil the need for, e.g., partial
breast irradiation, identification of marker clips, guidance
for small cavities, and irradiation after tumor resection in

Median distance FB end-of-exhale

FB end-of-inhale DIBH

Heart—chest wall 24+15cm

3.0+x1.7cm 4.0x3.8cm

Table 1: Median distance between heart and chest wall in different breathing states.
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Axial views of the
depicted breast and
OAR in different
breathing phases:
(5A) 4D MRI Bin 1,
end-of-exhale;

(5B) 4D MRI Bin 7,
end-of-inhale;

(5C) 4D MRI average
(sum of all radial
views of 4D MRI);
(5D) T1w VIBE Dixon
in DIBH. Protocol can
be set forup to 10
bins.
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free breathing. It could therefore optimize treatment for
patients who cannot hold their breath. These patients
might have difficulty holding their arms up after surgery,
and MRI systems typically have smaller bore sizes than
CT scanners. Nevertheless, the technique appears to be
very promising for lymph node depiction in all contrasts
and 4D MRI phases. The clear contouring of the heart
(and OAR) in different phases would help reduce toxicity
by minimizing dose during treatment.

By positioning the patient in the same way as with
4D CT or DIBH CT planning, the approach could potentially
reduce registration errors. 4D MRI simplifies contouring
compared to 2D cine imaging without comprising on cov-
ering the proper number of slices or volume. It would be
interesting to evaluate margins in dose planning and the
clinical evidence for less toxicity.

Conclusion

We have demonstrated the usefulness of 4D MRI with
supine patient positioning in free breathing for treatment
planning [7]. The same approach could eventually be
extended to lung imaging at a lower field.

The new 4D workflow should play an important role
in contouring and analyzing target and OAR motion to
improve breast cancer treatment. Based on free-breathing
techniques, future synthetic CT algorithms could be devel-
oped for the breast, lung, thorax, or abdomen regions for
MR-only workflows.
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Quality care in cancer treatment

Cancer is a curable disease. Its treatment typically requires
a multidisciplinary approach, in which radiation therapy
(RT) plays an important role. Between 50% and 70%

of cancer patients receive RT as part of their treatment,
and it contributes to curing the disease in more than

40% of cases [1].

Over the last decades, the evolution of RT has been
tightly linked to technological development, which has
enabled improved precision in dose-to-target radiation.
Furthermore, personalized RT treatments have been facili-
tated by the use of treatment planning systems (TPSs) and
a better understanding of the biological effects of the total
dose administered. TPSs allow the integration of high-
quality medical images (CT, MR, PET) and accurate mathe-
matical algorithms for radiation dose distribution. As a
result, virtual treatment planning is now a standard and
fundamental requirement for high-quality cancer RT.

Despite this progress, several concepts deserve further
investigation to improve cancer care. One of those is the
impact of radiation exposure on vessels and circulating
blood. Blood is a key biological component, and its expo-
sure to radiation can have a direct effect on the patient’s
vascular health and immune defense (immunocompe-
tence). Lymphocytes are the main line of defense against
cancer, but they are unfortunately also extremely sensitive
to even low doses of ionizing radiation [2]. Avoiding un-
necessary irradiation of the patient’s immune system is
thus essential to improving clinical outcomes. Modern RT
technology, including photon-, electron-, proton-, or heavy
particle-based radiation beams, as well as more sophisti-
cated TPSs that incorporate the dynamics of circulating
blood in an individualized manner using 4D imaging tech-
niques, will likely have a major impact on RT practice.

Our investigation focuses on studying the irradiated dose
in vessels and circulating blood, developing algorithms
for its estimation, evaluating its biological effect through
circulating biomarkers, and comparing its impact on
photon- and proton-based RT treatments. While both are
high-precision techniques, proton therapy can provide
more conformal radiation treatment, thus minimizing radi-
ation dispersion into the surrounding tissues. The added
exposure protection that proton-based therapy provides
for vessels (and thus blood) could be key to improving
long-term patient survival, as previous systematic studies
have reported [3].

Dose-volume histograms
and circulating blood

Dose-volume histograms (DVHs) are a mathematical
representation of the cumulative dose distribution within
a tissue volume. DVHs have become the main tool for
graphically evaluating the dose received by both the onco-
logical target and the surrounding tissue in RT treatment
planning [4].

It was not until 2010 that DVHs of large vessels, such
as the carotid artery, were included in irradiation plans.
This was mainly due to the development of re-irradiation
techniques [5]. The use of hypofractionated RT (in which
the total radiation dose is divided into large doses, given
over a shorter period than in conventional treatments)
created the need for improved knowledge on the dose
administered to these large vessels for estimating the
potential long-term vascular toxicity in survivors [6]. How-
ever, to date, vascular structures are seldom delineated
in the contouring process for dosimetric distribution assess-
ment and are not evaluated in routine clinical practice
during DVH analysis.

Some products/features mentioned herein are not commercially available in all countries and/or for all modalities. Their future availability cannot be guaranteed.

Some are under development. Not available for sale.
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Meanwhile, MR imaging has become very important in
modern RT. This is due to its improved soft-tissue contrast
and wide image design range, which allows in-depth char-
acterization of both the tumor and its environment beyond
what is possible with CT imaging. MRI-based flow tech-
nigues can provide a noninvasive, nonionizing method

for accurate vascular assessment. The intrinsic sensitivity
of MRI to motion offers the unique ability to acquire blood
flow, while 3D spatial encoding offers the possibility of
obtaining high spatial resolution images. Together, these
features make it possible to visualize complex flow patterns
in a 3D volume, along with the anatomical data.

Immune system and tumor response

Circulating blood is a biocellular complex that is equivalent
to normal tissue at risk of radiation effects and has great
relevance in oncology. The cellular components of blood
(particularly lymphocytes, which are a type of white-blood
or immune cell) are extremely radiosensitive, even to very
low doses. Immunocompetence is highly affected by
lymphopenia and even by induced subclinical damage to
lymphocytes [3, 7-8]. All patients receiving RT have blood
exposed to the effects of radiation, and 80% receive con-
comitant or sequential chemotherapy, further affecting
their immune system.

Evidence of the immune system’s contribution to radi-
ation tumor response has increased in recent years. The
systematic review published by Nesseler et al. [9] summa-
rizes the mechanisms identified to date that are involved
in this response in a preclinical context, highlighting poten-
tial inflammatory and immune biomarkers of RT response.
Some of these biomarkers are found within the tumor
microenvironment, while others are circulating biomarkers
that include different types of hematological cells, cyto-
kines, and chemokines. Moreover, from a clinical point of
view, there is strong, growing evidence of the prognostic
impact of RT-induced lymphopenia as a factor associated
with lower local control and patient survival in multiple
cancer models [6, 7].

In clinical practice, existing biomarkers of vasculopathy
and, more specifically, of endothelial injury, could be addi-
tionally monitored [10].

Abscopal effect

The abscopal effect (when untreated metastases respond
to irradiation of a tumor elsewhere in the body) is a
remarkable phenomenon in clinical radiobiology. It is
mediated by the immune system activation against cancer
cells, which results from the massive release of antigens
in the irradiated region and the activation of systemic
immunocompetence. Traditionally, this phenomenon

has been known as an immunogenic activator (due to

Radiation Therapy

the vaccine-like effect) of non-irradiated tumors or their
systemic metastases [11, 12].

Some mechanisms of cell death, such as necrosis
and necroptosis, can activate the immune system, trigger-
ing the proliferation of CD4+, CTL, and NK cells. When
low radiation doses per fraction are used, the ratio of
apoptosis to immune cell death is high. It seems that the
conventional RT dose of 1.8-2 Gy is not sufficient to trig-
ger immunogenic response. Interestingly, we can change
this relationship and increase the mechanisms of immuno-
logical cell death, which include necrosis, necroptosis,
and autophagy, by modifying the radiotherapy dose frac-
tionation. Evidence from preclinical studies shows that
doses greater than 8 Gy have strong effects on the immune
responses of CTLs, CDs, and NK cells. In this sense, irra-
diation techniques with qualitatively different dosimetric
effects, such as photon therapy and proton therapy,
may allow a proper evaluation of the effect of low-dose
bath or dispersed doses on tissues involved on the irra-
diation plan [13].

Photons versus protons:
Scatter radiation in clinical practice

The most advanced photon-beam techniques in high-
precision RT (e.g., intensity-modulated RT and volumetric-
modulated arch therapy) inevitably expose a significant
volume of healthy anatomy to low-to-intermediate radia-
tion. This includes vessels, circulating blood, and lymphatic
structures. These levels of radiation have no value in terms
of oncological benefit, and are therefore unnecessary and
can be carcinogenic. In clinical practice, therefore, photon-
beam RT is assumed to involve an iatrogenic element that
can induce hematological damage [14, 15].

Conversely, proton therapy introduces dosimetric opti-
mization with minimization of unnecessary dispersed dose,
while maintaining high precision on the target (i.e., tumor,
target volume, high-risk area). Moreover, proton-based
therapy allows procedures to exclude large vessels and car-
diac structures not requiring irradiation. Proton therapy can
therefore be optimally combined with hypofractionated RT
programs, as it allows to minimize irradiation re-exposure
for circulating blood.

Our VASA research project

VASA stands for Vessels and Blood (“VAsos” and “SAngre”,
in Spanish). Our primary goal is to study the relationship
between the vascular, circulating irradiated volume and
the radiobiological effects measured by biomarkers of
endothelial damage, blood cytometry, and systemic im-
mune outcome.

Our secondary goal is to generate an algorithm to
implement patient-specific DVHs that take account of large
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and medium vascular structures (arteries and veins) and
circulating blood information measured from advanced
imaging methods, as an element of potential dosimetric
tests for personalized therapy.

We have divided the project into three phases:

* Phase 1: Feasibility in clinical practice of estimating
DVHs of vascular structures using CT angiography
(CTA) data and a Pinnacle treatment planning system
(Philips, The Netherlands).

* Phase 2: Feasibility of combining the preliminary
DVH data obtained in Phase 1 with MRI-based 3D
flow information for circulating blood assessment,
in conjunction with a dosimetric display generated
in a RayStation treatment planning system (RaySearch
Laboratories, Sweden), and the study of the dose
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distribution relationship with the post-irradiation he-
matological effects, measured from serum biomarkers.

Phase 3 (in progress): Systematic evaluation in clinical
practice conditions of aggregating patient-specific
vascular system, circulating blood, and DVHs in subject
cohorts treated with the best available radiotherapy
technique, including both photon and proton RT. A
biological analysis of the irradiation effects caused by
the dosimetric differences in the radiation exposure of
different components of the immunosoma, by means
of protecting vessels and circulating blood, as well as
other organs of great immunological impact (such as
intestinal microbiota, spleen, thymus, or liver), is being
conducted in a prospective cohort with balanced repre-
sentation of both photon and proton RT, according

to the anatomo-vascular areas exposed to irradiation.

n Photon RT treatment
planning and CT-angio-
graphic imaging overlay
of a representative patient
(RT target in thoracic region).
Panel (1A) shows the
maximum intensity
projection (MIP) perfusion
image derived from the CT
perfusion acquisition, where
blood vessel structures are
clearly distinguishable from
other tissues. Panel (1B)
shows the vascular
segmentation obtained
with syngo.via from the CT
MIP image (red), planning
tumor volume (pink), and
simulated isodoses (orange)
over the planning CT image
on the TPS.
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Methods

Our study was conducted at the Madrid site of Clinica
Universidad de Navarra, Spain. After giving informed con-
sent, patients underwent a CT examination (SOMATOM
Drive, VB20A, Siemens Healthcare, Forchheim, Germany)
or, when indicated by their treatment planning, an MRI
exam (3T MAGNETOM Vida, syngo MR XA20A, Siemens
Healthcare, Erlangen, Germany). Blood samples were
extracted at three time points (before, during, and at the
end of treatment).

A 60-second dynamic perfusion scan was added to
their routine CT examination, covering ~22 cm in the axial
range, with 2's and 1.5 mm temporal and slice resolution,
respectively. An additional 1 mm resolution acquisition was
added 75 s after, with wide range coverage. Data were pro-
cessed in syngo.via (VB50, Siemens Healthcare, Forchheim,
Germany) using CT Body Perfusion and MM Reading tools,
to extract vessel masks. Segmentation was performed by
a trained oncologist, and results were overlayed on the
patient’s DVH in the TPS, to estimate the dose irradiated
to the vessel regions (Fig. 1).

Similarly, two 3D phase-contrast flow MRI sequences
were added to the prescribed MR examination, each one
with 3 separate velocity encoding (VENC) directions to
cover all spatial dimensions, and a volume coverage of
~22 cm in the z-direction. The VENC was adjusted for each
measurement to optimize velocity imaging in arteries and
veins, according to the anatomical region of interest. For
instance, in the neck, default VENCs were adjusted to 50
and 20 cm/s, while in the abdomen, higher VENCs were

Radiation Therapy

selected to adjust for faster flow in the descending aorta
and inferior cava vein. Image resolution was adjusted to
the vessel size of the target region: 1 mm for head scans
and 1.7 mm for body scans. In thoracic and abdominal
regions, respiratory navigation was employed to minimize
motion artifacts caused by breathing. The navigator strate-
gy included in this sequence (ReCAR) provides smart
k-space ordering based on the detected respiratory posi-
tion, thus leading to increased navigator acceptance rates.
The total added scan time of these two measurements was
10-20 min, depending on the target area, the use of navi-
gator, and the subject’s breathing rate.

The magnitude sum (MSUM) image, reconstructed
from the magnitude images of all three flow encoding
directions, was used to segment the vessels and create
a vessel mask. Segmentation was also performed in
syngo.via by a trained oncologist and exported to the TPS
for final CT-MR registration. The phase (P) images were
processed to correct potential aliasing and 3D velocity
fields were derived in MATLAB (MathWorks, Natick, MA,
USA), in collaboration with the Physics and Applied Mathe-
matics Department of the University of Navarra (Figs. 2, 3).

Preliminary results

We found a link between lymphopenia patterns and the
arterial vessel volume exposed to irradiation [16]. Lympho-
cyte count is considered a biomarker of the dose delivered
to this biological target. In N = 20 patients treated with
photon RT, DVHs were generated to estimate the correla-
tion between dosimetric value and lymphocyte count

MRI-based 3D flow
acquisition and vessel
segmentation results on
a representative subject
(RT target in neck region).
(2A) Phase map showing
velocity encoding in slice
direction, depicting artery
and venous signal in white
and black, respectively;
(2B) volume rendering of
the magnitude sum (MSUM)
image, from which vessel
segmentation is performed
in syngo.via using tools like
Region Growing;
and (2C) final segmentation
and target volume dose
overlay in TPS.

Anatomy Visualizer
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(Table 1), finding that an effective dose to immune cells
(EDIC) of 4 Gy showed significant more grade 3—4 lym-
phopenia than those with EDIC < 4 Gy. This same trend
was observed in relation to the integral dose (ID) in vessels
greater than 1 Gy*L.

While CTA imaging allows high-resolution visualization
and segmentation of the vascular tree, MRI's intrinsic
sensitivity to movement offers the unique ability to ac-
quire blood flow simultaneously with the anatomical data
within a single measurement. It also makes it possible
to implement vascular segmentation without subjecting
the patient to greater exposure to radiation and in a rea-
sonable time. In particular, 3D phase-contrast flow MRI
methods allow the volumetric acquisition of blood dynam-
ics, including blood velocity and flow, without the need to

MReadings: MR in RT

expose the patient to added scan radiation and the admin-
istration of iodinated contrast. Furthermore, by adjusting
the VENC, it allows the study of both arterial and venous
blood patterns (Fig. 2). We investigated the potential of 3D
MR-based flow imaging to provide vascular segmentation
in a reasonable time in the context of treatment planning
[17, 18]. Our findings corroborate the feasibility of using
MRI flow, with similar overall added protocol acquisition
time, while achieving superior venous visualization due

to the adaptation flexibility of the VENC parameter.

We then introduced the MR flow segmentation into
the dosimetric treatment planning (Fig. 4) to estimate the
exposure of circulating blood to irradiation in a cohort of
N = 30 patients treated by either photon RT or proton RT
[19]. A significant difference in EDIC was found in patients
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Example of (3A) vessels mask and (3B) velocity field trajectories, derived from the 3D MRI velocity-encoded phase images.
These data were generated in collaboration with the Physics and Applied Mathematics Department of the University of Navarra using
MATLAB (MathWorks, Natwick, MA, USA). The acquisition shows both the abdominal aorta (red) and inferior vena cava (blue) sections.

Total effective dose
to immune cells
(EDIC) [Gy]

Bone integral dose
(D) [Gy*L]

Vessels integral dose
(DD [Gy*L]

No
Lymphopenia

Lymphopenia
grade I-1l

Lymphopenia
grade IlI-IV

6.5[2-16.5] 17.8 1.8

6 (30%) 7 (35%) 7 (35%)

Table 1: Hematological (immunity) assessment and mean vessel dose distribution on N = 20 patients treated with photon-based RT, studied
with CT-angiographic imaging. A total of 60% and 40% of supra- and infra-diaphragmatic regions were irradiated, respectively. Patients
received a mean of 21 fractions [range = 14-33] during treatment. Mean planned target and vascular volumes were 745 and 149 cc,

respectively, as derived from the segmentations.
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treated by photon RT compared to proton RT (4.11 vs.

1.25 Gy). Similarly, the mean ID in vessels was significantly

higher in photon RT than in proton RT (4.9 vs. 0.38 Gy*L)

LANNING HU)

[4] Plan dose: FOTONES (CT...

100

% |

Dose axis: (® Absolute Relative max

clini
ROI statistics PO statistics

Dose ROI

Plan dose: FOTONES (.., PTV
VASOS DEF 1
W VASOS DEF 2

Plan dose: FOTONES (...
Plan dose: FOTONES (..

(Current)

) P &
Plan dose: FOTONES (CT COPIA PLANNING HU) (Gy)

Relative dose [Gy):

Control points (Current) ~ BEV

ROl vol. [cm?] | Dose [Gy]

D99 | D98 | D95

37.63 78.83 79.56 8057 82.86

102.70 000 000 003
140.14 0.00 0.00 0.00

Volume axis: (@ Relative

Absolute

Average | DSO | D2

83.13 8419 84.27

293 4334 4840

258 47.07 5531

Radiation Therapy

(Table 2). Additionally, preliminary correlations with
lymphopenia patterns were observed after both proton
and photon irradiation.

Dose axis: (® Absolute

nical

® ROl statistics

PO statistics

Dose ROI

Plan dose (RBE): 1_CA... PTV
Plan dose (RBE): 1_CA...
Plan dose (RBE): 1_CA...

Relative max

2 £
Plan dose (RBE): 1_CAMPO (CT planning) (Gy (RBE)]

Relative dose [Gy (RBE)]:

ROIvol. [cm?] = Dose [Gy (RBE)]
D99 | D98 | D95

37.73 3928 39.65 40.12

VASOSDEF1 100.69 0.00  0.00
B VASOSDEF2 135.77 .0 X 0.00

Volume axis:

)

) Relative Absolute

Average | DSO | D2
40.96 4104 4162 4170 0%
25.45 [EG
28.56 OBGIIN

0.57 001 1814
1.04 0.01 2035

n Photon (4A) vs. proton (4B) therapy treatment planning and MRI-flow overlay for a representative patient (RT target in abdominal target
region). The calculated average dose in vessels is 8.67 Gy and 0.97 Gy, respectively. The planning target volume (PTV) region contour is
highlighted in blue, while vessel contours are shown in red and orange.

Total effective dose Vessels integral Initial Mid-treatment Final
to immune cells dose (DI) lymphocyte count lymphocyte count lymphocyte count
(EDIC) [Gy] [Gy*L] [10°/L] [10°/L] [10°/L]
Photon RT 5.18 4.92 1.50 0.86 0.65
Proton RT 1.33 0.40 1.95 1.66 1.41

Table 2: Hematological (immunity) assessment and mean vessel dose distribution on N = 30 patients assigned to either photon- or proton-based
RT treatment, studied with MRI 3D flow imaging. A total of 73% and 27% of supra- and infra-diaphragmatic regions were irradiated,
respectively. Mean planned target and vascular volumes were 382 and 495 cc, respectively, as derived from the segmentations. Note that

now both, arterial and venous vessels are included in the analysis.
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Potential medical benefits

A systematic study of the radiation impact on vessels and

circulating blood could bring a paradigm shift in clinical

radiotherapy practice, facilitating

* new dosimetric strategies in daily practice to exclude
these areas from unnecessary irradiation;

* prediction of hematological toxicity (relevant for ad-
justing the intensity of chemotherapy administration);

* prediction of the immunocompetence status

(important when considering immunotherapy agents);

* long-term vascular risk predictions;

« prediction of the potential abscopal effect linked
to irradiation (i.e., promotion of systemic antitumor
effect with focal radiotherapy);

* establishment of a multifactorial personalized
immune-dosimetric nomogram integrating objective
biomarker measurements.

In summary, this could open up new opportunities for fur-
ther optimization of RT planning, with significant clinical

dosimetric advantages (e.g., immunocompetence, preven-
tion of vascular and inflammatory intestinal diseases). The

added knowledge could help further promote the preserva-

tion of immunocompetence by modifying RT techniques

toward less lymphopenic strategies (e.g., hypofractionated
radiation, FLASH delivery [20], high precision adaptive RT),

to minimize unnecessary irradiation of anatomical areas
with low-to-intermediate doses.
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Short synopsis

Magnetic Resonance Imaging (MRI) is increasingly becoming an essential component in radiation therapy (RT)
planning and with it, characterization of the geometric distortion latent in MR imaging. Current methods available
for performing distortion measurements are often performed as offline calculations. In this work, we have devel-
oped a prototype that can accommodate any type of grid-like phantom and provides an on-the-scanner software
solution for the analysis of spatial distortion MR images. The prototype takes a prior CT scan and a newly acquired
MR dataset as inputs and generates a qualitative visualization and quantitative evaluation for the spatial distortion
in the MRI volume. The prototype was assessed using three grid-like phantoms with good success.

Introduction

The characterization of distortion in MRI is not a new
phenomenon. In fact, our understanding of the topic goes
back almost 30 years, when MRI was being used for stereo-
tactic radiation therapy [1-5]. In that era of radiation
treatment planning, the MR image was often fused to the
computed tomography (CT) image via image registration.
Since the images were co-registered, the MR image was
primarily used to delineate the cancer, which could not be
seen on the CT image. In this scenario, the spatial fidelity
of the MRI was of less importance since the CT image was
the primary dataset being used to position the patient

and perform the necessary dose calculations. Fast-forward
30 years, and the use of MRI for radiotherapy remains
very much the same at many centers, with the MRI being
used for delineation via image registration. But a lot has
changed in three decades: Radiation oncology has trended
toward treatments that are depositing much more radia-
tion dose in far fewer fractions. In this new paradigm,

the precision and accuracy of radiation treatments have
increased. The drive for more precision targeting has

led to the development of MR-only radiation treatment
workflows, and systems that combine MRI and linear accel-
eration, known as MR-Linacs [6—8]. Because of this trend,

we have seen increased attention being paid to methods
of spatial distortion correction and to various ways of
characterizing the residual distortion [9-13]. A lot of work
has been done to understand the effect of MRI distortion
for specific treatment sites [14-20].

Thus, MRI is increasingly being used in radiation
therapy procedures, and measuring residual geometric
distortion has become even more vital. Even though MRI
can provide superior soft-tissue contrast than CT imaging,
MRI suffers spatial distortion deviating from isocenter
due to the nonlinearity of magnetic gradients. This spatial
distortion increases with increasing distance from the
isocenter. Although vendor-supplied correction algorithms
can help mitigate the spatial distortion, there is still a need
to monitor any potential distortion that might jeopardize
the safety and accuracy of the MR imaging that is being
incorporated into radiation treatment planning. In this
regard, proper software and (grid-like) phantoms are
indispensable for performing an accurate distortion mea-
surement and quality-control monitoring. However, in the
current marketplace, phantoms and software used for
distortion measurements are often expensive and require
subscriptions for software, which may hinder smaller
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(1A) User interface of the distortion
measurement prototype with qualitative
visualization; (1B) user interface with
quantitative evaluation; (1C) backend
pipeline of the distortion measurement
prototype; (1D) the user interface matches
the work and description in (1C), and was
created with the intent of a user friendly
design, with a straightforward step-by-step
workflow.

Preprocessing Preprocessing
¢ Optional Cropping ¢ Iso-center Locating
¢ Optional Segmentation

Fixed Image + + Moving Image

Rigid Registration

T . . ¢ Manual and Automatic
Identification of Gridpoints

E ROI Selection I
E  Provide Global or Regional Distortion Analysis :

Reference Image + + Presumed Distorted Image

Extraction of Gridpoints
« |Identify Centroids of Gridpoints

Visual Comparison of Distortion
¢ Coordinate Pairs Superimposed on CT or MR

Distortion Measurement

¢ Calculate Spatial Deviations between Matched Pairs

 Plot Calculated Distortion against Distance from MR's Iso-Center
¢ Report Statistics of Distortion Measurement
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(2A) Anthropomorphic skull phantom with a grid spacing of 15 mm and grid diameter of 3 mm (Model 603A, CIRS Inc.); (2B) generic
large-field 2D phantom with a grid spacing of 30 mm and grid diameter of 5 mm (Siemens Healthcare); and (2C) generic large-bore 3D
phantom with a grid spacing of 20 mm and grid diameter of 3 mm (Model 604, CIRS Inc.).

centres with limited resources. Most of the current soft-
ware also requires the user to perform this type of analysis
offline. Because of these limitations, we sought to provide
a flexible solution where the user can bring their own
“grid-like” phantoms (which could be 3D-printed in-house)
and perform the analysis directly on the scanner, within
the software ecosystem of the console. In this work, we
developed a novel online distortion measurement proto-
type that can either be housed in the scanner’s ecosystem,
allowing an “on-the-fly” distortion assessment on the MR
console, or operate offline on a personal computer (PC)
for standalone analysis.

Methods

The distortion measurement prototype was developed

on the syngo.via Frontier platform (Siemens Healthcare,
Erlangen, Germany). It can be integrated into the inline
syngo.via MRI ecosystem from Siemens Healthcare, or it
can operate offline as standalone software available on

a Windows® system. The prototype requires a CT image of
the phantom as a reference image. Acquired MR images
are compared against the reference, and the software
computes the distortion as a function of distance from
isocentre. The prototype’s user interface and backend pro-
cessing pipeline are described in Figure 1, and the methods
for extracting grid points are based on the approaches
proposed by Stanescu et al. [21]. Three different types of
distortion phantoms containing orthogonal grids of rods
were used in this study to demonstrate the efficacy and
versatility of the prototype. As shown in Figure 2, these
phantoms include an anthropomorphic skull phantom
(Model 603A, CIRS Inc., Norfolk, VA, USA), a generic large-
field 2D phantom (Siemens Healthcare; note that LAP have
a commercialized THETIS phantom developed on the basis
of the prototype 2D phantom from Siemens Healthcare),

and a generic large-bore 3D phantom (Model 604, CIRS
Inc., Norfolk, VA, USA). To summarize the distortion, the
prototype uses the extracted grid points from both CT and
MR to provide not only an intuitive visual comparison but
also a quantitative evaluation, including their calculated
distortion deviations against the distance to isocenter with
statistical information (i.e., minimum, maximum, and
mean residual distortion). Lastly, the results can be saved
locally by exporting the displayed data as a comma-
separated values (CSV) file. The export file contains both
scanner-specific information (field strength, gradient type,
scanner make, etc.) and coordinates from the MR and

CT datasets used for statistical analysis, which could be
imported into quality assurance tracking programs.

Results

Figures 3, 4, and 5 show the distortion assessments
produced by the prototype for, respectively, the CIRS skull
phantom, the 2D large-field phantom from Siemens
Healthcare, and the CIRS large-bore phantom. Panel A in
each of the figures shows the results of the automatic rigid
image registration displayed at the slice near the isocenter.
The CT (blue) and MRI (red) datasets are well matched.
Panel B in each figure is the 3D rendering of the represen-
tations of the grid points' coordinate pairs (MRI: magenta,
CT: green), providing an overall visualization of the spatial
distortion for users. Panels C and D display the calculated
coordinates positioned at the center of the grid points

of the MR and CT images. Panels C and D also exhibit the
qualitative spatial distortion between the acquired MR
image compared to the reference CT image. Panel E
summarizes a quantitative evaluation of the distortion
measurement from MR for each phantom, including a
distortion plot and statistical information.
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Discussion

The software prototype’ requires, at a minimum, a refer-
ence CT image and a single MR image. By design, the
software can analyze most types of grid-like phantoms,

as demonstrated in this work. This allows users to 3D-print
their own phantom for custom use cases. The rigid image

"Work in progress. The application is currently under development and is not for
sale in the U.S. and in other countries. Its future availability cannot be ensured.
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registration is the first step to ensure the accuracy of
distortion measurements since a potential inaccuracy

in co-registration between two modalities will bring addi-
tional spatial deviations. In the prototype, we perform

a manual registration followed by an auto-registration
step to minimize the spatial discrepancy. Otherwise, the
auto-registration might prioritize the minimization of the
spatial variation resulting from the geometric distortion.

Using the CIRS 603A,
we present
(3A) the results of rigid
registration displayed
at the slice near the
isocenter (MR: red,
CT: blue);
(3B) 3D rendering of the
representations of the
grid points’ coordinate
pairs (MR: magenta,
CT: green);
(3C) coordinate pairs
superimposed on MR
image;
(3D) coordinate pairs
superimposed on
CT image; and
(3E) distortion plot
against the distance
from the isocenter.
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Once the proper registration is visually verified, the the points might be misidentified due to imaging artifacts.
extraction method can effectively detect the grid points This issue can be easily addressed by acquiring CT and

for either MR (Figs. 3-5C) or CT (Figs. 3-5D) in each phan- MR images with more homogenous intensity, finer

tom, despite differences in contrast between MR and CT. contrast, and higher resolution. Lastly, for the distortion
The distortion can then be inspected slice by slice in an plot, the 2D large-field phantom and the 3D large-bore
orthogonal view or a perspective 3D view. Sometimes, phantom suggest a trend of increasing spatial distortion

n Using the 2D large-field
phantom from Siemens
Healthcare, we present
(4A) the results of rigid
registration displayed
at the slice near the
isocenter (MR: red,

CT: blue);

(4B) 3D rendering of the
representations of the
grid points’ coordinate
pairs (MR: magenta,
CT: green);

(4C) coordinate pairs
superimposed on MR
image;

(4D) coordinate pairs
superimposed on CT
image; and

(4E) distortion plot
against the distance
from the isocenter.

Detected Geometric Distortion Against

Distortion Plot

a2 Percentage of Gridpoints Detected: ~96.76%
Mean: 3.83 mm
Standard Deviation: 1.81 mm
Min: 0.33 mm
Percentile — 25%: 2.59 mm
Median: 3.72 mm
Percentile — 75%: 5.02 mm
Percentile = 95%: 7.01 mm
Max: 7.66 mm
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with increasing distance from the isocenter, which corre- Please note that THETIS 3D MR Distortion Phantom test
sponds to our expectations. On the other hand, the skull protocols are available on the MAGNETOM World Website
phantom did not show a similar upward trend because of in order to run QA tests: https://www.magnetomworld.sie-
the smaller field of view. In summary, achieving accurate mens-healthineers.com/clinical-corner/protocols/

spatial distortion measurements using our prototype relies mr-in-rt/thetis-3d-mr-distortion-phantom-test

on high-quality images, which can be achieved using
optimized CT and MR protocols.

Detected Geometric Distortion Against

Percentage of Gridpoints Detected: ~107%
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H Using the CIRS large-bore

phantom, we present
(5A) the results of rigid
registration displayed

at the slice near the
isocenter (MR: red,

CT: blue);

(5B) 3D rendering of the
representations of the
grid points’ coordinate
pairs (MR: magenta,

CT: green);

(5C) coordinate pairs
superimposed on MR
image;

(5D) coordinate pairs
superimposed on CT
image; and

(5E) distortion plot
against the distance from
the isocenter.
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Conclusion

This work develops a novel online software prototype
which can provide automatic vivid visualization and quanti-
tative evaluation of spatial distortion for both small and
large grid-like phantoms.

Summary of main findings

The novelty of this work is the software prototype’, which
may be used as a standalone solution or run directly on

the MR console. It can also be incorporated into the MR
ecosystem, thus providing an online solution that users can
easily access for routine quality assurance of MR images for
radiation treatment planning.

"Work in progress. The application is currently under development and is not for
sale in the U.S. and in other countries. Its future availability cannot be ensured.
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Meet Siemens Healthineers

Varian is part of Siemens Healthineers. Together, we are ideally positioned to push the
boundaries of innovation and shape the future of healthcare and cancer care. The team at
Varian, a Siemens Healthineers Company, are committed to their work and are passionate
about the opportunities ahead for accelerating our global patient impact and transforming
oncology. In this section, we introduce you to colleagues from all over the world — people
who put their heart and soul into everything they do.

Patrick Kupelian, M.D., FASTRO

Patrick (Pat) Kupelian, M.D., is a Professor of Radiation Oncology at UCLA. He is VP of Medical Affairs
at Varian Medical Systems.

Pat graduated with a BS in biology from the American University of Beirut, Lebanon, in 1985.

Four years later, he earned his medical degree from the same institution. After an internship at

the American University of Beirut Medical Center, Pat completed his residency in radiation oncology
at the University of Texas M.D. Anderson Cancer Center in Houston, TX, USA, and completed

a fellowship at the Cleveland Clinic Foundation. Following his fellowship, he was the section head
of genitourinary malignancies in the Department of Radiation Oncology at the Cleveland Clinic for
8 years. He also served as the Clinical Research Director of the Department of Radiation Oncology
at the Cleveland Clinic Foundation.

Y -
He is affiliated with several hospitals in the Los Angeles area, including Ronald Reagan UCLA Medical ( 3
Center and UCLA Santa Monica Medical Center. Although he specializes in genitourinary malignan- Y
cies, he is an internationally known expert in the development and evaluation of cutting-edge ® Los Angeles, CA, USA
technologies in Radiation Oncology for a variety of anatomic sites. He has pionneered high-dose

hypofractionated radiation therapy for prostate cancers. He has also played a significant role in the . L

introduction and implementation of multiple image guidance techniques in radiotherapy. He has
authored more than 200 research papers, multiple review papers and book chapters.

Pat is board certified in Radiation Oncology. He is a member of the American Society of Therapeutic
Radiation and Oncology (ASTRO), the European Society of Therapeutic Radiology and Oncology,
American Society of Clinical Oncology, the American Urological Association and the American
Brachytherapy society. He has conducted multiple educational courses at ASTRO and RSNA among
others. He also serves as an examiner at the American Board of Radiology.

How did you first come into contact with MRI? What do you think are the most important

My first experiences with MRl were in the 1980s, during developments in radiation oncology?

my medical studies in Beirut. The most important developments we've seen recently
are definitely adaptive radiotherapy and the potential

What do you find most motivating about your job - to incorporate multimodality imaging information into

and what are the biggest challenges? radiotherapy delivery.

I'm really motivated by the fact my work has such a

broad clinical impact on patient care. As for the biggest If you could do whatever you wanted for a month,

challenges, I'd have to say compliance restrictions. what would you do?

That's easy: I'm a big fan of playing and listening to music,
so I'd just spend the whole month doing that.
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