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ORIGINAL ARTICLE

Comparison of onboard low-field magnetic resonance imaging
versus onboard computed tomography for anatomy visualization
in radiotherapy
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ABSTRACT B

Background. Onboard magnetic resonance imaging (OB-MRI) for daily localization and adaptive radiotherapy has
been under development by several groups. However, no clinical studies have evaluated whether OB-MRI improves
visualization of the target and organs at risk (OARs) compared to standard onboard computed tomography (OB-CT).
This study compared visualization of patient anatomy on images acquired on the MRI-°Co ViewRay system to those
acquired with OB-CT.

Material and methods. Fourteen patients enrolled on a protocol approved by the Institutional Review Board (IRB)
and undergoing image-guided radiotherapy for cancer in the thorax (n = 2), pelvis (n = 6), abdomen (n = 3) or head and
neck (n=3) were imaged with OB-MRI and OB-CT. For each of the 14 patients, the OB-MRI and OB-CT datasets
were displayed side-by-side and independently reviewed by three radiation oncologists. Each physician was asked to
evaluate which dataset offered better visualization of the target and OARs. A quantitative contouring study was performed
on two abdominal patients to assess if OB-MRI could offer improved inter-observer segmentation agreement for adap-
tive planning.

Results. In total 221 OARs and 10 targets were compared for visualization on OB-MRI and OB-CT by each of the
three physicians. The majority of physicians (two or more) evaluated visualization on MRI as better for 71% of struc-
tures, worse for 10% of structures, and equivalent for 14% of structures. 5% of structures were not visible on either.
Physicians agreed unanimously for 74% and in majority for >99% of structures. Targets were better visualized on MRI
in 4/10 cases, and never on OB-CT.

Conclusion. Low-field MR provides better anatomic visualization of many radiotherapy targets and most OARs as
compared to OB-CT. Further studies with OB-MRI should be pursued.

Magnetic resonance imaging (MRI)-based radio-
therapy (RT) has recently become a prominent inter-
est in radiation oncology. It is well accepted that MRI
can provide advantages over x-ray-based imaging for
pretreatment planning of targets in the head and
neck, central nervous system, and pelvis [1,2]. The
additional benefit of image acquisition without the
use of ionizing radiation makes MRI a particularly
attractive modality for weekly, daily, or even continu-
ous imaging throughout treatment. These advantages
have motivated the development of onboard MRI
for daily patient setup, anatomical localization and
adaptive treatment.

Several groups have made substantial progress in
the development of onboard MRI technology, despite
considerable technical challenges. The first MRI-RT
device is now in clinical use [3] and several other
variants of onboard MRI-RT devices exist in vari-
ous stages of development. Research teams in the
Netherlands [4] and Canada [5] are each developing
systems integrating linear accelerators with onboard
MRI. Groups from Melbourne [6] and Cleveland [7]
have proposed an alternative design, using a °°Co
treatment approach to simplify the technical consid-
erations. A less integrated solution, where the MRI
is de-coupled from the treatment system, has also
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been developed [8]. Many of these MRI-RT devices
are designed to utilize low-field MRI (0.2-0.35T) to
reduce interference with radiation therapy delivery
and decrease geometric distortion [8].

The clinical advantage of onboard low-field
MRI for daily anatomical position verification ver-
sus available onboard imaging with integrated kV
imagers has not been established. There are many
studies comparing MRI simulation images to com-
puted tomography (CT) simulation images which
have shown that MRI can more accurately repre-
sent soft tissue anatomy [1,2], however this is not
necessarily translatable to onboard imaging tech-
nology. Low-field MRI is characterized by a rela-
tively low signal-to-noise ratio, and the implications
of this technology for clinical target and normal
structure visualization are unknown. A comparison
of low-field onboard MRI to the onboard CT-based
standard for image-guided RT is warranted to iden-
tify the optimal tissue types that may benefit from
onboard MRI.

We have conducted a physician-based compari-
son for visualization of patient anatomy between
onboard MR images acquired with a hybrid low-field
MRI-RT system and OB-CT images acquired as
standard of care. We sought to evaluate the utility of
onboard MRI for anatomic visualization of target
and critical structures for a preliminary investigation
of localization and onboard image segmentation.

Material and methods
Patient and clinical imaging

Fourteen patients undergoing fractionated RT for
cancer in the thorax (n = 2), pelvis (n = 6), abdomen
(n=3) or head and neck (n = 3) were enrolled onto
an Institutional Review Board (IRB)-approved pro-
tocol for MRI with the ViewRay device (ViewRay
Inc., Cleveland, OH, USA). Ten of the 14 patients
had intact tumors. The hybrid MRI-treatment unit
is comprised of an open, split-solenoid low-field
MRI co-registered to a three-head °°Co y-ray radia-
tion delivery device. The MRI has nominal field
strength of 0.35T and is a variant of the Siemens
MAGNETOM product used for intraoperative
imaging. A full description of the device and treat-
ment process has been described by Mutic et al. [9].
The onboard MRI system was used to image each
patient prior to installation of source heads on the
machine. All patients received additional standard
of care image-guided treatment with routine daily/
weekly onboard CT imaging on the Trilogy™
(Varian Medical Systems, Palo Alto, CA, USA) or
the Tomotherapy® (Accuray Inc., Sunnyvale, CA,
USA) treatment systems.
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MRI and data

During each imaging session, patients were laid flat
on the MRI table and fitted with a 12-channel torso
or 11-channel head and neck receiver coil. Patients
were positioned on the center of the table and their
treatment position was reproduced as closely as pos-
sible, with feet secured together and arms placed on
their chest or above their head and treatment site
longitudinally aligned with the imaging/treatment
isocenter. Patient-specific immobilization devices
were not used due to size constraints and/or MRI-
compatibility issues. Volumetric axial-plane MR
images were acquired for each patient using a fast
gradient echo sequence (TrueFISP or turbo FLASH)
[10] with parallel imaging techniques, as set by the
manufacturer. Each image set was acquired with an
in-plane resolution of 1.5 X 1.5 mm, slice thickness
of 1.5 mm (n=10) or 3.0 mm (n=4), and field of
view of 400540 mm X 228-449 mm X 264-432 mm
in the lateral, anterior-posterior, and superior-infe-
rior directions, respectively. Each volumetric scan
lasted 1-3 minutes.

OB-CT data

Cone beam CT (CBCT) and mega-voltage CT
(MVCT) image sets used for routine treatment local-
ization were acquired on the Trilogy or Tomotherapy
treatment systems within one week (11/14 patients)
or two weeks (3/14 patients) of MRI for each patient.
CBCT image sets (n=13) were acquired with an
in-plane resolution of 0.7—-1.2 mm, slice thickness of
2-2.5 mm, and a radial field of view of 250 mm
(n=2), 450 mm (n=29), or 465 mm (n=2). One
patient being treated for a neck sarcoma on Tomo-
therapy was imaged with MVCT, acquired with an
in-plane resolution of 1.5 mm, slice thickness of 4
mm, and radial field of view of 400 mm.

Evaluation

For each of the 14 patients, the volumetric onboard
MRI and OB-CT image sets were displayed side-by-
side on clinical image viewing software (Pinnacle,
Philips Healthcare) and independently reviewed by
three experienced radiation oncologists. Each physi-
cian was given a survey and instructed to indicate
which image set (if either) offered better visualization
of the target and individual organs at risks (OARs), as
derived from a standardized list of site-specific critical
structures [11]. For each image set pair, physicians
recorded one of four responses for each structure:
“Better visualized on OB-MRI”, “Better visualized on
OB-CT”, “Equivalent”, “Unable to see on either
image set”. Physicians were permitted to freely scroll
through axial images and adjust the zoom and
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window/level settings for optimal visualization. Fifteen
to 24 OARs per patient were planned for evaluation,
depending on the anatomical site [n =24 for the tho-
rax and head and neck, n=15 for the abdomen,
n=20 for the pelvis (female), n=21 for the pelvis
(male)]. Ten of 14 target structures were evaluable
(i.e. intact tumors) and included in the evaluation.
Additionally, a quantitative segmentation study
was performed to assess if OB-MRI could offer
improved structure localization between independent
observers. The abdomen was chosen as the focus of
this secondary study. Three physicians performed
manual segmentation of eight abdominal OARs (colon,
duodenum, kidney, liver, small bowel, stomach, spinal
cord) and a target structure on OB-CT and OB-MRI
image sets for two patients. Contours were compared
between the three physicians for OB-CT and OB-
MRI image sets to assess inter-observer agreement.

Analysis

To assess the overall level of agreement among phy-
sician ratings, the proportion of structures resulting
in majority (2/3 physicians) and unanimous consen-
sus (3/3 physicians) agreement was computed. Addi-
tionally, agreement was measured by computing
Fleiss’ x, a commonly used statistical metric of inter-
rater reliability [12]. The proportion of structures
rated as better visualized on MRI or OB-CT was
computed overall, and by anatomical site. To inves-
tigate if visualization was dependent on the type of
structure, ratings were also analyzed after stratifying
structures into five categories: soft tissue, central ner-
vous system (CNS), vasculature, bone, pulmonary/
airways, and target structure. One-way y? statistical
testing (o= 0.05) was performed to test for signifi-
cant differences between the proportion of structures
better visualized on OB-MRI and the proportion
better visualized on OB-CT (overall, stratified by

anatomical site, and stratified by structure type). To
assess inter-observer localization agreement of seg-
mented structures, a baseline structure was con-
structed using the STAPLE method for each set of
three physician contours [13], and the centroid dif-
ference and Dice coefficient (a measure of structure
overlap) [14] was computed for each OB-CT
structure and each OB-MRI structure.

Results

Overall, 296 structure pairs were planned for evalua-
tion on 14 OB-MRI/OB-CT images set pairs. Seven
of these structures were not evaluable due to previous
surgical removal. Fifty-eight of the remaining 289
structures were not within the field of view of the
OB-CT image sets (n=49, 17%), MRI image sets
(n=1, <1%), or both image sets (n=38, 3%), and
were omitted from the evaluation. Thus, 231 structure
pairs were evaluated in total (n, . =46, pelvis=70,
N domen = %85 Oy 2o e = 07) Dy each of the three
physicians.

Agreement between the independent evaluations
by physicians was high, indicating a high degree of
inter-rater reliability. Physicians agreed in majority
and in unanimous consensus for>99% and 74% of
cases, respectively. In a single case, the three physi-
cian ratings were split between three categories,
yielding no majority result. Fleiss’ ¥ was calculated
as 0.63, indicating “substantial” agreement between
physicians. The following results are represented by
majority agreement, unless otherwise stated.

Twenty-two (10%) structures were better visual-
ized on OB-CT and 163 (71%) structures were better
visualized on OB-MRI, which was found to be a sig-
nificant difference (p<<0.001). For thorax, pelvis,
abdomen, and head and neck sites, the proportion of
structures better visualized on OB-MRI were 63, 63,
77, and 79%, respectively (Figure 1), and significantly

Majority Agreement By Site
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Figure 1. Ratings (majority agreement) stratified by anatomical site.



greater than the proportion of structures better visual-
ized on OB-CT by both majority and unanimous
agreement (p<<0.001). Consensus was not reached
for one thorax structure (the trachea), as reflected in
Figure 1. Structures that were consistently better visu-
alized on OB-MRI 100% of the time are displayed in
Table I.

Stratification of ratings based on structure-type
categories revealed stronger trends (Figure 2). OB-
MRI provided better visualization for a vast majority
of soft tissue (92%), vasculature (94%), and CNS
structures (100%). The MV-CT image set provided
better visualization for two of 98 soft tissue structures
(the larynx and the glottis), however these two struc-
tures were better visualized on MR image sets when
compared to CBCT. The remaining 6% of structures
in each of the soft tissue and vasculature categories
were evaluated as “unable to see on either image
set”.

Bony anatomy was better visualized on OB-CT
for 48% of structures, and equivalently visualized on
both OB-MRI and OB-CT for 52% of structures. All
pulmonary structures were visualized equivalently on
OB-MRI and OB-CT datasets, although majority
agreement was not reached for one pulmonary struc-
ture (the trachea), as reflected in Figure 2.

Omnboard low-field MRI versus onboard CT 1477

Target structures varied in location and size, and
included three thoracic tumors, three pelvic tumors,
two abdominal tumors, and two head and neck
tumors. Four of 10 target structures were better visu-
alized on OB-MRI, one was visualized equivalently
on OB-MRI and OB-CT, and five were not visualized
on either. Targets were never better visualized on
OB-CT, as compared to OB-MRI. Physicians were
in unanimous agreement for five of 10 target evalua-
tions (Table IT). Examples of MRI and OB-CT image
sets are displayed for four targets in Figure 3.

Quantitative analysis of physician contours for
two abdominal patients demonstrated that OB-MRI
improved centroid agreement for the kidneys, liver,
stomach and spinal cord as compared to OB-CT by
up to 1 cm (Table III). Structure overlap as
indicated by the Dice coefficient was also improved
for all four structures, for one or both patients (Table
IIT). Comparatively, inter-observer centroid agree-
ment and structure overlap was not improved for the
colon, duodenum and small bowel. Inter-observer
centroid agreement was improved for the liver target
by up to 2 mm (U, physiciam:l mm); comparatively,
centroid agreement was worse for the pancreatic
target (Table III). These targets can be seen in
Figure 3.

Table I. List of evaluated OARs, by site. OARs which were better visualized on MRI or OB-CT for 100% of cases are indicated. OARs
visualized equivalently on MRI and OB-CT (or better in some cases but not in others) are listed at the bottom of the table.

Site Thorax Pelvis Abdomen Head and neck
Better visualized on MRI (majority) A_Brachialcephali AnalCanal Aorta A_Carotid
A_Pulmonary Bladder Colon Cerebellum
A_Subclavicular Cervix Duodenum Chiasm
Atrium Colon Kidney CN_VII
BrachialPlexus PenileBulb Liver CN_VIII
Carina Penis SmallBowel Hippocampus
Pericardium Prostate SpinalCord OccipitallLobe
SpinalCord Rectum Spleen OpticNerve
V_Cavalnferior SeminalVesicle Stomach ParietalLLobe
V_CavaSuperior SmallBowel Vessels Parotid
V_Pulmonary Uterus Pituitary
V_SubClav Vagina SpinalCord
Ventricle Vessels Submandibular
Better visualized on MRI (consensus) Aorta AnalSphincter Esophagus BaseOfTongue
Esophagus CaudaEquina Pancreas BrainStem
V_Azygos Retina
Tongue
Better visualized on OB-CT (majority) Rib Rib
Better visualized on OB-CT (consensus) Ear_Middle
VB_Cervical
Equivalent or varied ratings A_Coronary FemoralJoint VB_Lumbar Cochlea
BronchialTree Femur VB_Thoracic Glottis
Lung Ovary LacrimalGland
MainBronchus PelvicBones Larynx
Trachea Sacrum Thyroid
VB_Thoracic Testis
Urethra
VB_Lumbar

AnalCanal
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Majority Agreement By Structure Type
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Figure 2. Ratings (majority agreement) stratified by structure type.
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Discussion

Results provide preliminary evidence that onboard
low-field MRI offers better visualization for selected
RT targets and most critical structures compared to
OB-CT. Soft tissue, vasculature, and CNS structures
were consistently better visualized on OB-MRI. Pul-
monary structures such as the lungs and airways
were comparably visualized for OB-MRI and OB-CT.
OB-CT never outperformed OB-MRI for visualiza-
tion of pulmonary structures, which is an interesting
finding since CT is generally well suited for imaging
high-contrast interfaces. A quantitative analysis of
segmented abdominal structures provides evidence
that OB-MRI may improve patient positioning for
some abdominal targets and certain structures. Inter-
observer centroid agreement for the liver tumor ana-
lyzed was improved by 2 mm for 2/3 physicians,
suggesting that OB-MRI may also be advantageous
in reduced margin planning for certain targets.
Results also suggest that OB-CT may be more advan-
tageous for localizing targets marked by internal
fiducials, such as the pancreatic case presented in this
study (Figure 3).

This study was performed in the midst of instal-
lation of the first clinically available MRI-guided

radiation device. The goal of the study was a physi-
cian-based evaluation of the localization images com-
pared with other devices in the clinic; and most
importantly to decide whether further interest in this
line of research was worth the investment. Other
onboard MRI devices under development should
also be considered as they become commercially
available. 1.5T onboard MRI may offer some differ-
ent tradeoffs compared to a low-field system, as it
offers higher signal-to-noise, but more technical
challenges and is prone to greater geometric distor-
tions due to higher field strength [15].

OB-MRI may be particularly useful for some
specific indications, including improving visualiza-
tion for solid tumors in the head and neck, liver,
and lumpectomy cavity in the breast. There was
some discordance among physicians on the useful-
ness of OB-MRI images for providing visualization
of targets in the anus, cervix, esophagus, and pan-
creas. The anal and esophageal targets were smaller
and less discreet compared to the other targets
evaluated, possibly causing them to be less easily
visualized by physicians. The pancreatic tumor
(Figure 3) was not seen by 2/3 physicians, possibly
due to a metal clip implanted at the target site
which created an image artifact. For those targets

Table II. Majority and physician-specific ratings for the 10 evaluated targets.

Physician Physician Physician Majority
Target evaluated JRO) (PTP) (CRS) rating
Lumpectomy cavity MRI MRI MRI MRI
Liver tumor MRI MRI MRI MRI
Neck tumor MRI MRI MRI MRI
Nasopharynx tumor MRI MRI MRI MRI
Lung tumor MRI Equivalent Equivalent Equivalent
Esophagus tumor Not seen Not seen MRI Not seen
Pancreas tumor Not seen Not seen MRI Not seen
Cervix tumor Not seen MRI Not seen Not seen
Anal tumor Not seen Not seen MRI Not seen
Anal tumor Not seen Not seen Not seen Not seen
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Low-field Onboard MRI Onboard CT

Lumpectomy

cavity
10mm/div

10mm/div

10mm/div

Figure 3. Example OB-MRI/OB-CT image set pairs for four targets: lumpectomy cavity, lung tumor, liver tumor, pancreas tumor (from
top to bottom). Contours as drawn by a physician on the OB-MRI (left) and OB-CT (right) image sets are shown for the liver and pancreas
cases. Images were selected to display the target, and may not necessarily capture the same exact anatomical slice.
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Table III. Centroid agreement and Dice coefficients (indicating overlap) for structures from two
abdominal patients contoured by three physicians.

Patient 1 (Liver cancer)

Patient 2
(Pancreatic cancer)

Centroid
agreement (cm)

Dice coefficent

Centroid

agreement (cm) Dice coefficent

Structure MRI OB-CT MRI OB-CT MRI OB-CT MRI OB-CT
Bowel 1.8 0.6 0.7 0.4 1.6 2.1 0.5 0.6
Duodenum 1.5 NA* 0.6 NA* 1.9 1.6 0.6 0.5
Kidney 0.1 0.4 0.9 0.5 0.1 0.3 0.9 0.9
Liver 0.0 0.4 0.9 0.4 0.4 0.4 0.9 0.9
Small bowel 1.7 NA* 0.6 NA* 2.9 2.8 0.7 0.5
Stomach 0.4 1.5 0.9 0.4 0.1 1.1 0.9 0.6
Spinal cord 0.2 0.5 0.8 0.6 0.2 0.2 0.9 0.9
Target 0.1 0.3 0.9 0.4 0.9 0.5 0.6 0.7

not as easily visualized, it is possible that the MRI
sequence used was not tailored to optimize tumor-
specific imaging, as MRI sequence acquisition was
limited to pre-programmed sequences available on
the commercial software. Optimization of onboard
MRI imaging techniques and sequences should be
investigated in future work.

OB-CT may offer benefit when imaging high-
density structures. While OB-MRI provided equiva-
lent visualization for a majority of bony anatomy,
OB-CT was evaluated as superior for a considerable
number of bony structures; specifically the ribs and
some vertebral bodies. In one comparison case,
OB-CT provided better visualization for two soft tis-
sue structures — the larynx and the glottis — which
are partially composed of cartilage. However, in the
remaining two cases, the larynx and glottis were
evaluated as better visualized on OB-MRI. As the
majority of IGRT localization is currently based on
boney anatomy, this will require a change in tech-
nique when using onboard MRI. Fortunately, align-
ment for the spinal cord can be done directly with
the MRI without reliance on vertebral bodies.

Enhanced anatomical visualization suggests that
OB-MRI may be better suited than OB-CT for adap-
tive RT as well. MRI is known to improve the delin-
eation of targets in the head and neck, central nervous
system, and pelvis for RT treatment planning [1,2],
and may potentially replace CT in the future as the
primary planning image set for some treatment sites.
Efforts are currently underway to demonstrate the
feasibility of MRI-only treatment planning. Research
investigating techniques for creating pseudo-CT
models from MRI data has been underway, and stud-
ies have found this approach to be applicable for
MRI-only treatment planning [16,17]. Jonsson et al.
performed a planning study for 40 patients with tar-
gets in the prostate, lung, head and neck or brain,
and found that MRI-only treatment planning could

be performed with a maximum dosimetric error of
1.6% [18]. Similar results have been reported by
other studies investigating prostate RT planning [19—
21], which has been the most frequently studied site
for MRI-based planning and a likely target for its
early clinical use. A publication by Kapanen et al.
describes the commissioning of a RT process for
prostate treatment using MRI-only planning, which
authors conclude is sufficiently accurate to replace
CT-based planning and slated for use in their clinic
[22]. Additionally, work has been done exploring the
use of MRI for image guidance through co-registra-
tion with onboard CT images. Investigators have
demonstrated the feasibility of this approach, which
further supports the use of MRI-only treatment sim-
ulation and planning [23,24].

There is much more work necessary to fully eval-
uate low-field onboard MRI for radiation therapy
delivery. Establishing MRI sequences for optimal
visualization of different organ sites will be very
important. Specific organ site tasks (localization, seg-
mentation, adaptive planning) should also be evalu-
ated in larger populations. Comparison of this
technology with high-field MRI-guided RT devices
(still only in development) will allow the field to
assess overall costs and benefits of different approaches
to MRI-guided radiation therapy.

There are some specific limitations to this study.
First, qualitative physician-based evaluation is sub-
jective in nature. However, results of Cohen’s k¥ indi-
cate a substantial level of agreement between
independent reviews performed by the three physi-
cians, suggesting that results are generalizable across
multiple observers. Results may not necessarily be
generalizable across the general patient population.
In particular, our ability to assess visualization of all
types of tumors was limited since only 10 patients
had evaluable target structures. Still, the sample
comprised a good variety of targets, varied in size,



shape, location and composition. We were also able
to evaluate a large variation of critical structures by
selecting patients with different treatment sites. Uti-
lizing a published structure taxonomy ensures that
this evaluation can be widely interpreted in standard
clinical context [11].

Perhaps the major limitation of this study was
that MRI of patients was performed without the use
of treatment immobilization devices, which pre-
cluded comparative plan generation and comparison.
Additionally, OB-MRI and OB-CT image sets were
acquired up to 12 days apart, and thus growth or
shrinkage of the observed anatomy may have
occurred. However, no correlation was observed
between the amount of time between image set
acquisition and visualization outcome, suggesting
that this was not an important factor. With the first
clinical treatments underway, subsequent imaging
studies are now being performed at our clinic with
patients in MRI-compatible immobilization devices
suitable for clinical use.

While this should be considered preliminary
work, our results suggest that low-field MR provides
better anatomic visualization of many RT targets and
many organs at risk as compared to CBCT/MVCT,
which is currently the clinical standard for volumet-
ric localization. This finding was consistent across all
major anatomical sites (thorax, pelvis, abdomen, and
head and neck), and supports implementation of this
technology for visualization of RT targets and critical
structures in the clinic.
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